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RESUME
Ladénocarcinome canalaire pancréatique (PDAC), une forme de cancer particulierement agressive avec
un taux de survie a 5 ans inférieur a 10f6tivele besoin urgent de nouvelles approches thérapeutiques
Les traitements de premiére ligne ne sont pas efficaces pour des tumeurs avancées du PDAC. En effet, il
se distingue des autres formes de cancer par son microenvironnement tumoral (TME) complexe qui joue
un réle prépondérant dans la résistance thérapeuégAinsinotre recherche aborde comment concevoir
et optimiser des nanoparticule@Ps)capables de combiner efficacement la thérapie photothermique
avec la délivrance cibléeuti agentde reprogrammatiordes macrophagegour surmoner les barriéres

physiologiques et I'immunosuppression caractéristiques du PDAC.

Cette thése exploré 2 dzii R Qpray2dN&enfs 8aiis le développement iiique de la thérapie
photothermique et son état actuel en essais cliniques, afin de mieux appréhender les problématiques de
02y OSLIIA2Y RQdzfétudeNst doiicénireSsyr llaonteptignéda Banoparticwesposites
AuNRs@PL-REG, combinant les propriét@hotothermique de nanebatonnets d'or (AuNRs) avec les
capacités d'encapsulation et de libération controlée des nanoparticules polymériqueBBGNous

avons déeloppé avec succés une méthode d'assemblage novatrice utilisant des peagititigsecoiled

coil permettant un contrdle précis de la structuret améliorant leur efficacité photothermiquear
rapport a des assemblages conventionnkkss nanoparticules AUNRs@MREG ont été optimisées pour
I'encapsulation de IF349, un inhibiteur de PI3K 02 y y dz LJ2 dzNJdear&iogranddBiadNA S G S &
phénotypique des macrophageises études de libération contr6lée ont démontré que MBspouvaient
libérersur demanddP549, en réponse a une irradiation laser proche infrarougeus avons développé

des sphéroides multicellulaires combinant des cellules cancéreuses pancréafiiB@set des
macrophages anti-inflammatoires §12), pour démontrer que la combinaison de la thérapie
photothermique et de la délivranceedP}F549 via lesxanoparticulesAUNRS@PLREG conduisait a une
repolarisation améliorée des macrophages M2 vers le phénofyeinflammatoire M1) et a une
inhibition de la croissance tumoralkes cellules cancéreuses KPC ont montré une sensibilité plus élevée
a I'hyperthermie par rapport aux macrophagess études d'efficacité a long terme ont démontré que les
macrophages traités avec nos nanoparticules maintenaient leur état repolarisé méme apees

résurgencale cellules cancéreuses, suggérant un potentiel de réponse immunitaiite@oralein vivo.

En conclusion, cette thése présente une nouvelle apprdeke in vitropour le traitement du PDAC,

combinant nanotechnologie, thérapie photothermiqueigtmunothérapie



Mots clés: Cancer du pancréasMicroenvironnementtumoral, Nanoparticules multifonctionnelles,
Thérapie photothermique, Nanod N & 2 y y S (i Blacroph@gedNassociés au canger IP4549,
Repolarisation.



ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC), a particularly aggressive form of cances-yatr aurvival

rate below 10%, underscores the urgent need for new therapeutic approachesli@rteatments are
ineffective for advanced PDAC tumors. Indeed, it is distinguished from other forms of cancer by its
complex tumor microenvironment (TMEyhich plays a predominant role in therapeutic resistance. Thus,

our research addresses how to design and optimize nanoparticles (NPs) capable of effectively combining
photothermal therapy with targeted delivery of a macrophage reprogramming agent, to @wertche

physiological barriers and immunosuppression characteristic of PDAC.

This thesis first explores recent progress in the preclinical development of photothermal therapy and its
current status in clinical trials, to better understand the issues involved in designing a treatment. Thus,
the study focuses on the design of compesiAuNRs@PLREG nanoparticles, combining the
photothermal properties of gold nanorods (AuNRs) with the encapsulation and controlled release
capabilities of PLLREG polymeric nanoparticles. We successfully developed an innovative assembly
method using codd-coil peptides, allowing precise control of the structure and improving their
photothermal efficiency compared to conventional assemblies. AUNRs@®PGAnanoparticles were
optimized for the encapsulation of B#9, a PI3K inhibitor known for its macrophage phenotypic
reprogramming properties. Controlled release studies demonstrated that these NPs could relést® IPI

on demand in response to neafrared (NIR) laser irradiation. We developed multicellular spheroids
combhing pancreatic cancer cellKRC) and anthflammatory macrophages (M2) to demonstrate that

the combination of photothermal therapy and {849 delivery via AUNRs@PBEG nanoparticles led to
enhanced repolarization of M2 macrophages towards the-ipfammatory (M1) phenotype and
inhibition of tumor growth. KPC cancer cells showed higher sensitivity to hyperthermia compared to
macrophages. Longrm efficacy studies demonstrated that macrophages treated with our nanopatrticles
maintained their repolarized state even after cancer cedlurgence, suggesting potential for sustained

anti-tumor immune responses in vivo.

In conclusion, this thesis presents a novel approach tested in vitro for PDAC treatment, combining

nanotechnology, photothermal therapy, and immunotherapy.

Keywords :Pancreatic cancer, Tumor microenvironment, Multifunctional nanoparticles, Photothermal
therapy, Gold nanorods, Caneassociated macrophages,-B219, Repolarization.
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« La Touraine est le jardin naturel de la landuacaise»

Rabelais
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Nico tu as du mal a me suivre en natati@n(abokéfaire ces triathlonsavec vous een équipe et vive

Magog. On se reverra.

Merci & mes amis plus anciens, Coco, Max,, Galx et Julia. Un énorme plaisir de voyager en camping

I 9SO @2dza SG RS It FyYyRSNI &dzNJ f 1 GSNNIaasSeo wQSaLls NB
Gdz yS €S Y2yGNB LI & Y2A | dzaaix 2SS (QFAYSo

Encore plus anciens, dédicace aux fanfouettes de St Martin le Beau, alors eux ont absolument rien fait de

LINE& 2dz RS t2AYy LJl2dNJ OS LINR2Sh YIia 0QSad G2 dz2 dzN
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Merci beaucoup a ma familteFlorence, Fabrice et Alisqrour leur soutien et leurs encouragements.

Méme si vous éteplusvenus au Québec pour visiter que pour me soutenir, merci.

Sur ce, bonne lecture.
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AVANTPROPOS

Les premieregsquisses du projet se sont concentrées sur lI'assemblage de nanoparticules métalliques
autour de nanoparticules polymeres, dans l'objectif initial de développer une particule théranostique
capable de libérer un agent actif de maniére contrdlée via des pemticules d'or, tout en offrant des
capacités d'imagerie et de thérapie photothermique (PT&% premiers travaux ont été fortement axés

sur la fonctionnalisatiomle AUNRS, avec un accent particulier mis sur la caractérisation rigoureuse de la
présence @s peptides de type coilecbil a la surface des nanoparticul@&en que cette partie du travail

soit moins visible dans la présentation finale de cette these, elle a représenté un investissement en temps
et en efforts considérableNotamment, grace a un spectrophotometre sensible (+ 0,1 nm), SpectraCube,
nous avons pu démontrer le potentiel des propriétés plasmoniques pour la caractérisation d'assemblages
en nanotechnologie. Une étude réalisée lors de la pandémie de-COylmienque non incluse dans det

thése, a exploré l'utilisation de ce spectrométre portable pour la détection plasmonique rapide et
spécifique du virus SAR®V2, en utilisant nos nanoparticules polymériques et ndndbonnets d'or

fonctionnalisés.

AAAAA

Dans un second temps, faiorité a été desituerOS G 1S G SOKy 2 f 2 haaPsuldd@efder y I G2 A I
PTTRI ya dzy R2 Yl A gpécifidReNobslalions@lord dégidé d'abandonner I'utilisation des

peptides de type coiledoil pour l'assemblage des nanoparticules, malgré leurs propriétés et leur
potentiel, pour diverses raisons. Nous avons ensuite choisi d'étudier les moléctBd9 IBLZ94%léja

utilisées dans un autre projet de notre groupe de recherche, et avons sélectionné le cancer dagancré

comme candidat approprié pour ce traitement thérapeutique potentiel aprés un travail bibliographique.

De plus, l'obtention de cellules cancéreuses pancréatiques, grace a la Pr. Veena Sangwan, a permis de se
concentrer sur des expériences in vitro a forte valeur ajoutée pour I'étude du PDAC. Les limites et

perspectives sont détaillées daleschapitre 6,Perspectives

En complément de la caractérisation de l'efficacité de repolarisation de notre systéme, nous avons
également testé d'autres nanoparticules et polymeres issus d'autres projets du laboratoire pour étudier

leur capacité a reprogrammer des macrophages-enfilammatoires.

Au cours de ma these, j'ai également participé a la recherche et rédaction d'autres articles qui ne sont pas
directement liés a cette étude, notamment des revues de littérature sur les polymerasdpinés pour

la lubrification?, une étude approfondie sur les défis et controverses de la couronne de protéines en
nanotechnologiéz S adzNJ £ Sa (GSOKyAljdzSa OF LIAf &F ANBS& RS Tl 6
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1. CHARITRE 1INTRODUCTION



1.1. Le cancer du pancréascomplexe, immunosuppresseur et résistant aux
thérapies

Au début du XXe siécle, le chimiste allemand Paul Ehrlich a joué un rble fondamental dans le

développement de traitements contre les maladies infectieuses. Il a introduit le terme "chimiothérapie”,

le définissant comme I'utilisation de substances chimicqums combattre les maladi¢/sEhrlich a été un

pionnier dans l'utilisation de modeles animaux pour évaluer l'efficacité potentielle de composés

chimiques contre diverses pathologies, ce qui a eu un impact considérable sur le développement ultérieur

de médicaments anticancéreux. Bienifse soit intéressé aux thérapies anticancéreuses, notamment a

I'aniline et aux premiers agents alkylants, Ehrlich semblait peu optimiste quant a leurs chances de succes

Plus d'un siecle plus tard, en 202(aible optimisme est toujours de midesdonnées de I'Observatoire

global du cancer, affilié a I'Organisation mondiale de la santé, montrent que les cancers du sein, de la

prostate et des poumons sont les plus fréquemment diagnostiqués dans le monde, avec une incidence

comprise entre 1,5 et 2,Billions de cas chacun. Ces cancers représentent également la plus forte

mortalité, allant de 750 000 a 1,8 million de décés pour le seul cancer du pouanconséquent, ces

types de cancers sont au centre des efforts de recherche, tant au niveau préclinique que cliegjue.

statistiques de I'OMS révélent également que ces cancers ont fait I'objet du plus grand nombre d'essais

clinigues dans le monde entre 1999 et 2022. Le cancer du sein en téte avec jusqu'a 14 000 essais, suivi par

les cancers du poumon, du cdlon et detastate, chacun comptabilisant plus de 5 000 essais.

Cependant, certains cancers, bien que moins fréquents, présentent une mortalité disproportionnellement
élevée. Le cancer du pancréas en est un exemple frappant : cldssg tE2mes de fréquence (510 992
casen 2020, il est le 6 cancer le plus meurtrier (467 409 déces), avec un taux de mortalité atteignant
91%°. Malgré des décennies de recherche intensive en oncologie depuis les années 1950, marquées par
des avancées significatives allant de la chimiothérapie a l'immunothérapie en passant par le séquencgage
complet du génome de certains cancers, la communauté sfiggre s'interroge encore sur les raisons de

la |étalité exceptionnelle de certains types de canatr®ut particulierement celui du pancréas.

1.1.1La physiologidu pancréas

Cette premiére partie de l'introduction vise a explorer les étapes du développement du cancer du
pancréas et ses spécificités, afin de mieux comprendre et appréhender les défis liés a son traitement. La

qguestion centrale qui guide notre réflexion est lavsunte : quels facteurs contribuent a la mortalité
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exceptionnelle des cellules tumorales pancréatiques T&stttribuable a la physiologie particuliére de

I'organe, a l'insuffisance des traitements actuels, ou a d'autres paramétres encore mal élucidés ?

Inferior vena
cava (IVC)

Portal v.

L. adrenal Splenic d.

Hepatic a.
Common bile duct

R. adrenal gland

Minor papilla
R. kidney
Maijor papilla

Second part
of duodenum

Lincinate

process Abdominal acrta

(Vold *

Figurel.1l: Anatomie du pancréas

Agencement du pancréas par rapport aux organes adjacents. Cette illustration dépeint les 4 parties du pancréas
ainsi que le réseau artériel et veineux.

Le pancréas est une glande rétropéritonéale située profondément dans I'abdomen, derriere I'estomac. I
se compose de quatre parties principalés f I (s (ST f QA & ((RiyuREL) . Ba t&e2 N1Ja

(V)
[N

portion la plus volumineuseest reliée au corps pafli a (L€ ¥ofs du pancréad Q S d&jere

f QS a [itahdfid qde la queue, allongése situe proche de la rate. Le pancréas joue un réle crucial dans

les systéme endocrinien et digestiff S a2 aisYS SYyR2ONAYASYy Said dzy NB:
responsables de la sécrétion et du stockage des hormoneslelaosps.Sa fonction endocrineassurée

par des cellules appelés ilots de Langerhans qui représentente28a4 masse;onsiste en la sécrétion

d@ormones essentiellesi la régulation de laglycémie telles quef QA y &tddesh pbigpeptides

directement dans le sang. Sa deuxiéme fonctioexocring prédominante, implique la production

d'enzymes digestives et d'ions bicarbonates, cruciaux pour la décomposition des aliments dans l'intestin
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gréle. Les cellules acineuses sécrétent ces enzfmmegamment la lipase et les protéases, via le canal

pancréatique, tandis que les cellules canalaires produisent les ions bicarb8nates

Le canalpancréatiquerevét une importance particuliere pour la compréhension de daite. Non
seulement il constitue le vecteur principal de la fonction exocrine, mais il est également le site d'origine
de la majorité des cancers pancréatiqui&s® Deux types principaux de cancer du pancréas peuvent étre
distingués : les adénocarcinomes canalaires et les carcinomes aci@eunzidérant la prévalence
nettement supérieure de l'adénocarcinome canalaire pancréatique, cette theseoseentrera

exclusivement sur ce type de cancer, qui représente le défi majeur en oncologie pancréatique.

1.1.2L e cancer du pancréas

LQF RSy 2 O lcanidirgf@parieréa (PDACpour "pancreaticductal adenocarcinoma), représente
prés de 90% desas decancers du pancrédé 2/ SGGS F2NXS RS OFyOSN) 4SS RAa
pronostics du Canada, avectaix de survie a 5 @tle seulementl0% eftre 2015 et2017selon Canadian
Cancer Statistic®Québec exclyke qui en faité cancer avec le pire taux de surai® ansEn Europe, le
PDA®ccupe la quatrieme place deanceslesplus meurtries, avec une survie médiane apres diagnostic
AYAGRAL 14,6 R “ICKtR sitdtion alarmante a conduit la Commission européenne a classer le
PDAC comme cancer prioritaire en 2021, soulignant I'urgence d'améliorer les stratégies thérapeutiques
15, Mais le plupréoccupantesteles estimations et soavancéedans le mondeOn estime que ‘tti 2026,

le cancer du pancrégmurrait surpassele cancer colorectalommeprincipale cause de décearcancer

£ QInOrii&d % Cependantdzy’ S LISG A GS £ dzS dAsddodeeed SndétiddiedddcaBogrS NH S

qui rapporte une amélioration progressive duaux de surviea 5 anspour le PDACaux EtatdJnis

pufi

atteignant 13% en 2024, marquant une tendance positi@puis 2021Les causes dtancer dypancréas

peuvent étre liées a deacteursenvironnementauwd St & 1lj dzS f oBésiigdt le diabdteid¥ pe £ Q
21 102 6 Sen parti§ulier, semble jouer un role iaQ A y F A £ (i NI, bidn2jye leRiBécanidlited & 4 S 4
précis etsignatures génétiquespécifiques restent a élucidelt estestimélj dzQ S y % deR ohs de
PDACsont attribuables & des prédispositionsgénétiques. Diverses mutations présentes dans des
syndromegtels quela pancréatite chronique ou le syndrome de Lyrsint associées a un risque plus

élevé de développement du cancer pancréatige
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Une compréhension approfondie degcanismes moléculaires et cellulaires sfacents est essentielle
pour développer des stratégies de diagnostic précoce et de traitement plus efficaces, visant a améliorer

significativement le pronostic de cette maladie dévastatrice.

|— Normal —{} PanIN-1A 4}— PanIN-1B —}— PanIN-2 i} PanIN-3 ————
Her-2/new pla pi3
K-ras LDPrC4
BRCA2
Low proliferation rate ."H.lgh proliferation rate

Figurel.2: Développement du cancer du pancréas.

58 OSftfdzZ Sa SLIAGKSE AT Sa y 2 NN1 PBIAR) dt ledrs@utatibdls MFodide RUisRS S 3
apparition de lésions PaniBl et le début de la propagation locale de cellules cancéreusa @te tumeur

pancréatique.

Le développement ds PDAst généralementinitié par desnéoplasies pancréatiquesjui sont des
Iésionsau sein des cellulepithélialesdescanauxpancréatiquesCes Iésions induisent des modifications
génomiques progressives, entrainant le raccourcissement des télomeres, la propagation locale des
cellules cancéreuses et, ultimement, la formation de métastéSigsirel.2) 1% 11, Bien que plusieurs types

de lésions précancéreuses existelais néoplasies intraépithélias pancréatiquegPanlIN sont les plus
fréquentes, etplus rarementles autres Iésions La caractérisation moléculaire des PanIN, bien que
complexe en raison de ledifficulté de détection, a permis d'identifier plusieurs protéines clés, telles que

K-Ras, ouvrant de nouvelles perspectives pour le dépistage précoce et le traitemerit€iblé

[ QARSYGATAOI GA2Yy dRBBAC Youmiithed axémAjaur de tacheréhd. Pér éxémple,

la mutationoncogéneKRAS LINBaSyiS RIya LINBa RS op: RSa OFa R
altérations pour la conception de nouvelles thérapies. Cette mutation entraine une suractivation de la

voie de signalisation RAS/MAPK/PI3K, perturbant profondément les mécanismes de croissance, de survie
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et de progression des cellules cancéreustias de précisions serodbnnéesa ce sujet dans la section
1.2.4.2.1sur la thérapie ciblée du PDAC.

Le paradigme de I'évolution des cellules cancéreuses, qui a longtemps guidé la recherche oncologique, a
été remis en questio® 22 Bien que cette théorie ait orienté les efforts thérapeutiques vers le ciblage
direct des cellules tumorales, des études pionniéres ont mis en lumiére le rdle crucial du
microenvironnement tumoral (TME) dans le développement et la progression du cadcerapparait
désormais que les mutations dans divers types cellulaires créent des boucles de rétroaction positives
complexes. Les cellules cancéreuses sécrétent des facteurs activant des voies de signalisation spécifiques
dans les cellules immunitaires envirantes, lesquelles, en retour, produisent des facteurs soutenant la
croissance tumorale et l'activation de ces mémes voies dans les cellules cancéreuses. Cette interaction
bidirectionnelle semble jouer un réle fondamental dans le maintien et la progredsi®DACS. L'étude
approfondie du TME pancréatique s'avere donc essentielle pour comprendre les mécanisrfessoiss

au développement et a la progression du PDAC. Cette approche, prenant en compte non seulement les
cellules cancéreuses mais aussi leur environndnetries cellules immunitaires, ouvre de nouvelles
perspectives pour le développement de stratégies thérapeutiques innovantes, potentiellement plus

efficaces dans le traitement de cette forme agressive de cancer pancréatique.

113 QAYLR NI F yOS Rdz YA OUHRSSePOANR Y Y SYSy d (dzy2 NI €
Le TME du cancer pancréatique joue un réle crucial dans la progression de la maladie, soulevant des
guestions importantes sur son potentiel thérapeutique. Deux caractéristiques principales du TME ont été
identifiées comme étant responsables de la progi@ssumorale : une production anormale de matrice

extracellulaire (ECM) et une modification des propriétés des cellules habitant [&’TME

Dans cette section, nous explorerons en détail les divers éléments constitutifs du TME du PDAC, décrits
dans laFigure1.3, en mettant I'accent sur les modifications par rapport a un pancréas?&aiious
analyserons comment ces changements agissent comme catalyseurs, contribuant a la nature

particulierement agressive et meurtriere du PDAC. Cette approche nous permettra de :
1) Comprendre la structure et la composition uniques du TME du PDAC.
2) Identifier les mécanismes par lesquels le TME favorise la progression tumorale.

3) Evaluer le potentiel thérapeutique du ciblage du TME dans le traitement du PDAC.
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Figurel.3: Les cellules dane TME du PDAC.

Les differents cellulampliquées dans les interactiomamunitaires du PDAC soténotéesavec leureprésentation
graphique : cancerassociated fibroblasts (CAFs); turamsociated neutrophils (TANS); turrassociated
macrophages (TAMs); natural killer (NK); myetbedived suppressor cells (MDSC); programmed déafRD1);
programmed deatHigand 1 (PEL1); granulocytenacroplage colonystimulating factor (GMCSF)Les interactions
entre ces cellules sont décritepromouvoir (fleche verte), suppression (trait rouge) et tuer (trait rouge avec éclair).
Les conséquences de ces interactions sont décrites dans les cadres roug€aps, M2 TAMs et MDSIG=s autres
abréviations ont été introduites précédemmeiReproduit avec permission sans modifications a partff.de

1.1.3.1. La matrice extracellulaire

La matrice extracellulaire joue un role crucial dans le développement du cancer pancréatique, notamment
par le phénoméne de desmoplasie. Cette réaction, caractérisée par une croissance anormale de tissus
fibreux autour de la zone tumorale, est particuligrent prononcée dans le PDATau point que le ratio
tumeur/stroma est utilisé comme critére diagnostique et pronostigtie.' ECM du PDAC est composée

de divers éléments, incluant le collagéne, l'intégrine, la fibronectine et des glycanes. Dans un contexte
tumoral, la production dérégulée de ces composants, notamment l'intégrine et I'hyaluronane, favorise
I'adhésion et la cromance des cellules cancéreusésCependant, la fonction de 'ECM est complexe et

peut varier selon le type et le stade de la tumeur
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La plasticité fonctionnelle de 'ECM est remarquable. Elle peut former une barriere physique limitant
l'infiltration immunitaire et la pénétration des agents thérapeutiques, contribuant ainsi a I'échappement
immunitaire et a la chimiorésistané&?®. Parallélement, le remodelage de 'ECM peut faciliter la migration
tumorale et la cascade métastatique, voire participer a I'établissement de nichewdiastatiques®

Les fibroblastes associés au cancer cadént les principaux acteurs du remodelage de I'EGWhme

décrit sur laFigurel.3. Activés par des facteurscomme le TGE Af a aSONB OGSy d RAGDSNA
augmentant sa densité et les pressions mécanigunémtumorale Ceci favorise la prolifération des
cellules cancéreuses tout en inhibant l'infiltration des lymphocytes T. LescGéAtFibuent également a
'angiogenése et a la transition épithélmésenchymateusgEMT) facilitant ainsi la dissémination
métastatique. Cette complexité des interactions au sein du microenvironnement tumoral souligne

I'importance de considérer 'ECM comme une cible thérapeutique potentielle dans le traitement du PDAC.

1.1.3.2. Les cellulesffectricesassociées agancer

Le TEMabrite diverses populations de cellules immunitaires, malgré I'hypoxie et le développement d'un
stroma desmoplasique. Aux stades précoces de la maladie, des cellules effectrices adaptatives telles que
les cellules NK, les lymphocytes T CD8+ et CD4+ sont prestraetivées, voiFigurel.3. Cependant,

avecla progression tumorale et le développement de mécanismes d'échappement, le TME du PDAC
évolue vers un état anihflammatoire, favorisant le recrutement de monocytes et de neutrophiles a

phénotype immunosuppresseur.

Cette transformation du microenvironnement, de girflammatoire a antinflammatoire, favorise la
croissance tumorale et l'angiogenése. Les cellules suppressives dérivées de myéloides (MDSC), les
lymphocytes T régulateu(3req) les cellules dendritiques (DC) et les macrophages associés aux tumeurs
(TAMSs) contribuent majoritairement a l'immunosuppression et a la progression tumtrale PDAC se
caractérise par une forte infiltration de cellules immunitaires innées et adaptatives par rapport a d'autres

cancers ou au pancréas sain, accentuant I'immunosuppression d@>TRE: 3% 387,
LaTablel.1, détaille les cellules immunitaires jouant un réle au sein du TME du PDAC

1) MDSC Composées de cellules immatures de macrophages, granulocytes*®tdll€s acquierent des
propriétés immunosuppressives en sécrétant-tF | NH(Arg1) & BIOS, inhibant la prolifération
des lymphocytes T et favorisant la croissance tumorale. Leur présence importante est corrélée a un

mauvais pronostié® 4

25



Infiltration and distribution

Immune Associated PDA-associated
cell types  Pancreatitis PaniNs PDA cytokines Functions prognostic factors
Neutrophil  High Present Rare IL-8, C5a, MMP Proinflammatory, procancer Undifferentiated types

of PDA
Mast cell  Evenly Evenly Present at GM-CSF, interferon  Proinflammatory, procancer Poor survival
distributed distributed infiltrating gamma, TNFa,
edges of tumor IL-4, IL-13
TAM
M1 High Present Present Interferon gamma,  Proinflammatory, procancer
IL-12, IL-23,
TNFe
M2 Low Low High IL-4, IL-10, IL-13, Immunosuppression Poor survival
TGFB
MDSC Present Low High GM-CSF, VEGF, Immunosuppression, decreased Poor survival
TGF3 CD8" T-cell infiltration
T cell
Treg Present Low High TGFB, IL-6 Immunosuppression, decreased Poor survival
CD8* T-cell infiltration
T helper
Thi Present Low Low IL-2, interferon Immune activation Good survival
gamma
Th2 Present Low High IL-4, IL-5, IL-6 IL-13 Immunosuppression Poor survival
Teff Present Low Low Interferon gamma,  Anti-tumor immunity Good survival

TNFe, IL-2

TAM, tumor-associated macrophages; VEGF, vascular endothelial growth factor.

Tablel.1: Les cellulesmmunitaires dans le TME du PDAC.
Les cellules immunitaires naives et associées au cancer dsaritifiécrites selon leur infiltration et distribution
au sein du PDAC, leurs cytokines associées, la fonction de ces cellules et les chances de survie.

2) DC: Cellules présentatrices d'antigénes cruciales pour la réponse immunitaire antitunibfaleeur
efficacité est réduite par les cytokines tumorales (TGE-10L. GMCSF). Une forte concentration de DC

dans le TME est associée a une meilleure survie des pattetits

3) LymphocytesT: Les CD8+ et CD4+ peuvent éliminer directement les cellules cancéreuses et soutenir
d'autres cellules immunitaires. Une faible infiltration de CD8+ erdéalominance de CD4+ de type Th2

sont associées a un pronostic défavorable dans le PDAC.

4) TAMs llsconstituent une population prédominante au sein du TMEP@AGFigurel.3 et Tablel.1).

Issus de monocytes recrutés et polarisés par les cytokines tumorales, ainsi que de macrophages
embryonnaires pancréatiques proliférarftsles TAMs présentent une infiltration significativement plus
élevée dans le PDAC que dans les tissus pancréatiques notmBien que certaines études suggerent

que les TAMSs représentent la population immunitaire innée la plus abondante dans le TME dt¥®DAC
cette prédominance peut varier entre patients et tumeura classification des TAMs en phénotypes M1
(pro-inflammatoires) et M2 (antinflammatoires) est une simplification d'un spectre complexe de sous
populations définies par leurs stimuli, récepteurs de surface et fonctions. In vivo, cette dichotomie

s'estompe, révélant ue richesse de soyzopulationsde phénotypegprésentée dans ldablel.2.
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1 M1: Les macrophages M1, polarisés par des cytokines comme dNipopolysaccharide (LRS)

déclenchent une réponse inflammatoire via la phagocytose et la production d'oxyde nitrique et de
RSNAGPSSa

tumorales et stroma favorise la polarisation des TAMs vers un phénotype majoritairement M2,

NB | (RD$ Tependabt, dangla dostextd g $DAL, l'interaction entre cellules

influencant significativement la progression tumorale et la réponse aux traiterignts

Phenotype Stimuli

Other

Regulators Cytokines Chemokines mediators

Cell surface

molecules/Markers

Function/Pathology

M1

M2a

M2b

M2c

M2d

Tablel.2: Caractérisation d phénotype des macrophages associés au cancer.

IFN- y

LPS

TNF-o
GM-CSF

IL-4

IL-13

IC +

TLR/IL-1R

ligands

IL-10

GC
TGF-B

Adenosine

signalling
IL-8

STAT1

IRF1

IRF5&
NF-kB

STATE

IRF4

PPARy

IRF3

STAT3

SMAD2

IFN-y
IL-18
IL-6
IL-8

IL-10%w
IL-12
IL-18
IL-23
TNF-«

Type |
interferons

IL-10

TGFp1

IL-1RA
IL-13
IL-120w
IL-23low

IL-1B

IL-6
IL-10
TNF-
IL-10

TGF-B
IL-10
IL-1glow

TNF-odo"
TGF-p

CXCL9

CXCL10

CXCL11

CCL17

CCL18

CCL22

CCL1

CCL20

CXCL13

CCL5

CXCL10
CXCL16

iINOS

ROS

Arg-1

FIZZ1/RELMex
(mouse)

YM1 (mouse)

SPHK1/2

MerTK

VEGF

INOS (mouse)

CD16

CD32

CDB4
CD80/86
HLA-DR
CD200R

CD163

CD206

CD209 (DC-SIGN)
CD301 (CLEC104A)
Dectin-1

CXCR1

CXCR2

TGM2

MHC-11o%

CD11b (mouse)
LIGHT (mouse)

cD86
HLA-DR?

CD163

CD206

Pro-inflammatory

Stimulation of Th1 immune
response

Antigen presentation
Phagocytosis
Tissue damage
Anti-inflammatory

Stimulation of Th2 immune
response

Wound healing
Allergy

Immunoregulation

Tumour progression

Tissue repair/wound healing

Phagocytosis of apoptotic cells
Fibrosis
Anti-inflammatory

Angiogenesis
Tissue remaodelling

Apercu des ifferents phénotypes de TAMset des propriétés fonctionnelles des macrophages Mlsetis
populationsM2, les marqueurs moléculaires clés, les cytokines et les fonctions effectrices associées a chaque
phénotype. Signification des abréviations disponi§ldReproduit avec permission sans modifications a partit®de

(CC BY).
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1 M2: Dans le contexte du PDAC, la majorité des TAMs adopte un phénotype de type M2, induit par

I'interaction entre cellules cancéreuses et strohes TAMs de type M2 jouent un réle crucial dans la

progression tumorale du PDAC a travers plusieurs mécanigtigesel.4) :

1)

2)

3)

4)

Inhibition du recrutement des cellules immunitairesLes macrophages M2 inhibent l'infiltration

des lymphocytes T cytotoxiqué$®? en dégradant les cytokines tumoraleesmme celles du
ligand2 (CCLRet du ligandCXC16°. Ils activent également les C#But en recrutant des cellules
immunosuppressives (MDSC, Treg). Ce mécanisme contribue a créer un environnement tumoral
"froid", peu infiltré par des lymphocytes T acfifs

Inhibition de la réponse antitumoraleLes macrophages M2 inhibent la réponse antitumorale en
sécrétant des inhibiteurs tels que B, PEL2 et CD86. Ces molécules suppriment I'activation
des cellules NK et des lymphocytes T. De plus, les M2 réduisent l'activité cytotoxique des
lymphocytes T en synthétisant Atg qui diminue la production d'oxydeitrique nécessaire a
I'élimination des cellules cancéreuses. Ces mécanismes contribuent significativement a
I'échappement tumoral dans le cancer pancréatique.

FavoriseQ | y 3 A 2 Baglogend&se, processus de formation de nouveaux vaisseaux sanguins,
est essentielle a la croissance tumorale dans le PBAC Ce mécanisme esapital pour la
croissance et le développement des tissus, la cicatrisation des plaies, et la formation de nouvelles
voies sanguines aprés une pldies TAMs de type M2 jouent un réle crucial dans ce processus en
sécrétant des facteurs prangiogéniques, notamment VEGF en conditions hypoxitfus plus

du VEGF, les TAMs produisent d'autres composés favorisant |'angiogehédeserses
interleukines. Des études ont démontré l'importance des TAMs dans l'angiogenése et, par
conséquent, dans la progression du PDAL

Promotion des métastased_e processus métastatique dans le cancer pancréatique se déroule en
guatre étapes principales : le détachement des cellules cancéreuses de la tumeur pridddiye (
l'intravasation dans les systémes circulatoires, la survie dans la circulation et I'échappement a la
surveillance immunitaire, et enfin I'extravasation et la colonisation d'organes distants. Les TAMs
jouent un réle crucial a chaque étape de ce proaessotamment dans la formation de niches

pré-métastatiques® 78,
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Figurel.4: Le r6le des TAMs au sein du TME.

Les TAMs et leur réle dans le fagonnage du TME. Sur la gauche, les macrophages detperviraux. Les TAMs

RS GellS am FIr@2NrAaSyld RAFFSNBylGa YSOFLyAiravySa SONRGaA Sy
diagramme circulaire. Sur le c6té droit, les macrophages de type M2uproraux favorisent des mécanismes

indiqués enorange et des molécules libérées dans le diagramme oralRgproduit avec permission sans
modifications a partir d&° (CC BY).

Cette implication multifacette des TAMs en fait des cibles thérapeutiques prometteuses. Les interactions
complexes entre cellules cancéreuses, immunitaires et stroma offrent de nombreuses opportunités
thérapeutiques, particulierement dans le PDAC au migvodennement fortement immunosuppresseur.
L'analyse suivante examinera les traitements cliniques actuels du PDAC et leur ciblage (cellules
cancéreuses / TME), ainsi que les perspectives de recherche visant a dépasser le paradigme du ciblage

exclusif des cellules cancéreuses, notamment par desoapps combinatoirest cibléesnnovantes.
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1.2.Les stratégies thérapeutiques

1.2.1.Les traitementsle premiére lign@our des patients atteints de PDAC

Le PDAC présente un défi clinique majeur en oncologie. La stratification des patients s'effectue
généralement en quatre catégories distinctes, reflétant I'étendue de la maladie : résécable, a la limite de
la résécabilité localement avancé et métastatiqué Cette classification est cruciale pour la prise de
décision thérapeutique. Malheureusement, en raison de l'origine du PDAC a partir de néoplasmes
précurseurs difficiles a détecter précocement, environ 80%padients sont diagnostiqués a un stade
avancé,dont certains pésertant des métastases distante&”> 51 Or, ce diagnostic tardif compromet
séverement les possibilités de traitement curatif. Dans ce contexte, la résection chirurgicale demeure
actuellement la seule option thérapeutique offrant une chance réelle de guérison. Des études récentes
ont démontré quecette approche peut augmenter significativement le taux de survie a 5 ans, le portant
jusqu'a 25% chez les patients éligidi&%¥. Cependant, la majorité des patients ne peuvent bénéficier de

cette option en raison du stadevancé de leur maladie au moment du diagnostic.

Les techniques standards pourdétectionS (iévalu&iondu PDAC sonprincipalementt QI y 3 A 2 3 NJ LIK /
par tomodensitométri€ f QA Y I F&ohAnSe mdghétifue 6 L wa 0 écHddraphie © La
tomodensitométrieest privilégiée pour sa capacité a visualiser avec précision la vascularisation régionale,
permettant ainsi d'évaluer le stade de la maladie et le potentigédécabilité L'|RM, quant a elle, excelle

dans l'évaluation des voies biliaires et la caractérisation des lésions pancréatiques. L'échographie
endoscopique sert de méthode complémentaire, particulierement utile pour la visualisation détaillée des
vaisseaux sanguinsads les cas ou le PDAC est considéré comimécable Bien que ces techniques
d'imagerie soient hautement fiables et précises, leur utilisation systématique pour le dépistage chez des
individus asymptomatiques n'est pas recommandée, principalement en raison de la faible incidence du
PDAC dans la population générale. Néanmoins, des érédestes ont démontré l'intérét potentiel du
RSLA&GI IS OraoftS OKST tSa LISNmR2yySastr KI dzi N alj dzS

1) PDAGQGésécableet a la limite derésécabilité

La procédure standar®@ K A NJzZNB A OF £ S f 2NBER RQdzy t5!/ NBasSOlIoftS 2
une approchecombinant chirurgie et chimiothérapie. lprocédure de Whipplelemeure le traitement

pour les tumeurs de la téte du pancréaandis que les tumeurs du corps ou de la queue peuvent étre
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réséquées par une pancréatectomie distalempte tenu de la morbidité et de la mortalité associées a la
chirurgie pancréatique, l'intervention n'est envisagée que lorsqu'une résection complete est jugée
réalisable. Des études ont démontré une corrélation significative datpgialitéde résection et la survie

a long terme, avec une diminution marquée du taux de survie & 5 ans en présence de résidus
microscopiques ou macroscopiques possection®. La chimiothérapie adjuvante pespératoire a
démontré son efficacité dans I'amélioration des résultats oncologigfi€s Toutes les variationgt
différents essais dmonothérapiesau fil des asne seront pasléveloppédci, seules lethérapiesde 1*

ordre actueles seront décrites'’. Parmi les protocoles actuels de premiére ligne, deux régimes se

distinguent :

1 mFOLFIRINOXCette combinaison de-fluorouracile (5FU), leucovorine, irinotécan et oxaliplatine
est administrée par voie intraveineuse sur une période de 6 mois, débutant idéalement dans les 2
mois postrésection. Ce protocole, associant des antimétabolites, hibiteur de la topoisomérase |
et un agent alkylant, est considéré comme le traitement de référence pour les patients présentant un

bon état général, malgré sa toxicité non négligeable.

1 Gemcitabine + nalpaclitaxel: Cette alternative est privilégiée chez les patients plus vulnérables ou
présentant des contréndications au mFOLFIRINOX. La gemcitabine, un antimétabolite, agit en
s'incorporant dans I'ADN et en bloquant sa réplication. Lepmtiitaxel ommercialiséAbraxane),
composé de paclitaxel lié a l'albumine, forme des nanoparticules eE560nm. Le paclitaxel, un
taxane, cible et stabilise les microtubules, perturbant ainsi la division cellulaire. L'albgoane a
lui, facilite la transcytose du paclitaxel a travers I'endothélium tumoral via un récepteur spécifique,

améliorant potentiellement laistribution intratumorale du médicament.

Pour bs PDAC a la limite de la résécabilité, une approche néoadjuvante utilisant le mFOLFIRINOX ou la
gemcitabine est souvent adoptée. L'objectif est de réduire la masse tumorale pour faciliter une résection
ultérieure. En l'absence de réponse suffisante, lanabthérapie est poursuivie. Des essais cliniques
récents n'ont pas démontré d'amélioration significative de la survie globale avec cette approche
néoadjuvante comparée a la chirurgie seule, mais ont rapporté une amélioration de la qualité de la

résection 2

2) PDACdcalementavancé
Les PDAC localement avancés sont pris en charge suivant une approche similaire a celle des tumeurs a la

limite de la résécabilité. La procédure standard repose sur une chimiothérapie systémique,
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principalement le mFOLFIRINOX ou l'association gemcitabitedspaclitaxel. L'objectif gmier est de
contrdler la progression tumorale et, dans les cas les plus favorables, d'obtenir une réduction suffisante
de la masse tumorale pour envisager une résection chirurgicale. Cependant, il est important de noter que
la conversion vers une résécabilitsste un événement rare, survenant dans approximativement 15% des
cas”. Indépendamment de la possibilité de résection, une ratiioniothérapie peut étre envisagée
comme traitement complémentaire. Cette approche multimodale, étalée sur plusieurs mois, vise a
optimiser le contréle local de la maladie. Malgré |'utilisationarégue de la radichimiothérapie les
données probantes issues d'essais cliniques démontrant une amélioration significative de la survie globale

demeurent controversées et non concluantés

3) Stade métastatique

Le cancer du pancréas métastatique représente un défi thérapeutique majeur, avec environ 50% des
patients diagnostiqués a ce stade avafité a chimiothérapie systémique demeure le traitement phare,
principalement dans une perspective palliative visant a prolonger la survie plutbét qu'a obtenir une
guérison Lesprotocoles de premiére ligne, mFOLFIRINOX et l'association gemcitabakepaclitaxel,

ont démontré des bénéficesn termes de survie globalé. En cas de réponse insuffisante, diverses
combinaisonghimiothérapeutiquesont explorées, incluant notamment une formulation nanoliposomale
d'irinotécan, approuvée et sur le marché aux Eddtgs®®. Les options de deuxiéme ligne sont multiples

et dépendent de facteurs tels que I'état général du patient, la présence de mutations, et d'autres
parametres biologique€nfin, dans le contexte des thérapiestdasieme ligne, lorsque les traitements
standards se réveélennefficaces l'orientation des patients vers des essais cliniques innovants et ciblés
devient une stratégie primordialéCes protocolespotentiellementdes thérapieprometteuses dans le
futur, serontexaminés en détadans lasectionl.2.4, dédiée aux stratégies thérapeutiques émergentes

et innovantes

Lf Sad OFrLAGEFEE RS &S NBYRNB O02YLIiS ljdzS YIf3aINB f Qd
globale médianed i RQSYJBANRY p Y2A43Z | OODledpstienisimémstate@es & dzNIJ A
17.76 Ces chiffres mettent elumiéref QdzNA Sy OS RS RS@St 2 LILISNJ RS y2dzS¢t f

En conclusion, bien que des progres aient été réalisés dans le traitement du PDAC, la réponse globale a la
chimiothérapie reste décevante. Cette situation appelle a une intensification des efforts de recherche
pour élucider les mécanismes de résistanceP@AC et développer des approches thérapeutiques plus
efficaces, potentiellementen immunothérapie, adaptéesa la lutte contre lescaractéristiques

immunosuppressives du PDAC.
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1.2.2[ QA Y'Y dzy 2eh g dlie mBin&hérapie
[ i@@munothérapieest vue comme une solution viable pour de nombreux cancers, compte tenu des
résultats satisfaisants de certains traitemengour les mélanome$’ et le cancer du poumori. Les
approches immunancologiquegour le PDAGont nombreuse®t leur avancement en phase clinique

sontrésuméegians & Table1.379:

Therapy Phasel | Phasell Phaselll Approved? Comments

Immune checkpoint blockade No responses outside dMMR

dMMR
PD-1/PD-L1 1 - patients; combinations under
H patients only ’ .
CTLA-4 1 investigation
Therapeutic vaccines
GVAX i Large RCTs negative; may
Algenpantucel-L i No benefit from checkpoint
hTERT peptide i blockade
hTERT DNA
Engineered T cells No Signs of immunogenicity;
CAR-T [r— need to optimize antigens
Agonistic immunotherapy Promising preclinical data;
No
CD40 phase Ib/1l under way
Myeloid immunothera
Y CCR2 Py Promising combinations,
No especially with checkpoint
- —
CSF-1R blockade
CXCR2
Stromal modulation
Hyaluronidase No Most clinically advanced;
FAK new targets emerging
VDR
Prevention vaccines oomeedy No Proof of concept in colon

cancer; PDA on the horizon

Tablel.3 : Immunothérapies actuellement a I'étude dans le cancer du pancréas.

Chague ligne représente une classe unigue d'immunothérapie. L'extrémité droite de chaque ligne indique le stade
le plus avancé des essais cliniques atteint par cette classe de composés. Les fleches vertes pleines indiquent des
essais en cours. Les lignesiges indiquent des essais négatifs. La fleche verte en pointillés indique des essais réussis
dans d'autregumeurs ;ECR : essai contrblé randomisé ; ACP : adénocarcinome pancréatique ductal.

1.2.2.1. Essais cliniques non concluants
1) Les inhibiteurs de points de contréle (ICP)

lIs représentent une avancée majeure en immunothérapie du PDAC,laysmbrolizumab, approuvé
par laFDAmaislimité aux patients présentant une instabilité microsatellitfifeCes molécules ciblent
principalement les axes PDPDL1 et CTLA, régulateurs clés de la réponse immunitaire antitumorale.

PD1, exprimé sur les lymphocytes T, interagit aved BBur les cellules tumorales, désactivant la réponse
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immunitaire. Cette interaction peut promouvoir I'apoptose des lymphocytes T et inhiber leur activation.
Lesanti-PD1/PD[ m f S& LJ dza O2yydza az2yd €S yAo2audegra Si €S
4. Cependant, mlgré leur succes dans d'autres cancers, c&nmGntrent une efficacité limitée en
monothérapie dans le PDAE comme le montre |Tablel.3. Un essai clinique de phasaévaluéle PD

L1, BM®36559,chez 207 patients atteints de PDAC avancés, aucune réponse n'a été obServée
L'ipilimumab (ant#iCTLA4) n'a pas amélioré significativement la sursiiez des patients atteints de PDAC

métastatique®.
2) Leswaccins

Les vaccins thérapeutiques contre le PDAC ont montré un potentiel prometteur dans les études
précliniques et les essais cliniques précoces, mais leur efficacité n'a pas été confirmée dans les essais de
phase avancée. Ces vaccins, comprenant diverses fationd, visent a stimuler une réponse
immunitaire spécifiqgue contre les antigénes tumoraMbalgré des résultats encourageants en pha&e |

les essais de phase Ill n‘ont pas démontré d'amélioration significative de la survie, commesillusiré
Tablel.3, par I'échec du vaccin peptidique ciblant hTERT et du vdecgene GMCSHGVAX 84, Les

futures recherches se concentrent sur I'optimisation de la sélection des antigénes et I'amélioration des

vecteurs de délivrance pour surmonter les défis actéfels

1.2.2.2. EBssais cliniques en cours

Les cellules T a récepteur antigénique chimérique {OARBprésentent une approche prometteuse pour

le traitement du PDAC, malgré des défis significatifs. Bien que trés efficaces dans les hémopathies
malignes, avec des taux de réponse atteignant 90% dpplication dans le PDAC se heurte a plusieurs
obstacles.Notamment l'infiltration tumorale qui estentravée par le stroma densearactéristique du

PDAC. Malgré ces obstacles, des essais cliniques de phasecburs,ont montré des résultats

des agonistes CD4Q@ui est un récepteur exprimé principalement sur les cellules présentatrices
d'antigénes, les cellules B et certaines cellules tumorales. Les agonistes CD40 sont utilisés pour stimuler
la réponse immunitairantitumorale %, Ces approcheprécédemment citéesnt montré des résultats
globalement insatisfaisants dans le traitement du PDAC. Cependant, des stratégies combinatoires

émergentes offrent des perspectives plus prometteuses, comme l'essai clinigue CEMBAT

34



Pour conclure, me compréhension approfondie de I'immunologie spécifique du PDAC et des mécanismes
de résistance aux traitements s'avére dassentielle pour identifier de nouvelles cibles thérapeutiques

et développer des stratégies innovantes. La section suivante s'attachera a décrire en détail ces différents
mécanismes, offrant ainsi une base solide pour I'élaboration de futures approchepdutiques plus
efficaces contre cette forme particulierement agressive de cancer pancréa@eie section fait écho a

celle sur la description des caractéristiques du TME du PDACL.8n

1.2.3. Les mécanismes de la résistance thérapeutique du PDAC

La résistance thérapeutique du PDAC résulte d'une combinaison complexe de facteurs interconnecteés,
incluant les caractéristiques intrinséques des cellules tumorales et les particularités du TME. Le stroma
dense, la plasticité des cellules cancéreusesavitonnement immunosuppresseur contribuent tous a

cette résistance. Comprendre ces mécanismes est essentiel pour élucider I'échec des thérapies actuelles
et développer de nouvelles stratégies efficaces. Cette analyse approfondie des facettes de laceésista
thérapeutique dans le PDAC vise a fournir une base pour concevoir des approches innovantes, capables

de surmonter ces obstacles et d'améliorer le pronostic des patients atteints de cette maladie agressive.

1.2.3.1. RO0le de la matrice extracellulaire dense

Le stroma dense du PDAC, principalement médié par les CAF, joue un rdle crucial dans la résistance
thérapeutique enconstituant une barriere physicochimiqu¥. Des études sur des modéles murins ont

démontré que la perturbation de composants stromaux, comme la dégradation de I'acide hyaluronique

ou la déplétiondescellules stellaires pancréatiquesméliore la perfusion vasculaire et I'efficacité de la
gemcitabine® %293, D'autres recherches ont révélé que l'inhibition des €#dnsibilise les tumeurs a la
chimiothérapie en modifiant le métabolisme lipidique strorffalUne étude récente a mis en évidence le

role de la rigidité mécanique du stroma dans la résistance médicamenteuse via la rigcestuction.

B[ Sa FLIWNROKSE @Aalyd t LISNI dzbzgniedédérge® co@meydysS f QK @

stratégies prometteuses pour surmonter la résistatteérapeutique.

1.2.3.2. Résistancepécifiqueaux traitements standards
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La gemcitabine, pilier de la chimiothérapie du PDAC, fait face a des mécanismes de résistance complexes.
Son activation, dépendant® Q dkjh&se, est inhibée pare enzymeproduite par les TAMs. D'autres
mécanismes de résistance incluent la surexpression des transporteurde&B@osomesdiQSy i @ YS RS
aeyikKsasS Of S R Setlatransiiah FMK Bax&SistdR e lab rigaclitaxel est liée & une
augmentation de la synthese des pyrimidines, tandis que celle au mFOLFIRINOX implique une instabilité
génomique et des altérations métaboliques apres éesles sur des lignées cellulaires et des organoides
dérivés de patient?’. Cibler les voies régulées par les cytokines et les TAMs apparait comme une stratégie

essentielle pour surmonter la chimiorésistance dans le PDAC et améliorer l'efficacité des traitements.

1.2.3.3. [ i@munosuppressiolocale

La résistance a la gemcitabine est étroitement liée aux cellules immunitaires du microenvironnement
tumoral, en particulier les TAMs. Ces derniers contribuent a la résistance en libérant des enzymes qui
interférent avec le métabolisme de la gemcitabine, famorisant la transition EMT, et en activant des
voies de signalisation p#tmmorales. Le TME contribue significativement a la chimiorésistance,
notamment via les cytokines sécrétées par les MDSC, Treg et PARICes exemples mettent en
évidence l'interaction complexe entre les voies immunitaire et stromale du P4iGgégissentla
résistance thérapeutique dzE (G K S NJ LJA S &mmanbthéyapié NRa S t f Q

Pour conclure, les mécanismes de résistance ne se limitent pas aux exemples de lacsdessnspn

retrouve aussi entre autresla faible immunogénicité tumorale, la plasticité des cellules cancéreuses, le
métabolisme tumoral altéré, et la barriére vasculaire anormale. Ces caractéristiques, agissant de concert,
créent un environnement hostile a ffecacité des traitements et a I'activation d'une réponse immunitaire
antitumorale efficaceActuellement, diverses approches innovantes sont testées pounanter ces

obstacles, et certaines de ces stratégies sont examinées dans la suite de |&Emesket les phases i
RQSaalrAa Of AyAljdzSa LRdzNJ £S t5!/ 2yi f QdatenfeSa LXK dza
f dZY A8 NBE QA Y LR NI | -glitigperédRedtedour andliDi@rdeS d&EaK Siniduifsi

A chacun de ces mécanismes de résistanceA f S a i LJ2 arde sdutioBsimBlQGilsér lgs - 3 S NJ
enzymesdes radiation®u de la chaleupour dégrader la ECMeprogrammer les cellules immunitaires
et stromales pourcontrecarrerleurs propriétés immunosuppressives, utiliser des vaccins ou induire la

mort cellulaire immunogéengICD pour augmenter la charge mutationnelle, utiliser des thérapies
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combinées simultanément pour inhiber plusieurs voies de signalisatioloquer la plasticité des cellules

cancéreuses

Dans ce contexteplusieurs pistes thérapeutiques se distinguent

1 Les ombinaisons thérapeutiques : Associer immunothérapieschimiothérapieset méthodes
physiguesciblant lestroma tumoral.

1 La nodulation du microenvironnementtumoral : Reprogrammation des cellules stromales et
immunitaires.

1 Une approche locale Délivrance ciblée de thérapies pour surmonter les barriéres physiques.

[ I LINE OK I A ynfressSaDxstiagiesh@rapeidtiques ciblant leSois pistes que nous venons
delisterk FAY RQFYFf@aSNJ fSdzNJ LI2GSYydASt (KSNI LISdzi A lj dzS o

1.2.4. De nouvelles stratégi&snergenes et innovantes

Les limitations des monothérapies conventionnelles dans le PDAC ont été mises en évidence et suggerent

un besoin urgent d'approches capables d'améliorer la réponse aux traitements. Cette section décriera le
développement de stratégies visant a remodelesti®mma tumoralpar I'optimisation de combinaisons
immunothérapiechimiothérapie et autres combinaisons pour sensibiliser les cellules tumorales. P
AQAYUSNBaaSNI Fdz OA6f+F3S RANBOG Rdz YAONRSY@ZANRYYSY!
desTAMs et l'inhibition de la voie PI3K. Environ 500 nouveaux médicaments potentiels pour le cancer du
pancréas sont en développement clinique, selon le Pancreatic Cancer Action Network-MNagalaann

et al. ont proposé, en 2020, I'acronyme PRIME (Pathwniipition, Repair deficiency, Immunotherapy,
Metabolism, Extracellular matrix) pour classifier ces approchesFigirel.5 1% Cette section va tenter

de détailler destratégieshénéfiquegpour le PDAGe 2 approches (immunothérapie et ECM) pacgiies

cibléesparla classification PRIME.

Cette section explorera ces approches émergentes, en mettant I'accent sur les résultats précliniques
prometteurs et les défis rencontrés lors de leur translation en clinique. L'objectif est d'offrir une

perspective sur les avancées récentes et les direstfatures dans le traitement du PDAC avancé.
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Figurel.5: Classification PRIME des nouvelles approches thérapeutiques

ClassificatioiPRIME (Pathwaphibition, Repair deficiency, Immunotherapy, Metabolism, Extracellular maltres).

cellules cancéreuses représentées danstias de cette figure et le stroma tumoral au centre représentent les 5
principales classes de nouvelles stratégies pour le PDAC. Des nouveaux inhibiteurs de voies de signalisation, des

AYKAOAGSdINE RQ!5b3 RSA y2dzSt dsSAR, He¥ apdnfsziblaaSehétaosme ( St S

des cellules cancéreuses et des agents qui modifient le TME.
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1.2.4.1. Les ombinaisons thérapeutiques

1) Combinaisonimiothérapieet immunothérapie

Les essais cliniguegécents combinant chimiothérapie et immunothérapie, tels que l'association
gemcitabine/tremelimumab ou gemcitabine/ipilimumab, ont montré des résultats prometteurs en
termes de tolérance et de réponses partiell#¥ Dans une étude de phase I, la combinaison
gemcitabine/tremelimumab a induit 2 réponses partielles et 7 maladies stables sur 28 patients évaluables

%p 9y HWAHHI fSa NBadz (I Gat SKRSdzyId d & ISAdun@iiNdaif &SHESF SK S
tremelimumab encombinaisonavec legemcitabine et nakpaclitaxel'®. L'essai n'a pas démontré de
0SYSTAOS mmmandthé@@iedzia chitndthdra@ie en tant que thérapie de premiére ligne dans

une population non sélectionnée de patients atteints de PDAC. Cependant, les patients porteurs ayant la
mutation KRA®Nt présentéune survie prolongée indépendamment du type de traitem®8.l dzi NB LI NI
I'expression de PD1 dans le PDAC résécable étant corrélée a un pronostic défavorable, des études
précliniques combinant gemcitabineu cisplatine avec un anti-PD1/PDL1 ont démontré une
amélioration de linfiltration des cellules T CB® 1% Une étude chez 22 patients atteints de PDAC non
résécable a révélé des réponsefinigues encourageantes avec un agoniste CD40 combiné a la

gemcitabine'®’. Enfin, on retrouve de nombreuses études combinant pludedexagents thérapeutiques

75, 81, 108

2) Combinaisork Q | idryuiaihéraputiques

Les innovations en immunothérapie sont plutdt directes, i.e., la plupart des familles de molécules citées

L dza Gsd O2YYS L/txX F3A2yAaiSa /5nn3s @GFOO0OAYyazI X 2y
ontdémontrédes effetshénéfiquesdans la survie sur desodélesmurins!®®!1:, La combinaison de GVAX

avec des ICP, comme I'a@TLA4 ou l'antiPD-1, a montré des résultats encourageahts Une étude de

LIKF&aS LL I NB@OSES [[dz2S D! . O02Y6AYS t fUALAEfAYdZYl o
était augmentée, avec la présence de marqueurs de cellules T et de macrophad¥siltranslation

clinigue est plusiélicateavec des essais cliniques pour le PDAC stagparghase 4 113
3) Combinaison immunothérapie et traitement physique

Les approches combinatoires associinQ A Y'Y dzy 2ave¢ §aMddiathéapie (RT) émergent comme
une stratégie prometteuse dans le traitement du cancer pancréatique. Bien que les effets

immunologiques spécifiqgues de la RT sur le PDAC restent a élucider, son potentiel d'amélioration de

39



I'immunité innée et adaptative est bien établi dans d'autres types de cancers. La RT induit une "mort
cellulaire immunogéne" caractérisée par la libération de signaux de danger, tetiegpeotéines. Ces
molécules stimulent la maturation dd3Cet améliorent la présentation antigénique, renforcant ainsi
l'activation des lymphocytes T. De plus, la RT augmente l'immunogénicité tumorale en libérant des
antigénes, en régulant positivement les ligands stimulateurs des cellules T et en sensibisatiules
tumorales a I'apoptose. La libération d'ATP par les cellules apoptotiques favorise également la polarisation
de type Thl et l'activation des cellules T cytotoxiquestte stratégie est illustrée par plusieurs essais
clinigues en courd?®!8 et de nombreses études précliniques'*'2® représentint une évolution
significative dans la stratégie thérapeutique du PDAC, visant a exploiter les synergies entre différentes
modalités de traitement pour améliorer l'efficacité globale et potentiellement surmonter les mécanismes
de résistance caractéristiqaale cette maladie agressiven plus de la combinaison avec la RT, plusieurs
SidzRSa aS az2yid LISyOKSSa &dzNJ f Qrdmiudothérapie G A2y RS f |

1.2.4.2. La modulation du microenvironnement tumoral

La deuxiéme piste ciblée par notre analyse des mécanismes de résistance est la modification du TME,
notammentle ciblage des TAMSs, dont le réle crucial dans le maintien d'un microenvironnement tumoral

immunosuppresseur a été précédemment établi dansdetion1.1.3.2

La programmation des TAMs est médiée par des facteurs sécrétés par les cellules cancéreuses et
stromales, subissant une reprogrammation métabolique et épigénétigures'adaptant a I'hypoxie
tumorale 1?4 Les recherches actuelles visent a exploiésr modificationsspécifiques des TAMs pour
restaurer limmunité antitumorale ' 126 Ces approches novatricepeuvent transformer le
microenvironnement tumoral immunosuppresseur du PDAC en un milieu plus favorable a l'action
antitumorale du systéme immunitaird.a Figure 1.6 présente unepartie desprincipales stratégies de
ciblage des TAMs telles que rapportées dans la littérature scientifique actuelle. Ces approches peuvent

étre classées etrois catégories

1) Diminuer la prolifération et le recrutement de TAMs
Le microenvironnement tumoral du PDAC est caractérisé par une forte présence de TAMs, principalement
polarisés vers un phénotype M2 ptomoral, qui contribuent significativement a la progression de la
maladie et a la résistance aux traitements conventeenPlusieurs méthodes peuvent inhiber le

recrutement des TAMs ou induire leur épuisemendtamment l'inhibition di récepteur du facteur
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stimulant lescolonies 1(CSFLR est I'une des principales stratégies explorées. Des inhibiteurs tels que
PLX3397 et BLZ94%5: 128 ainsi que des anticor@nti-CSF1R comme RG7155 sont en cours d'évaluation

clinique'?,

Therapies targeting
M2-like TAMs

& L
] =] MNanomaterials

( Reduce the number of | "
M2-like TAMs Mediate '
in the TME antitumor drug ‘

\_ directly or indirectly | delivery

e —

\.

Reverse polarization of
M2-like to M1-like TAMs

-

Figurel.6: Stratégies de ciblage des TAMs.

Trois stratégies de ciblage des TAMs sont présentétuire le nombre de TAMs de type M2 dans le TME par des
méthodes directes ou indirectes, utiliser les TAMs de type M2 comme vect€urs 8 S y (i antitum@aiuk & &
reprogrammeies TAMs de type M2 vers le phénotype NReproduit avec permission sans modifications a partir de
24(CCA4.01).

Ces agents visent a modifier les TAMs et a retarder la croissance tumorale en interférant avec la
signalisation dusM-CSFLe blocage de I'axe CCL2/CCR2 constitue une autre approche prometteuse. Des
inhibiteurs comme learlumab (antiCCL2}*°dans les tumeurs solidest le PF04136309 (antCCR2)3!

pour le PDACherchent a réduire le recrutement et paolifération des TAMsL 'utilisation de composés

spécifiqgues comme legrabectedinpour le PDAC®, qui cible les TAMSs via le récepteRQ dzy S O& (2 1 Ay
OF LI 6t S RQA Y, Rffteh ddSpistbsGlppnisiitaes $our moduler la population de TAMs et

réduire la charge tumoralé&nfin, des stratégies visant a induire directement I'apoptose des macrophages
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M2 sont également a I'étude, offrant une approche complémentaire pour réduire la population de TAMs

pro-tumoraux®,

2) Utiliser les TAMs comme vecteur de livraison

L, A X 4 oA

[ Sa ¢! aa LISd@Syid siGNB dziaAtAaasa O02YYS @SOGSdzNA
liposomes et des nanopatrticules, directement au sein de la tumeur et méme a l'intérieur des cellules
cancéreuses. Ce sont surtout leurs capacités de ciblade Bvraison qui font des TAMs des candidats
potentiels en tant que vecteurs cellulaires pour I'administration thérapeutique. L'exploitation des TAMs
LI2dzNJ £ I RSt AGNIyOS OAo6ftSS RQIFIISY(H&. I yiailddzy2 NI dzE

3) Reprogrammetes TAMs

La reprogrammation des TAMs de type M2 fumoraux enmacrophages de type M1 antitumoraux
émerge comme une stratégie thérapeutique prometteuse dans le traitement du cancer. Cette approche
exploite la plasticité des macrophages pour modifier leur phénotype et leur fonction, plutdt que de
simplement les éliminerPlusieurs mécanismes de reprogrammation ont été identifiés et étudiés.
L'activation du récepteur CD2@r les TAMs M2 stimule I'endocytose, la formation de lysosomes et
l'autophagie, favorisant leur conversion en phénotype M1 et augmentant leur céppbagocytaire
envers les cellules cancéreusésLe ciblage de CB4ugmente les macrophages piflammatoires et
améliore la maturation de®C™®, L'inhibition deCD47*¢ et I'activation des récepteurs Tdike (TLR}*’

par des agonistes reprogramment les TAMs vers un phénotype Minflmematoire stimulant ainsi
I'activation des lymphocytes T cytotoxiques et la réponse immunitaire antitumoraleti@esgies, seules

ou en combinaison, offrent de nouvelles perspectives pour améliorer la réponse immunitaire

antitumorale dans le cancer pancréatique.

Les esais cliniques ciblant et reprogrammant les TAMst détaillés danslTablel.4, révélantque seuls

deux essais cliniques ciblant la reprogrammation des TAMs dans le cancer du pancréas ont été complétés,

et aussi principalement axés sur les voies CD40, CD47 et STAT. Malgré le caractére immunosuppresseur

bien établi du PDAC et la diversité de&Ms, le nombre d'essais cliniques en cours reste limité. Cette
situation souleve des questions quant aux défis spécifiques liés a la reprogrammation des TAMs ou a la

complexité inhérente au traitement du cancer du pancréas.
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Reprogramming Chilob 7/4 NA CD40 Completedl  Malignancies NCTO1561911
TAMs

GM.CD40L* Vaccine CCL21 CD40 Completed Lung cancer, Adenocarcinoma NCTO1433172
1/
CP-870,893* NA CD40 Completed|  Advanced solid tumors NCT02225002
CP-870,893 Tremelimumab* CD40 Completedl  Melanoma NCTO01103635
CP-870,893 Paclitaxel + D40 Completedl  Neoplasms NCT00607048
Carboplatin
CP-870,893 Gemcitabine CD40 Completedl  Adenocarcinoma pancreas NCTO1456585
RO7009789 Emactuzumab CD40 Completedl  Neoplasms NCT02760797
(RO5509554)
RO7009789 nab-paclitaxel, CD40 Completed!  Pancreatic cancer NCT02588443
gemcitabine
RO7009789 Vanucizumab, CD40 Completed!  Solid tumors NCT02665416
Bevacizumab
Selicrelumab Atezolizumab CD40 Completed|  Solid tumors NCT02304393
(RO7009789)
PD-1
APX005M Nivolumab CD40 Completed Non-small cell lung cancer, Metastatic Melanoma NCT03123783
1/
IP1-549 Nivolumab PI3K-y  Active,not Solid tumors, non-small cell lung cancer, NCT02637531
recruiting | melanoma, breast cancer
PD-1
TTI-621 PD-1/PD-L1 SIRPa-  Terminated| Solid Tumors, Mycosis fungoides, Melanoma, NCT02890368
Inhibitor* 1gG1 Fc Merkel-cell carcinoma, Squamous cell carcinoma,

Breast carcinoma, Human papillomavirus-related
atedi . malignant neoplasm, Soft tissue sarcoma
pegylated interferon-
a2a

talimogene
laherparepvec (T-Vec)

radiation
Hu5F9-G4 Atezolizumab CD4a7 Completedl  Acute myeloid leukemia NCT03922477
CC-90002 NA CD47 Terminated| Leukemia, Myeloid, Acute NCT02641002
myelodysplastic syndromes
CC-90002 Rituximab CD4a7 Completedl  Hematologic neoplasms NCT02367196
GSK3145095 pembrolizumab RIP Terminated Il Neoplasms, Pancreatic NCT03681951
NKTR-262 Bempegaldesleukin TLR7/8  Active, not Solid tumors NCT03435640
(NKTR-214) recruiting /11
PD-1
Nivolumab
WP1066 NA STAT3  Active, not Glioma and Brain metastasis from melanoma NCTO1904123
recruiting |
AZD9150 NA STAT3  Completed Advanced/Metastatic Hepatocellular carcinoma NCTO1839604
1/1b
(ISIS 481464)
Imprime PGG Cetuximab MAPK  Completedll Colorectal Cancer NCT00912327
Immunological B-glucan Active, not Neuroblastoma NCT00911560
Adjuvant OPT-821 recruiting /11
B-Glucan Anti-GD2 Monoclonal Active, not Neuroblastoma NCT00492167
Antibody 3F8 recruiting |

Tablel.4: Essais cliniqgues dédiésla reprogrammation des TAMs.

LalrO2f 2yyS AYRAIdzS S ¢duvu dBsSagehtQdstisae reprogramimation udidSés ela3l  H

voie de signalisation visée, laX4y RA lj dzS f QS G RS 02 YigouBlétip2 ge canleret eadfha a A O
fI RSNYASNE O2t2yyS LRdN S ydzySNE RQSaal A Of AyAljdzsSo
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1.2.4.2.1. La voiede signalisatiorPI3K

Cependant, la recherche préclinique montre une activité plus intense, notamment concernant la voie PI3K
dans les TAMY® 13 | a voie de signalisation PI3K émerge comme une cible thérapeutique prometteuse

dans le PDACes PI3K sont classées en trois groupes princigamme illustré sur [&igurel.7 :

1 Classe | : Composées de son#és catalytigues p110 et régulatrices p85, elles sont les plus
étudiées en oncologie. Elle¥luencentla croissance, la survie et le métabolisme cellulaires.

T /tFaasS LL Y a2y2YSNAI|jdzSaz | @dSO GNRAA Aaz2FT2N)VS:
du PIP2 et sont impliguées notammaetdnsla progression du cancer du sein.

1 Classe llIHIe régule l'autophagie et la phagocytose des macrophages

\J’EGFR FGFR EGFR GPCR BCR EGFR

TCR Amino acids IGF1
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OO0 ’{ »ooooad | booo 200000 '
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Figurel.7 : Composants majeurs de la voie de signalisation PI3K.

mTORCA

Activation en amont de la voie de signalisation PI3K/Akt. Bédedifférentes classes de PI3K ain sk la voie de
signalisation et les interactionReproduit avec permission sans modifications a partiftie€C A 4.0 1).
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1Y L0 [ Ot maiss LG AyOfLINR i Qo £ SYSYd FOGAGSS LI
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que la classe IB, composée uniquementdePIZK Sad YIFI22NAGFANBYSyid | OGABSS

aux protéines G*.

Ainsi,le développement d'inhibiteurs de la voie PI3K dans le traitement du PDAC a connu une évolution
significative avec desmolécules tels que leemsirolimus et Bverolimus,qui ort montré une efficacité

en monothérapie dans les tumeurs neuroendocrines pancréatiq@ependantleur efficacité reste

limitée dans les PDA 143 Puis,Eser et al. ont démontré que l'inhibiteur p&i3K(qui cible toutes les
isoformes) GDR0941est efficae dans la prévention de la croissance tumorale dans le modéle KPC de
cancer pancréatique invivo *x 2 dz Sy 02 NB dé fQSR AR Mo AQi SogbatdiRESent Lo 1 =
combinaison**®, Nous avons déja évoqué lepproches combinatoires comme une voie thérapeutique

trés prometteuse. Toutefois, la simple combinaison d'un inhibifgmPI3K avec lgemcitabine n'a pas

démontré de synergie significativé,

Ainsi, des chercheurs sent orientés vers une approche encore plus ciléelesinhibiteurs suscités

ciblent toutes les isoformeset semblentinsuffisants pour supprimer la croissance des tumeurs
pancréatiques en monothérapieUne stratégie émergente consiste a développer des inhibiteurs
spécifiques aux isoformes de PIBK Ces agents pourraient induire moins d'effets secondaires et de
mécanismes de résistance, les rendant plus adaptés aux thérapies combinatoires complexes nécessaires
pour traiter efficacement le PDACa donc été montré queigoforme PI3K = SELINA YSS LINAR y OA
dans les cellules immunitaires, joue un role crucial dans I'activation et la migration cellulaires en réponse

a certaines chimiokines. Son importance a été démontrée dans des études sur des souris déficientes en
PBK: = NB @St |y itiel dafsyla faudtidn Sles Selludes nfyéloidéss. Des expériences sur des

modéles murins ont montré une croissance tumorale ralentie lorsque-PIBKS G A G 3ISY SiAljd
inactivée, principalement due a I'élimination des TAMs et d'autres cellules myéloides associées au cancer

151 Ces observations soulignent le role essentiel de-PI3KR I ya £ S NBONHzi SYSy (i RSa C
au sein des tumeurs, un processus favorisant I'angiogenése, la croissance tumorale et

l'immunosuppression locale.

1.2.4.2.2. Les inhibiteurs de PI3K

5S4 SGdzRRS& LINBOft AyAldzSa 2yi Y2yaNB tUSTFFAOFOAGS R
PDAC et d'autres cancers, soulignant le potentiel de ces approches dans les thérapies combinées

émergentes*., Notammentl'efficacité thérapeutique du ciblage spécifique de l'isoforme PI3K 9y ST F S
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linhibitonde PIBK 2 dz t BE@¥ald NBOSt SS LI dzPI38dadsirOmode® exdjvierS £ U A
152 En effet, me métaanalyse des études précliniques a révélé le potentiel certain de I'utilisation de la

voie PI3K  LJ2 dzNJ OA o f S NF, oslifier latr pOéxdyipak ét alrSi@iminuer le volume tumoral

et améliorer le taux de survié®’. Cette étude évoque les inhibiteurs de RIBK f S& LJ dza ST ¥
notamment IP549 et TG104A15, qui présentent une spécificité remarquable pour l'isoforme gamma.

Cette spécificité, associée a l'expression préférentielle de-PI3KRI ya  S& itgaravdaes aS

thérapie hautement ciblée avec des effets hors cible minimaux.

L'approbation par la FDA dduvelisib (IRL45) en 2018 a marqué une étape importante dans le
développement des inhibiteurs de PI3K pour le cadtet eduvelisib, un inhibiteur dual des isoformes

tLoYt SG + 5 F Y2Y(OGNB dzyS FYSEA2NI GAZ2Y RS I &dz2NDA
patients pour lesquels la chimiommunothérapie n'était pas approprié®arallelement, IP549 (Figure

1.8), commercialisé sous le nomedanelisib par Infinity Pharmaceuticals, se distingue par sa sélectivité
remarquable, étant plus de 100 fois plus spécifique pourPI3KIj dzS LJ2 dzNJ RE SadvdldiS & 1 Ay
CB0de 0,29nMpourPI3K Said ySGdaGSYSyd L) dza Tl Aot S ¢ahSdet Sa | dz
17 nM, 82 nM et 23 nM, respectivement, soulignant sa haute spécificité. Les études précliniques ont
révélé le potentiel prometteur déP+549 dans la reprogrammation des TAMs, favorisant leur transition

d'un phénotype M2 immunosuppresseur a un phénotype MZl-ipftammatoire.
IPF549 est actuellement le seul inhibiteur spécifique de PIBKA Y LJ A lj dzS RI ya LJ dzid A S dzNJ

f Le premier essai clinique débuté en décembre 2015 aux Etatsis, évaluant la tolérance, la
pharmacocinétique et la pharmacodynamique 549 en monothérapie et en combinaison
avec lenivolumab chez des patients atteints de tumeurs solides avanéées

1 Enjanvier 2019, un essai clinique de phase Il a été lancé pour le carcinome épidermoide de la téte
et du cou avancé®’

1 En mai 2019, un autre essai cliniqgue de phase Il a été réalisé pour le cancer du sein triple négatif
ou le carcinome rénaf®,

1 Enjuin 2019, un essai clinique de phase Il a débuté pour évaluer I'efficacité et séelifité4D
en combinaison avec lvolumab chez les patients atteints de carcinome urothélial avaticé

1 En Octobre 2018, un essai clinique de phase Il a été réalisé pour le cancer du sein triple négatif en

combinaisoravecdoxorubicine formulé avec des liposomes PEGYtés
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Figurel.8: Structure moléculaire de IP349

L'utilisation de IRbndp REFEya fF NBOKSNOKS LBEOdes yhdchnizBes | SO
moléculairede son interaction avec PI3& a connu uressor significatjf33 articles publiés depuis 2016.

Pami ces référencesune étude publiée dange journalScience Translational Medicine en 2022,
démontre en détail I'efficacité antitumorale d'une nouvelle approche thérapeutique combinée contre le

cancer du sein in vivo, utilisant des NPs d'albumine encapsulab4®Pdu paclitaxeket unl y G A O-2 N1L.Ja b
PD1%2 Parmi ces études, on en retrouve seulement deux dédiées au,PORGe 2019 démontre que

l'inhibition de PI3K! LJI-549 darts les cellules myéloideslygnphocytes Bemodele efficacement le

TEM suppressif de PDAC. Les résultats révélent une réduction de l'immunosuppression et une
augmentation de linfiltration des cellules'®. Le 2 de 2021utilisant de la protéomique pour analyser

les réponses adaptatives des cellules de PB®WE549en combinaison avec un inhibiteur de P3R4

Cette tendance refléte l'intérét croissant de la communauté scientifique 549, bien que le nombre

total de publications reste relativement modeste a ce jdbe. plus, bien que la majorité des études se

soit concentrée sur les cibles immunologiques, notamment les TAMs, certaines recherches ont exploré

les aspects noimmunologiques de linhibiton de PIBK® 5SS +SNJI Sid Ff & 2y i yz2al

IPF549 senibilisait les lignées cellulaires mulésistantes aux chimiothérapies a base de taxdffe

Ces découvertes soulignent I'étendue des effets potentiels déd®laudela de leur impact sur le
systeme immunitaire, mettant en lumiére leur capacité a moduler la résistance aux médicaments dans les

cellules cancéreuses. Cependant, il est importantndéer que les inhibiteurs des voies des cellules
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myéloides, comme PI3KY LIS dz@Sy (i I dza & &'ils soft lutiliseNFBNES ROV ERPurO OS &
maximiser leur efficacité, ces inhibiteurs doivent étre associés a d'autres inhibiteurs, a d'autres modalités

thérapeutiques, ou étre formulés de maniére a améliorer leur pharmacocinétique et leur ciblage tumoral

163

Nous avons explorédeux stratégies prometteuses pour améliorer le traitement du PDAE@s: |
combinaisosthérapeutiques et lamodulation du microenvironnement tumoraBien que ces approches
représentent I'avenir du traitement du PDAC, elles font face a des limitations significatives. Une contrainte
essentielle, commune a toutes ces stratégies, réside dans la formulation des molécules thérapeutiques,
cruciale pour faditer les essais in vitro et cliniques. En particulier, la notion de thérapies combihées e
multimodales, associant la délivrance de molécules avec la radiothérapie ou la photothermie, implique

une complexité accrue dans la conception des systémes thérapeutiques.

La troisiemestratégieciblée I@pproche localgest en accord avea littérature scientifiquequi abonde

en études cliniques et précliniques sur la ndaomulation, utilisant des nanoparticules pour encapsuler

des molécules thérapeutiques. Cette approche vise a améliorer le ciblage du cancer, la solubilité, la
stabilité et la biodisponibilité des ages thérapeutiques. Bien que la nafmrmulation des
monothérapies pour le PDAC soit largement explorée, la question se pose quant a son application dans le

contexte de combinaisons moléculaires et de traitements plus sophistiqués.

1.3.Une approche locatedesvéhicules multifonctionnels pour les thérapikes
PDAC

Les NPs ont été largement étudiées dans la recherche oncologique depuis les années 2000, et leur
développement au stade préclinique et clinique reste actif. L'effet de pénétration et rétention amélioré
(EPR)largement théorisé et démontré, permet aux NPs de bénéficier d'un ciblage indirect des tumeurs
solides. Cependant, cet effet a été remis en question par plusieurs études, soulignant que la recherche
sur la formulation nanoparticulaire n'est pas encore ad® La nanomédecine demeure un sujet de
recherche approfondi et un vecteur d'innovations, tant pour le traitement du cancer que pour son
diagnostic et son imagerie. Le développement de NPs est motivé par les problématiques spécifiques de la
maladie ciblée Aprés avoir examiné les caractéristiques du PDAC, nous explorerons dans cette derniére

partie de l'introduction les NPs utilisées actuellement pour le traitement du PDAC et celles en
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développement clinique. Les limitations de ces approches nous permettront de définir des pistes pour la
conception de NPs nécessaires aux traitements multimodaux de deRwinmieux appréhender le lien
étroit entre le traitement du cancer et les NPs, on peut se référer a la revue de Xu et al. qui détaille le
cheminement des NPs in vivo et ses implications sur leurs caractéristitfuesix travaux sur les
différentes technologies de NPs utilisées en essais cliniGesi encore aux études sur le ciblage et le

développement de NPs pour les thérapies combirtées

Nous approfondirons le développement de la ndoonulation dédiée au PDAC en examindes
différentes NPs multifonctionnellelsl2 dzNJ f Qdzi A f A&l GA2YyY Rl ya &%io O2Yo0oAYy

vecteurspour I'encapsulation de la molécule H49et les NPs multifonctionnelles polymere/métal

1.3.1 Nanoparticulesnultifonctionneles dans le cadre du PDAC

Bien que le ciblage du PDAC via des récepteurs surexprimeés sur les cellules tumorales ou immunitaires en
greffant des antagonistes sur les NPs soit une stratégie prometteuse, la plupart des études ne parviennent
pas a s'émanciper de I'effet EPR De nombreuses recherches ont développé des systémes permettant

un meilleur ciblage relatif du cancenais ont plutdtdémontré leur potentiel pour réduire la toxicité
périphériqueet augmenter le temps de rétention au sein de la tum&@rDans le contexte du PDAC, les

NPs sont principalement utilisées pour encapsuler et délivrer des molécules thérapeutigseslPs
semblent offrir une solution potentielle pour améliorer I'accés des molécules aux cellules cancéreuses et
immunitaires du PDAE® 171 'avancement des essais cliniques est un bon indicateur du développement
dQ dzyt&hnologie ainsi selon ClinicalTrials.gov, il existe 70 essais cliniqgues impliquant des
"nanoparticules" pour le "cancer du pancréas", dont 21 complétés, 12 actifs avec recrutement de patients

172183 gt 11 sans recrutement.

L'encapsulation se faie plussouventpar liaisons covalentes, interactions électrostatiques, et peut
inclure jusqu'a deux molécules au sein d'une méme formulation. Les NPs & base d'albumine sont les plus
abondantes, notamment dans les développements réc&is’. En effet, on retrouve des essais cliniques

de thérapies combinées nanoformulés impliquant principalement une association de chimiothérapie et
d'immunothérapie, souvent avec mFOLFIRINOX ou gemcitabine. On note la prédominance- du nab
paclitaxel (approuvé pda FDA dés 2012), une formulation de paclitaxel stabilisée par de I'albumine. De
plus,d@utres exemples incluentne formulation liposomale en phase Il datant de 2@2tapsuhnt du

nab-paclitaxel etgemcitabineen combinaisorcomme thérapie néoadjuvare "4 L'utilisation de NPs
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métalliqgues pour la radiothérapie, notamment avec le gadolinium, est également en phase |l d'essais

cliniquest’.

Dans le domaine préclinique, moins assujetti aux contraintes réglementaires et de mise a I'échelle, la
littérature sur les NPs pour le PDAEst abondante 188 18 [ QSy OF LJadz I GA2y RS
OKAYA2UGKSNY LISdziAljdzS LI2dzNJ £S t5!/ RIFEyada RS&a bta Sai

mentionné précédemment. On peut citer comme exemples :

Le 5FU dans des nanocapsules lipidigtié@s
La capécitabine et le cisplatine dans des micelles compdgites
La gemcitabine dans des NPs magnétiques enroljées

L'oxaliplatine dans des liposomes thermosensibles a longue circutétion

=A =2 =2 =4 -4

Lirinotécan dans des liposomes sensibles ad%H

LesNPspolymériques représentent une classe importante de vecteurs thérapeutiques, bien qu'elles ne
soient pas représentées dans les essais cliniques actuels pour le PDAC selon ClinicalTrials.gov. Cependant,
ces nanoparticules sont approuvées par la FDA pouttréswapplications médicales, démontrant leur
potentiel thérapeutique. Un exemple notable est I'essai clinique de phase Ill mené par la société
Nanoplatin pour les tumeurs solides, utilisant des micelles dedki® polyglutamique pour encapsuler

la cisplatine™®®,

Les nanoparticules polymériques sont des structures colloidales nanométriques composées de polymeres
biodégradables et biocompatibles, capables d'encapsiésragents thérapeutiques. Leurs principaux
avantages incluent leur biocompatibilité, leur versatilité de formulation, la protection des molécules
encapsulées, la possibilité de libération contrdlée et de ciblage, ainsi que I'amélioration de la solubilité
desmédicaments et la réduction des effets secondaff@sParmi les exemples notables, on trouve les
nanoparticules a base de PLGA, PPES, chitosaou encorePCL. Leur polyvalence et leur efficacité en

font des candidats prometteurs pour surmonter les limitations des thérapies conventionnelles,
notamment dans le traitement de cancers complexes comme le PDAQe si seulement ungoignée

de formulationspolymériqueont atteints les essais cliniqué¥: 198

1.3.2 La vectorisation de H3K9
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Le ciblage des TAMs et linhibition spécifique de la voie-PI3KLJ2 dzNJ NB LIN2 INJ YYSNJ S
inflammatoires (M2) en prinflammatoires (M1) représentent une stratégie thérapeutique prometteuse
dans le traitement du PDAC. L'utilisation de NPs commeenestde délivrance offre des avantages
significatifs pour améliorer l'efficacité de cette approche, tant en monothérapie gu'en thérapies
combinées’®. Une analyse approfondie de la littérature récente révele un intérét croissant pour la
nanoformulation ciblant les TAMs dansdentexte du PDAC. Depuis12D environ 70 études ont été
publiées sur ce sujet. Parmi celes 19 se concentrent spécifiquement sur le ciblage de la voie PI3K.
Seulement9 études traitent de l'encapsulation de linhibiteur spécifique de PI3K -549t pbur le
traitement des cancers® 20907 [ 'encapsulation @ IPF549 a été réalisée avec eénses approches
nanométriqgueschacuneoffrant des avantages spécifiqueglatine, silie, MetatOrganic Framework,
manganite PEG§ts, albumine, chitosam liposomes PCHPEGet PLAPEGNotamment, deux études se
focalisent exclusivement stir Q Sy O | LJ& dz649 fiolir2eP DAES 25 Linh ét al. ont développéne
approche combiantunanticorpsPDL1laveclP549pourle PDACet Zhang et al., quant a eux, ont étudié

le ciblage du PDAC in vivo mes PLAEG NPs encapsulant-B2P. Ces systémes nanoparticulaires
permettent une administration prolongée et cibléeedPI549, et de dminuer les effets secondaires

optimisantf efficacité thérapeutique

1.3.3 Apercu des nanoparticules polymeére/métal

Parmi les stratégies locales de traitement, en plus de I'utilisatioNRigoour vectoriser un agent actif, la

thérapie photothermique s'impose comme une approche prometteuse. En effet, nous l'avions déja
évoquée dans les sectiords2.3.3et 1.2.4.1, a propos de sa similarité avec la radiothérapie pour une
potentielle combinaison avec limmunothérapie, et son utilisation pour induire une mort cellulaire
immunogene au sein du TMBes nanoparticules capables de générer une hyperthermie ou des espéces

NGl OGA@GSa £ tQ2Ee38yS owh{o0os GSttSa 1jdzS RY2N 2dz R
Néanmoins, il existe actuellement une lacune dans la littérature concernant l'utilisation comttenée

f QK& LIS NfliekciBlag defavoie PBK RSa ¢! aa RlIEya €S GNIAGSYSyYyid Rc

Les nanocomposites polymemétal représentent une classe innovante de matériaux hybrides qui
suscitent un intérét croissant dans le domaine biomédical. Ces structures combinent les propriétés
uniques des composants organiques et inorganiques, offranti a@ies applications variées en tant

qu'agents d'imagerié®, catalyseurs et vecteurs gincipes actifa libération contrélée. Deux stratégies
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de synthése principales sont employées pour créer ces-4assemblagepolymeremétal a libération

contr6lée La premiere consiste awgreffage de polyméres sur des NPs inorganigupgis a

f QFdzi2F aasSyoftl 3Ss {l yddhdapsuldtiaz8dRshorganBu@e dams Ses mafric#is A Ij dzS
organiques telles que des capsules ou des vésicBni les particules inorganiques, les AuNRs font

l'objet d'une attention particuliére en raison de leur absorption élevée dans le proche infrarouge (NIR),

de leurs capcités plasmonique et de leurs propriétéshotothermique exceptionnelles Les
nanocomposites polymérmétal présentent souvent des effets synergiques qui leur conférent des
propriétés uniques®. Ces composites permettefiintégration de multiples modalités thérapeutiques au

sein d'une méme nanoparticule, la thérapie génique, l'immunothérapie, I'activatiterne et I'imagerie

211-215

En conclusion, notrtroduction s'est articulée autour de plusieurs axes majeurs. Premiérement, nous
avons dressé un état des lieux du caractére complexe et immunosuppresseur du cancer du pancréas, en
mettant l'accent sur son microenvironnement tumoral et le réle crucial des macroplesgegiés aux
tumeurs. Deuxiemement, nous avons analysé les stratégies thérapeutiques actuelles, notamment les
traitements de premiére ligne et les immunothérapies, dont I'efficacité limitée a été mise en évidence.
Cette aralyse nous a permis d'identifier les mécanismes de résistance thérapeutique et de dégager des
cibles potentielles.Nous avons ensuite exploré ces potentielles cibles, telles que les approches
combinatoires et le ciblage du microenvironnement tumoral. Et aussi l'utilisation de traitements localisés,
notamment via I'emploi de nanoparticules. Aprés avoir examiné I'étdadedes NPs multifonctionnelles,

nous avons établi une cartographie des NPs encapsulant des inhibiteurs de TAMs, cof4¥fe Hafin,

nous avons brievement détaillé les NPs composites permettant une libération contrbélée d'agents actifs,

en mettant I'accent sur celles applicables a la thérapie photothermique.

Cetteintroduction ouvre la voie a notre premier article, une revue de littérature qui se concentrera sur

les nanoparticules photothermique et leurs combinaisons en essais cliniques.
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2.CHAPITRE BlYPOTHESE® OBJECTIFS



2.1Question de recherche

Peuton utiliserlanandJK 2 G 2 6 KSNXA S 02 YYS NB immanamoButatedr A NI A :

et pour ses effets thérapeutiques de fagcon simultarrée

2.2Hypothese de recherche

L'utilisation de nanoparticulegpolymere/métal multifonctionnelles pourrait permettre la
fAGNI Aaz2y SG f1 fA0SNI A 2pfogradmationbstmacsophatiesy) | &4 S
tout en générant une hyperthermie localeéclencheur de plusieurs phénomeéenesodifiant

ainsi le microenvironnement tumoral du pancréas a court et a long terme.

2.3 Objectifs de recherche

1. Le premier objectif vise a concevoir et optimiser des nanoparticules composites innovantes
AuNRs@PL-REG qui exploitent les propriétés photothermiques unigues des -hano
batonnets d'or tout en bénéficiant des capacités d'encapsulation du polymerd®EGA

2. Le deuxieéme objectif se concentre sur l'optimisation et la caractérisation approfondie des
capacités de délivrance contrélée des nanoparticules AUNRs@®PGAen particulier pour
I'encapsulation et la libération de l'inhibiteur {249. Une compréhensionéthillée des
mécanismes de libération déclenchée par irradiation laser proche infrarouge et une
évaluation des cinétiques de libération.

3. Le troisieme objectif s'articule autour du développement et l'utilisation de modéles de
sphéroides multicellulaires, combinant des cellules cancéreuses pancréatiques (KPC) avec
des macrophages anitiflammatoires (M2). Cela nous permettra d'évaluer sinmgétaent
plusieurs aspects critiques : l'efficacité de la reprogrammation des macrophages du
phénotype M2 vers M1, la réponse différentielle a I'hyperthermie entre les différents types
cellulaires, et l'inhibition globale de la croissance tumorale.

4. Le quatrieme objectif se concentre sutévaluation approfondie de [I'efficacité
thérapeutique a long terme du traitement, en mettant particulierement l'accent sur la
prévention des rechutes. Nous analyserons le maintien de [|'état repolarisé des
macrophages aprés le traitement initial et I'évalion de la réponse immunitaire
antitumorale persistante face a une éventuelle résurgence des cellules cancéreuses.
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3.CHAPITRE 3A PHOTOTHERMIE ET SES COMBINAISONS
DANS LBEEVELOPPEMENT DE THERAPIES
ANTICANCEREUSES



3.1 Préambule

La thérapie photothermique émerge comme une approche prometteuse dans le traitemerdraer,
notamment pourle PDAC. Cette technigue vise a élever sélectivement la température tumorale, non
seulement pour tuer les cellulemncéreusemais aussi sensibiliser les tumeurs a d'autres thérapies, en

exercant des effets physiazhimiques directs sur les cellules cancéreuses et strom&iés: 218

Le principe de la PTT repose sur l'utilisatioa NPs plasmoniques et leur interaction avec la lumiére.

Lorsqu'elles sont illuminées, ces NPs métalliques subissent un phénomene appelé résonance plasmonique

de surface localisée (LSPR)ir Figure3.1. Ce processus implique l'oscillation collective des électrons

libres a la surface des NPs, induite par le champ électromagnétique de la lumiére incidente. L'efficacité de
ce phénomene dépend crucialement de l'accord

Surface plusnmn Licht entre la fréquence du laser et les propriétés des NPs

- (taille, forme, composition) ainsi que de leur

environnement. A la résonance, les NPs absorbent

v efficacement I'énergie lumineuse, la convertissant
rapidement en chaleur par des processus de
relaxation non radiatifs. Cette conversion génére un

gradient thermique localisé autour des NPs

Absorbance

Wavelength L'efficacité thérapeutique de la PTT varie selon la

Figure3.1: LSPR de NPs métalliques sphérique , . . .
température atteinte et la durée d'expositian

1 Hyperthermie modérée (445°C) : Sensibilise les cellules cancéreuses aux traitements
conventionnels et déclenche une réponse au choc thermique, stimulant le systéme immunitaire.

1 Hyperthermie élevée (450°C) : Vise l'ablation thermique directe des cellules tumorales, induisant
nécrose et apoptose.

1 Thermoablation (>50°C) : Provoque une destruction immédiate et compléte des tissus tumoraux.

Le seuil critique pour les dommages cellulaires irréversibles se situe autour de 46°C, marquant la transition
entre sensibilisation et destruction direct’. L'optimisation de la PTT implique une considération de
multiples facteurs : type et localisation tumorale, tolérance des tissus sains adjacents, et méthodes de
délivrance.Cette revue vise a synthétiser les avancées récentes, les défis et les perspectives des agents

PTT en recherche clinique
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Article 1 PhotothermalTherapy: From Encouraging Lab Results to Clinical
Translation
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3.2Résumé

Le cancer est une maladie omniprésente et complexe qui représente une menace significative pour la
santé publiqgue mondiale. Les options thérapeutiques courantes, notamment la chimiothérapie et la
radiothérapie, entrainent des effets secondaires préjudigisb Par conséquent, des stratégies
thérapeutiques non invasives et sélectives sont recherchées, telles que la thérapie photothermique
médiée par nanoparticules. Cette technique utilise des agents photothermique bénins qui s'accumulent
dans les tumeurs aps injection. Sous exposition a la lumiére proche infrarouge, ces agents induisent une
hyperthermie localisée, tuant les cellules tumorales. Nous examinons ici le développement en laboratoire
de la thérapie photothermique, ses avancées récentes et sontstihique. Malgré deux décennies de
développement, la thérapie photothermique n'a donné lieu qu'a peu d'essais cliniques. Un agent
prometteur, la nanocoquille d'or, est le seul en essais cliniques humains pour le traitement du cancer de
la prostate. Cepadant, la thérapie photodynamique, entre autres, avec plus de 250 essais humains en 40
ans, souligne la nécessité de combler I'écart pour une traduction efficace de la thérapie photothermique.
Par conséquent, nous approfondissons ['‘écart d'implémentatidimiqcie entre la thérapie
photothermique et des technologies similaires telles que la thérapie photodynamique, la thérapie
thermique interstitielle par laser et les nanomédicaments anticancéreux, offrant des perspectives et des

solutions potentielles.

3.3 Abstract

Cancer is a pervasive and complex disease that poses a significant threat to public health woflteide
prevalent therapeutic options, including chemotherapy and radiotherapy, pose detrimental side effects.
Consequently,norn-invasive and selective therapeutic strategies are sought, such as nanoparticle
mediated photothermal therapy. This technique employs benign photothermal agents that gather within
tumors postinjection. Under neainfra-red light exposure, these ageritdduce localized hyperthermia,
killing tumor cells. Here, we examine photothermal therapy's laboratory development, its recent
advances, and its clinical status. Despite two decades of development, photothermal therapy has yielded
few clinical trials. A sihdout agent, the gold nanoshell, holds promise for prostate cancer treatment as
the only one in human clinical trials. However, photodynamic therapy, among others, with over 250
human trials in 40 years, highlights the need to bridge the gap for effeptigothermal therapy

translation. Therefore, we delve into the gap of clinical implementation between photothermal therapy
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and similar technologies photodynamic therapy, laser interstitial thermal therapy, and cancer

nanomedicines, offering insights and potential solutions.

3.4Introduction

The high mortality and aggressiveness of cancer make it one of the leading causes of death globally, with
a death toll of nearly 10 million in 2020Due to their nonselective nature, current treatment options for
cancer, including chemotherapy, radiotherapy, and surgery often come with severe side effects due to
collateral damage they cause to healthy cells and tisdugs a result, there has been a growing interest

in developing noninvasive and selective therapeutic technologies for cancer therapy. In this paper, we
explore the potential of nanoparticimediated photothermal therapy as an effective and targeted
approachfor the treatment of cancer. Nanopatrticlaediated photothermal therapy aims to leverage the
selective accumulation of a nenxic photothermal agent within tumor tissue following intravenous
administration®. Once accumulated, these agents are irradiated by +efaared light (NIR), leading to

the localized generation of hyperthermia that induces tumor cell death. We describe the emergence of
photothermal therapy and its recent laboratory developments. We ssdhe status of photothermal
therapy clinical trials by reviewing the currently available clinical evidence. Finally, in this paper, we not
only explore the potential of photothermal therapy as an effective and targeted approach for cancer
treatment butalso provide insights into the discrepancy between promising laboratory trends and their
translation into clinical practice. We suggest possible explanations for this gap and propose potential

solutions to accelerate the translation of innovative therapestrategies from bench to bedside.

3.5Résultats

Chronological development of photothermal agent

This section provides a historical overview of the emergence of notable photothermal agents for cancer
therapy presented in chronological order. Hyperthermmadiated solid tumor ablation was initially
attempted with the use of focused heat sources suchilémsound? microwaves, and laser light,but

these technologies faced challenges in effectively targeting malignant tissues and reaching hyperthermic

temperatures Achieving hyperthermia via laser light alone relies on endogenous chromophores with poor
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photothermal conversion efficiencies. The progression of photothermal therapy (PTT) required the use of
exogenous chromophores with strong photothermal conversion efficiencies at a wavelength that
penetrates deeply into tissues, such as NIR light-@8Dnm) or NIRII (10001800 nm). The goal of this
approach involved the local activation of photothermal agents with minimal systemic side effects.
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Figure3.2: Timeline of the studiegublishedfor technologies used in prelinicalphotothermal therapy.

Indocyanine green (ICG) was the first chromophore to be investigated for photothermal therapy in the
1990s’8due to its strong photothermal efficiency and safety as a previouslydfproved imaging agent.

While the initial results were promising, |@&&diated hyperthermia was only moderately successful due

to difficulties achieving hyperthermia in the tumor fjgnery, leading to tumor resurgence in mice despite

the tissue penetration of NIR light and localized heat inductionK A & ¢ a LJ NI f & | G0 NAOdz
photobleaching, and the incomplete tumor coverage of local injections wihére required because of

ICG's short blood halife °.

In 2003, Hirsh eal. %, published promising results of the first gold nanoshell (AuNSs) for photothermal
therapy, demonstrating the potential of this approach for treating solid tumors. In contrast to ICG, AuNSs
could be delivered to the tumor via intravenous injection. This méaat the nanoscale particles did not
need to be directly injected into the tumor and could instead passively accumulate in tumoral tissues
through the enhanced permeability and retention (EPR) effed@he absorbance peak of AuNSs could be
tuned in different regions of NIR wavelength, thus capitalizing on the blood and tissue penetration of NIR
light to ablate tumor tissué®. Additionally, the inertness of gold in AuNSs and its local activation by the

NIR laser made them less systemically toxic, thus leading to their successful use in preclinical trials.
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AuroShel**Sis a gold nanoshell and is the only nanosized photothermal agent to have advanced to
clinical trials. Although its progression through clinical trials has been slow, AuroShell remains a promising
option for targeted and safe cancer treatment. To learn enabout the clinical trials of AuroShell, readers

can refer to the clinical trials section of this review.

The early potential of AUNSs for photothermal therapy paved the way for further investigation into other
NIR photothermally efficient gold nanoparticles such as gold nanorods (AuNRs) and nanocages (AuNCSs),
both of which were published in 2006 and 2007 pedtively. AUNRs were shown to be highly efficient in
converting NIR light to heat®. Additionally, the shape of AuNRs is amenable to various surface
modifications such as folate functionalization for egikcific targeting. However, concerns over toxicity
may have limited their clinical translation, even though efforts to detoxify AuNBxplore alternative
surface chemistries and still underwdyAuNCs are also efficient photothermal agents due to their ability

to convert light to heat upon NIR excitation. In addition, their structure can carry drugs or magnetic
nanoparticles (NPs) for targeted delivéfyHowever, AUNCs have yet to progress to clinical trials. One of
the early challenges identified for moving AuNCs forward was producing large quantities with high quality
and stability®.

In the 2000s, extensive investigations were conducted on carbon nanotubes (CNTs) for their potential
biomedical applications. A 2005 study used the CNTs' photothermal properties to kill tumor cells in vitro
20 Subsequent studies optimized tumoral targetirt§ and further preclinical studies in 2009
demonstrated the successful ablation of solid tumors in mice with reportedly "extraordinary"
photothermal efficiency??. To date, there are no reported clinical trials for CNTs in PTT. Graphene and
fullerene structures, like carbon nanotubes (CNTSs), are based on inorganic carbon. Whereas graphene is
two-dimensional, fullerene takes on a spherical structure. The emergengrafiene for PTT is discussed

in this paragraph while fullerene is discussed at the end of this section due to its later development in
2016. Yang edl. first reported on the distinctive behavior of pegylated graphene compared to CNTs in
2010, including a higher tumoral/reticuloendothelial system accumulation fAtibhey suggested that

their graphene formulation was equivalent to the current leading formulation, AuNSs, for photothermal
therapy applications. However, concerns remained over4@ngn toxicity and pharmacokinetics which

require further investigatior*. To date, there are no reported clinical trials for graphene in PTT.

In 2011, Peng edl. ?° encapsulated the hydrophobic organic dye780 into micelles that could be
intravenously injected and accumulate into the tumor through the EPR etfeeiding of this dye into

different nanostructure$>?’ was required to circumvent the issues of poor solubility, acute toxicity, high
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clearance, and low tumoral uptak&. In 2012, the potential use of gold nanostars (AuSts) for
photothermal therapy was reported due to their strong photothermal efficiency at NIR wavel&hlikie
other goldbased photothermal agentalthough not even most basic form of AuSts has made it to clinical

trials, there is much work focused on more complex and/or combinatorial therd{fés

adzf GALX S 20KSNJ LINP2F 2F O2yOSLJiQa aiddzRASa F2NJt¢c¢
IR820 into ferritin nanocages in 2034 Additionally, the photothermal effect of inorganic agents3&i

3% MoS %, and W33 was investigated and the results were published in 20034.

Finally, Li eal. first reported fullerene as a photothermal agent in 2016, using a graphene oxide and 60
carbon fullerene (G@xo) hybrid formulation®®. This system exhibited a strong photothermal conversion
efficiency and was also capable of generating reactive oxygen species (ROS), making it synergistic in the
destruction of cancer cells upon exposure to NIR light. Although this section has focusdthtoweav
deemed to be the most impactful photothermal agents of the last decades, there are several other
platforms for PTT such as black phosphorus quantum dbtditanium oxide nanotubes®, and

polydopamine nanostructure® which have garnered considerable interest.

Recent advances in photothermal therapy

In recent years, the rapidly advancing development of photothermal agents has led to the combination of
PTT with several functionalities yielding to multimodal systeffisis section draws attention to
production of complex PTT agents, which have demonstrated improved efficadtyo or in vivoover
traditional PTT system&hemotherapy has long been a cornerstone of cancer treatment, utilizing
cytotoxic drugs to kill rapidly dividing cancer cells. However, despite its effectiveness, chemotherapy is
often associated with significant side effects and limitations, including drug resistance and systemic
toxicity #> For many years now, combination therapies have gained considerable interest to enhance the
effectiveness of chemotherapy and mitigate its limitatiéh©ne promising approach in this regard is the
development of cancer nanomedicines, wherein chemotherapeutic drugs are encapsulated within
NPs*45This innovative strategy offers several advantages, including improved drulivls)freduced

systemic toxicity, and the ability to exploit the enhanced permeability and retention (EPR) effect of NPs

46
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During the last decade, polydopamine (PDA) has been identified as an effieeathermal agent’ and

its strong adherence to various substrates make it an effective drug cétr@wing to these properties,

PDA NPs for combined chemotherapy and photothermal therapy has emerged over the last half decade
4950 A recent example is the development of folic acid functionalized chehwtothermal therapy PDA

NPs for the calelivery of doxorubicin and antiancer agent epigallocatechfigallate (EGCG) The NPs

were sensitive to NIR irradiation and lower pbinditions thus enabling controlled intratumoral drug
release in response to laser excitation. The resulting NPs system effectively led to improved antitumour
effect in a mouse modet? Additionally, a recent paper describes the loading of exosomes with
doxorubicin which are coated with magnetic NPs conjugated with molecular beacons for imaging and gene
silencing. The result was a multimodal magnetic guided platform enabling chemotheragigthermal
therapy, and gene therapy. Furthermore, the use of patient specific exosomes could consist in a platform
for precise cancer treatment. Upon treatment in a mouse model inoculated with HelLa cells, the

combination led to significant cancer tdkath and tumor size reduction.

Immunotherapy is a highly effective approach in treating various types of cancers. Several clinically
approved treatments are available, such as immune checkpoint inhibitid® ffC However, the
immunosuppressivéumor microenvironment is an important barrier to the efficacy of immunotherapy

5. In recent years, there has been growing interest in combining immunotherapy with other treatment
modalities such as radiotherapyand chemotherapy’ to enhance the immunogenicity of tumors, thus
leading to improved response rates. Notably, we will highlight that studies have shown that nanoparticle
assisted photothermal therapy holds promise in generating tuagsociated antigens from the remnants

of ablated tumor cells.

The PD1/PR.1signalingpathway is the most targeted pathway foR@erapy®8. This pathway plays an
important role in tumor immunology and consists of tumor cell expression df P&nd its subsequent
interaction with PD1 which is located on T cells and mediates their inactivatioambining PEL/ PDL1
inhibition with photothermal therapy, investigators recently report loading of the immunomodulator
R848 into NIR sensitive copolymer NPs comprising batimar and mitochondria targeting moiety. Upon
combination with antiPDL1 I®immunotherapy in a preclinical mouse model, the investigators noted a
significant inhibition of growth at metastatic tumor sit¥sSmall interfering RNAs (siRNAs) denegulate

gene expression of a target peptide. PTT has been combined with siRNA therapy in a study that bound the
PDL1 siRNA to the surface of gold nanoprisms which serve as a nanoplatform thategulates PE.1

expression, enables photoacoustic imaging, and is a photothermal &4eneat shock proteins (HSPs)
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and TGFR have been linkedttomor treatment resistance by promoting cell repair under hyperthermic
temperatures and reducing extracellular matrix permeability to immune infiltration, respectt/&\ he
transient receptor potential vanilloid member 1 (TRPV1) channel has been associated with the expression
of HSPs and TGFR. Investigators targeted this mechanism witmé&tfated TRPV1 blockade to
selectively suppress HSPs and TGFR3 to potentializédATlGwdelivered in polymeric micelles and improve

anti-PDL1 infiltration for immunotherap$*.

Theranostic aims to combine diagnosis and therapy for enhanced functionality. A recent study serves as
a strong example of this endeavor, introducing a versatile regent that merges various functionalities

for precise cancer treatment®. Prussian blue nancubes were used as photothermal agents, and
functionalized with FePt NPs, potent ferroptosis inducers, through-gitureduction strategy. To bolster
specificity, hyaluronic acid enshrouded the nanocomposites, facilitating recognition of tumor cells. This
resultant naneplatform not only facilitated chemodynangphotothermal cetherapy but also offered
triple-modal imagilg capabilities (magnetic resonance/computed tomography/photothermal imaging).
Upon intravenous administration, thioncotherapy nanglatform demonstrated its efficacy in ablating

4T1 tumor xenografts, with promising biocompatibility.

Notwithstanding the progress made in developing more advanced photothermal agents, the clinical
translation of these innovative technologies faces significant obstacles. One notable challenge is the
additional projected cost associated with developing egiouof these increasingly complex nano

formulations to conduct clinical trials. In the last section of this review, we provide an overview of the key

challenges that currently impede the clinical translation of photothermal therapy.

Clinical evidence

This section reviews the available clinical evidence of the application of nanoparticle photothermal
therapy to treat malignant tumors, of which there is only AuroShell. Although human trials of indocyanine
green were used in laser immunotherapy to treag¢ést cancer by local injection of ICwe focus solely

on trials of nanosized photothermal agents. The AuroShell particle is a roughly 120 nm silica core with 12
15 nm gold shell. The safety of AuroShell particles was previously confirmed in 2012 through in vitro and

in vivo preclinical studs, including acute (lasting 28 days) and chronic (lasting 10 months) animal trials
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There have been several clinical trials with the objective of assessing the safety and efficacy of

bl y2alJSOGNI 0A2a0ASy0SaQ ¥tdiak fitskesidlts published ird2@5,yvasd ¢ K S
completed in Mexico. The objective was to obtain an initial safety assessment oftarenimtravenous
administration of AuroShell in 22 patients with prostate cancer, with (n=15) or without (h=7) subsequent
photo-irradiation. The study reported only two adverse events that were attributed to the AuroShell
administration. The first reaction was allergic and responded to antihistamines, and the second was
transitory pyrosis, which is an epigastric burning sewsatUrinary and blood homeostasis was not

affected after AuroShell administration or its phatoadiation over the consequent@onth observation

period.
# Clinical trial number or Patients  Start End Disease Primary Status
DOl if unregistered enrolled  date date Objective
1 NCT0084804% 11 2008 2016 Head & Neck Safety Completed
tumors with results
2 NCT0167947¢ 1 2012 2014 Lungtumors Safety Terminated
(primary or
metastatic)
3 No NCT number 22 - 2015 Prostate Safety Complete
tumors with results
4 NCT0268053% 45 2016 2020 Prostate Efficacy Completed
tumors without
results
5 No NCT numbée# 16 2016 2019 Prostate Efficacy Completed
(subgroup of study #4) tumors with results
6 NCT0424063% 60 2020 Present Prostate Efficacy Active
tumors

Table3.1: Clinical Trials of AuroShell Photothermal Therapy.

Clinical trial information was collected from clinicaltrials.gov and peerewed publications. Safety is defined as
measuring adverse events reported by the patient and from clinical observation considered attributable to the
AuroShell particle administion. Efficacy is assessed by MRI/US Fusion biopsy of the treatment zone at various
timepoints post treatment.
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Concurrently, there were two other trials in the USA for which the primary outcome was to assess adverse
events due to administration and phoiaadiation of AuroShell. The first trial (NCT00848042) recruited

11 recurrent head and neck cancer patietttd he results from this study are difficult to interpret because
among an already small sample size of n=11 patients, only 45% (n=5) patients reachechahth 6
observation period end point. Furthermore, it is difficult to confidently attribute the sidects to
AuroShell administration or photoradiation among a morbid patient population (recurrent tumors)
which is not compared to a control group which did not receive treatment. We are therefore unable to
assess whether the recorded adverse eventsaomnsequence of AuroSheflediated PTT. The second

trial (NCT01679470) recruited only 1 patient with lung cancer before being terminated for undisclosed

reasons’.

Subsequently, AuroShell underwent a larger, megtiter trial (NCT02680535) for which the main
outcome was to find evidence of efficacy by MRI atmdhth and 12month end point®® Safety was
monitored to demonstrate generalizable feasibility among men with prostate cancer up uatibhés
posttreatment. The study recruited 45 patients with low to intermediate risk localized prostate cancer.
Despite its start date in 2016, theroplete study results have not yet been published. However, the data
for 16 of 45 patients was published in a peer reviewed journal in 201®@ne of 16 patients did not
undergo PTT due to epigastric pain upon injection of the AuroShell. The authors associated this symptom
to the cold temperature of the suspension. Subsequently, the protocol was amended to allow the
suspension to reach room temgure prior to injections. Fifteen patients underwent PTT a day after
AuroShell injection, requiring a median of 11 puncture sites per patient and median of almost 4 hours
under anesthesia. The procedure did not result in any serious adverse evehtsjgiltFoley catheter
placement was required in five patients for urinary voiding. The authors found no significant difference in
prostate symptom, urinary quality of life, and sexual health inventory for men scores at 1, 3, 6,-and 12
month follow-up compaed to baseline. The authors acknowledge that complete results from the trial
with 45 patients are required to establish AuroShell therapy as efficacious, despite the ablation zones
being cancefree in 60% (9/15) and 86.7% (13/15) patients ain@nth and P-month biopsies,
respectively. The authors identified two factors that could explain tumor regression between 3 and 12
months, either biopsies were not as thorough after 12 months compared to 3 months, and/or there was
an abscopal effect in an importanumber of patients (n=5). Nevertheless, this partial trial seems to
demonstrate that the therapy is safe and feasillastly, there is an active trial (NCT04240639) which
recruited n=60 patients with low to intermediate risk prostate cancer and for wiiehrain outcome is

to establish efficacy of the AuroShell formulatin
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In summary, current clinical evidence suggests that AuroShell for PTT in prostate cancer patients is safe
and feasible according to the results of 16 out of 45 enrolled patients from astaeted in 2016 and
published in 2019°%8 In fact, the data for 29 patients is still not available many years later, resulting in a
failure to establish efficacy, which the active study (NCT04240639) aims to Carkemivever, the results

of NCT04240639 will not be easily generalizable to the prostate cancer patient population that require

treatment. In fact, the study only included previously untreated prostate cancer patients with low to

intermediate risk, as indic&tR o6& | Df Sl a2y a02NB oD{0 X 1Td ¢NBI{

indicated and is chosen with patients depending on the severity of the lesion (as reflected by GS or other),
life expectancy, and personal preference. Therefore, the active trabhselection bias with regards to

the broader population, wherein it only included patients with lower risk tumors that are not
representative of the broader prostate cancer population for which treatment is indicated. While
measuring efficacy will be psible at the endpoint of the active tri&, realworld effectiveness is not

directly inferred.

Keychallenges for PTT

In this section, our focus shifts to understanding the primary obstacles that PTT encounters when moving
from lab experiments to clinical trials. Since there isn't much data available from actual patient studies
both successful and unsuccessfuve relyon findings from lab studies to speculate about the challenges
PTT might face. We also make comparisons with similar issues that other new treatments deal with. We've
taken a closer look at photodynamic therapy (PDT), laser interstitial thermal therdph),(and cancer
nanomedicines for this purpose. Through these comparisons, we're examining how the assumptions
we've gathered from lab studies match up against the real challenges that these treatments come up
against. Photodynamic therapy (PDT) is ateelanonrinvasive and selective therapeutic approach that,

like PTT, utilizes the activation of a photosensitizer agent by light to induce cell death in cancer cells. Unlike
PTT, PDT converts visible light to ROS to promote cell death. PDT has had mcatesgtiness than PTT,

with several FDApproved photosensitizers, numerous clinical applications, and the comparison of PDT
with PTT has already been already studied for solid tumors in preclinical stads the other hand,

laser interstitial thermal therapy (LITT) is based on irradiating a tumoral zone to deliver laser energy and

thus increasing the local temperature. As for nanomedicine, we reviewed the structure and characteristics
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of NPs agents that resemble PTT agents but that have entered and passed clinical trials for drug delivery

applications.

G. A2f23A01f¢ OKIffSyasSa
1) Delivery to the tumor site

The challenge of delivery to the tumor site is not specific to PTT agents as it is characteristic of any NPs or
small molecule aiming to be delivered specifically to the tuicoFhe route of administration also leads

to differential local or systemic distribution of agents.

Most of the PDT agents in clinical trials are macrocycles such as porphyrin angeted intravenously

7476 Interestingly, porphyrirbased NPs are also used as PTT adgéfit&€ven though most clinical studies

do not report delivery issues of PDT agents, several clinical trials observed a low &%®rimalsome

cases, they attributed this to the intravenous injection and switched to topical injections for dermal
tumors as the delivery efficiency of NPs is debated. We researched clinical trials of cancer nanomedicines
resembling PTT agents, i.e., inorgaNiPs roughly 2000 nm?&1<8¢, Several of these trials comprised NPs

that have the potential to be used as a PTT agent, such as iron®&dde quantum dot$* We observed

that PDT agents and NPs are mostly administered intravenously, and reports of delivery issues are scarce
despite a few trials reporting low tumoral accumulatidhost of the clinical trials in phases 3 and 4 are

not disclosing their results but are still progressibDgspite the biodistribution of PDT agents and cancer
nanomedicines being subject to debate, there is an abundance of clinical trials. Therefore, we suppose
that the delivery at the tumoral site is not a key challenge that hinttezgranslation of PTT agents from
pre-clinical to clinical studies, as it has not substantially hindered the clinical translation of PDT and cancer

nanomedicines.
2) Type of cancer

If the type of tumor that is targeted in PDT, LITT and cancer nanomedicines differs significantly from that
which is targeted in PTT, we could expect additional roadblocks since tumors targeted by PTT may exhibit
different characteristics. This may leadr Example, to the failure of reaching deeper tissues for certain
irradiation techniques by laser. We have compilled type of cancer targeted in several hundred clinical
trials of PDT, LITT, and cancer nanomedicine. We have found that the major tatigesetherapies is

epithelial cancers and gastrointestinal cancers, as seEmgure3.3. Therefore, the main targets for PDT,
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LITT, and cancer nanomedicines are rather accessible tumors that benefit from easier penetration of light
and less invasive clinical procedures. Thus, we can speculate that PTT agents that target deeper lesions
such as prostate cancer or head and neck eantay face the additional translation challenge of achieving

light penetration to the tumor, which may require more invasive clinical procedures such as the use of

trocars as seen in the AuroShell clinical trials
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Figure3.3: Clinical trials of PDT, LITT and NPs.

Percentage of clinical trials of PRTTT and NPs in different types of cancer. itmaber of clinical trials is written
inside the bars. The total number of clial trialsseper type of cancer is indicated on the right.

3) Innate toxicity of agents

Most PDT clinical trials demonstrate that PDT agents are innately*safé® Interestingly, porphyrin is

a PDT photosensitizer that can be used in PTT, as previously demon$treBadilarly, NPs systems
resembling PTT agents are not known for adverse effects in clinical $jadespite several with
incomplete dat82<®>or in the process of recruiting patients, such as the trial for ICG grafted on magnetic
NPs®%. Thus, despite incomplete documentation, several clinical trials of PDT agents were completed in
phases 3 and 4 (47 studies) and NPs that resemble PTT agents have reached phase 2 such as quantum

dots and ICG. Therefore, we can hypothesize that the inmadieity of PTT agents may not be a key issue
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for limiting its translation to clinical trial.his analysis is supported by the data collected in PTT clinical

trials which is presented above, in the clinical evidence section of this paper.

¢t2 02y OfdzRST t¢¢ 3ASyGaQ oAz2f23A0Ff OKFIffSyaSa R2
trials when compared with already published trials of PDT, LITT, and NPs. We notice that only the type of
cancer and, therefore, additional barrieto a successful clinical procedure could be highlighted as

somewhat challenging during the process of translation.

Technologicatelated key challenges
1) Toxicity related to the mechanism of action

PDT clinical trials have evaluated the toxicity of ROS generation in healthy tissues. We found that
palladiumbased agents for prostate canckave disclosed no major adverse effects and no residual
photosensitivity after 3 hours in the skih Other PDT trialSNCT01682811, NCT000579&#jelated to

PTT agentshowed pain and photosensitivity but no adverse effééf8 However, several clinical trials
revealed adverse effects due to PB&nd there is also evidence of toxicity in vitfoUnfortunately, most

of the studies did not post their results and these events are most of the time observed by the

dermatologist and noted as a relative pain assessment in clinical trials.

Light irradiation in PDT clinical trials was subject to adverse effects although lower toxicity could be
afforded in clinical trials targeting the removal of only small tumoral areas witlefigiency®®. Whereas

the toxicity related to the light activation of PDT agents results from a chemical reaction that ceases as
soon as the light is switched off, the heat generated from the activation of PTT agents continues to diffuse
into surrounding tissues aftehe light is switched off? LITTclinical trials report direct heatelated
damage in clinical trials, which has been tied to the hgabf the fiber tip®°”. This limitation can be

overcome with MRyuided procedure&®°.

To conclude, our investigations reveal that PDT clinical giedsonstrate no toxicity aside from some
visual parameters indicating light pain while LITT treatment may lead terekded adverse events when

used without sufficient image guidance. Consequently, it is not surprising that current PTT clinical trials
exploit additional imaging technology thus reducing the likelihood of frekited adverse event®.

Overall, toxicity related to the mechanism of action is unlikely to be a key challenge.
2) Light source and delivery to the targe
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PDT agents are photosensitizers that have absorption peaks between -800nm and 400hm
wavelength regions. In the clinical trials with available results, the light source was determined by the PDT
agent used and its wavelength of activation, ranging from 585 nm toni637 different wavelengths

over 8 clinical trials}*7>87.88.92100.10INeyrosurgicaLITTare mainly using two different system® with
wavelengths that are not the ones used in cancer LAtTirst glance, we can see the plethora of
wavelengths used in PDT clinical trials and so the different types of laser/diode laser needed. These
wavelengths are in the range of those that are used inghirgcal studies for PTT. We conclude that using

laser in clinical trials with a vast diversity of wavelengths does not seem to be a key challenge for PTT.
3) Tissue response assessment and live monitoring

Response monitoring in PTT, PDT, or LITT plays a crucial role in evaluating treatment efficacy and potential
complications. In PDT, fluorescence spectroscopy, cor@asimaging, and Omeasurement are
employed for validation, although fluorescence spectroscopy is not utilized in clinical séttind$T, on

the other hand, employs 2D MR thermometry in comparison to 3D simulations. To mitigate risks, the
utilization of diffusion tensor imaging and fiber tractography in previous studies resulted in no sustained
tract injuries, emphasizing its potentifor preventing damage and improving patient outconigs~or

PTT, in vivo monitoring is primarily restricted to interstitial techniques, thermocouples, and pre
established modeling with approximations made on thermal diffusivity coefficiétitsThe online
monitoring of the treatment seems to be advanced in other therapies in contrast to PTT; thus, it may

consist of a challenge in reaching clinical trials.

Challenges with no data in clinical trials
1) Clinical procedure

PTT clinical procedures are patient and tumor specific such that the number-ap dasers differs
depending on patient and tumor characteristics. Therefore, this means we are unable to\akséissr

the clinical execution of the procedure outlined is a key challenge.
2) Immune modulation

We did not find many details in clinical trials dealing with the immune response Rdr or LITT
treatment %, despite the fact thalNPsthemselves seem to trigger an innate immune respofisén fact,

it is unknown whether there is a harmful immune modulation effect occurring upon the administration of
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PTT agents, such as the development of-phtitothermal agent antibodies. However, one would not
expect to observe an immune response to a photothermal agent administered only once. Conversely, the
immune response in PTT, PDT and LITT therapies durioglciiials is illustrated as advantageous and
seems to have a positive impact on the prognosis. This has been associated with the liberation of tumor
associated antibodies in a pioflammatory environment poshyperthermia.  Moreover, this
phenomenon ighought to underlie the abscopal effects observed process where metastatic sites
originating from a primary tumor gradually succumb to destruction following hyperthermic ablation of

the said primary tumof®.
3) Scaleup issues Complexity of theagert

As demonstrated in the recent advances section, there are many complex photothermal agent
formulations that are seemingly promising for human trials as indicated by in vivo studies. However, these
more complex formulations have not progressed any furthar.fact, the clinical evidence section
demonstrates that only the oldest and most simplistic photothermal agent has progressed to human trials
15, Additionally, in this section, we have found by reviewing PTT studies and drawing comparisons to PDT
and related technologies that there does not appear to be a glaring key challenge, such as toxicity, issues
with feasibility, or low efficacy in mouse mddgthat prevent the clinical translation from occurring.
Therefore, despite the lack of available data regarding this issue, we propose that there may be a key
barrier at the scalaip from bench to human studies, preventing many of the photothermal tgen
especially those with complex syntheses and quality control, from reaching human trials. Moreover, the
issue of scaleip for complex nano formulations would not be unique to PTT alone, as cancer

nanomedicines have faced similar challenjés
4) Funding and time of research

Despite the similarities of PTT and PDT, there has been a significant discrepancy in asmdegn in

Figure3.4. According to NIH RePORTER d&tand excluding subrojects, yeaito-date (until 2022)

Fdzy RAy3 2F O yOSNI LIK2G20KSNYIf GKSNIL®RE G20Fta |
whereas yeato-RI 1S Fdzy RAy3 2F aOFyOSNI LIK2{G2ReyIpyhn® { KSNI
1025 projects, more than 10 times the total for PTT. Moreover, PDT received more funding in a single year
(2010) than PTT has received throughout its entire conception and development lifetime. Additionally,
substantial funding for PDT began ab@0tyears before PTT, in the 1990s, at roughly 1 million dollars per

year, gradually increasing to 5 million dollars per year by the 2000s and quickly increasing to about 25
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million dollars per year since 2007. In contrast, PTT has had less time to develop as it only started receiving
substantial funding in 2011, consisting of roughly 2 million dollars per year. Since 2019, PTT funding has

been over 5 million dollars per year.

I Photothermal therapy

I Photodynamic therapy
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Figure3.4 : NIH funding of photothermal therapy

NIH funding of PTdompared toPDTof projects by Sfiscalyear time periods since 1983 in the USA according to NIH
RePORTER data obtained March 15th, 2023.

In summary, PDT has received significantly more funding than PTT, and its development has thrived for a
longer period, approximately 20 years longer. However, bringing a new therapy to the market poses
substantial challenges, as evidenced by the casgo$dimal cancer nanomedicines, which took3D

years to reach commercialization despite significant funding and expectaffoiivierefore, we propose

that the development of PTT as a new therapy may require at least a decade to mature, even with

sustained funding.

Summary of the status of PTT
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The comparison of PTT with PDT, LITT, and NPs did not highlight glaring challenges that would prevent
PTT from achieving clinical success, even despite substantially lower federal funding, differences in the
type of cancer targeted, and need for live mamibg technology. Whereas our observation in the
literature is that the simplicity of PDT has generated clinical success, we have observed a clear trend
towards complexification in PTT agents with a lack of translation. In fact, the only photothermairagent
clinical trials is a gold nanoshell developed in the early 2000s. Although the data shows that more complex
photothermal agents can result in increasedvitro andin vivoefficacy, it is expected that the scalg

process of these nanoparticles to human trials is increasingly challenging. In fact, for there to be clinical
success of laboratory formulations there must be advances in the pace ofigcédematch the pace of

complexification of photothermal agents.

3.6Conclusion

In conclusion, 20 years of photothermal therapy agent development has yielded only a handful of clinical
trials. The most promising trials are that of a gold nanoshell, which is the oldest and perhaps the simplest
formulation of a nanosized photothermal exgt. The clinical trials for this agent have been ongoing since
2008, and current efforts are aimed at establishing a treatment efficacy for prostate cancer. In contrast,
photodynamic therapy has generated over 250 human trials in 40 years. The comudisbh with PDT,

LITT, and NPs did not highlight glaring challenges that would prevent PTT from achieving clinical success,
even despite substantially lower federal funding, differences in the type of cancer targeted, and need for
live monitoring technolog. There is a clear trend towards the complexification of photothermal agents

to yield multimodal formulations, which may lead to anticipated sagdechallenges, while in

photodynamic therapy, simplicity has generated clinical success.

3.7 Annexes

19 studies

NCT02082522
NCT02137785
NCT02799082
NCT04085367
NCT02999854
NCT00473343
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NCT01821391

NCT03511326

NCT00304239

NCT02373371

NCT01475071

NCT01966120

NCT00926952

NCT02144077

NCT01525329

NCT00680225

NCT01203878

NCT01000636

NCT02799069

Table3.2 : Clinical trials in Phase 3 and 4 with available results

66 studies NCT01872104 | NCT0273676{ NCT0555129
NCT00587600 NCT03346304 | NCT0396310| NCT0422529
NCT00306800 NCT01875393 | NCT0566220| NCT0364253
NCT02124733 NCT00472108 | NCT0262259{ NCT0086963
NCT00118222 NCT00513539 | NCT0131089{ NCT0426939
NCT01260987 NCT04620239 | NCT0168659{ NCT0149171
NCT00308854 NCT00253617 | NCT0086808{ NCT0175501
NCT02281682 NCT00472459 | NCT0015533
NCT00308867 NCT01459393 | NCT0410625
NCT03697590 NCT00049959 | NCT0384936
NCT00472043 NCT00540735 | NCT0090741
NCT01497951 NCT03909646 | NCT0120901
NCT02647151 NCT01675219 | NCT0357340
NCT02840331 NCT05359419 | NCT0039114
NCT01739465 NCT03731988 | NCT0224292
NCT02628665 NCT00312442 | NCT0255550
NCT00469417 NCTO00003788 | NCT0318198
NCT02029352 NCT02685592 | NCT0312505
NCT02464709 NCT02984072 | NCT0153890
NCT00472706 NCT03327831 | NCT0596254

Table3.3: Clinical trials in Phase 3 and 4 without available results
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Throat

Lympho Gastrointestinal and Eye Endocri Bone Carcinoma Brain Lung
ma ne
neck
18 . 4 5 8 10 . 9 28
studies EDEIIES studies | studies | studies | studies LR ES studies | studies
NCT0250{ NCTOO0O0 | NCT0O17 | NCT013 | NCT044 | NCT030| NCT025 | NCT029 | NCT015| NCT026 | NCT033 | NCT001 | NCT029
0550 60268 |39465 |66833 |29139 |33225 |00550 |16745 |73156 |31863 |44861 |18222 |16745
NCTO0005[ NCT052 | NCT030 | NCT010 | NCT019| NCT027 | NCTO0O0 | NCTOO0 | NCT0O04 | NCT009 | NCT005 | NCT000 | NCT002
7954 08775 |03065 |86488 |66809 |80648 |49959 |[49959 |(72043 |75039 |26461 |02647 |65603
NCT0299| NCT010 | NCTO05 | NCT005 | NCT016 | NCT021 | NCT0O00 | NCT002 | NCT030| NCT029 | NCT049 | NCT011 | NCT036
9854 43016 |13539 |30088 |82746 |66190 |57954 |65603 |90412 |55771 |43094 |48966 | 78350
NCT0533] NCT015 | NCT031 | NCT004 | NCT003 | NCTO00 | NCT048 | NCT004 | NCT0O09 | NCT030| NCT017 | NCT000 | NCT035
3367 06115 |[33650 |70496 |91144 |03923 |42266 |72459 |88455 |12009 |70132 |03788 |64054
NCT0146{ NCTO00 | NCT021 NCTO017 | NCT017 | NCT029 | NCT036 | NCT030| NCT020| NCT037 | NCT019 | NCTO00
0914 68068 | 66190 55013 | 70132 |99854 | 78350 |33225 |[18679 |35095 |66809 |28782
NCTO0003[ NCT037 | NCTO00 NCTO004 | NCT034 | NCT012 | NCT039 | NCT005 | NCT004 | NCT053 | NCT0O00
0589 57754 | 03923 70496 | 67789 |92668 |09646 |[13539 |[70496 |63826 | 14066
NCT0180{ NCT013 | NCT003 NCTO031| NCT026 | NCTOO0 | NCTO55 | NCT007 | NCT026 | NCT016 | NCT035
0838 66833 | 86594 66436 |39117 |02975 |19319 |[84108 |28665 |82746 |89456
NCT0334| NCT053 | NCT017 NCTO026 | NCT015 | NCT035| NCT012 | NCT004 | NCT006 | NCT058 | NCT005
0155 86056 | 70132 32084 | 56009 |64054 |36443 |72108 |[63910 |50377 |28775
NCTO0005{ NCT005 | NCT026 NCTO021 | NCT052 | NCT020 | NCT004 | NCT016 | NCT026 | NCT009
4171 87314 | 28665 57623 | 08775 |82522 |72706 |68823 |32084 |84243
NCT0196{ NCTO0O | NCT010 NCTO017 | NCT015 | NCTOOO0 | NCTO0O | NCT035 NCTO059
6809 28405 | 16002 94299 | 06115 |17485 |05808 | 73401 18783
NCT0002| NCT030 | NCT001 NCTO055| NCT014 | NCT004 | NCTO11 NCTO018
3790 33225 | 22876 47516 | 15986 |69417 |40178 42555
NCT0203| NCTO00 | NCT002 NCT048 | NCT016 | NCT020 | NCT018 NCT006
9895 83785 |[81736 60154 | 06566 |29352 |54684 01848
NCT0010{ NCTO055 | NCT031 NCT002 | NCT035| NCT014 | NCT026 NCTO009
3246 19319 | 66436 18868 | 46166 |82104 |66534 74662
NCT0168[ NCTO05 | NCT010 NCTO006 | NCT050 | NCT021 | NCT021 NCT026
2746 87600 | 32044 70397 | 20912 |66190 |44077 62504
NCT0168[ NCT012 | NCT025 NCTO012| NCT027 | NCTOO7 | NCT0O09 NCTO000
6594 36443 | 55501 60987 | 80648 |07356 |85829 25571
NCTO0179| NCT027 | NCTO17 NCTO033 | NCTO000 | NCTO00 | NCT002 NCT044
4299 80648 | 55013 20447 | 05067 |03856 |18829 00539
NCT0328[ NCT002 | NCT000 NCT023| NCT003 | NCT045 | NCT003 NCT048
1811 17087 | 02935 67547 | 08919 |52990 |05929 36429
NCT0538| NCT028 NCTO000 | NCT006 | NCTO00 | NCT059 NCT024
0635 40331 14066 |01848 |[23790 |62541 97053
NCTO007 | NCT028 | NCT022 | NCT010 NCTO033
47903 | 40331 |42929 | 16002 44861
NCT053| NCT017 | NCT021 | NCT0O09 NCTO005
86056 |39465 |00111 |46881 26461
NCTO035| NCT034 | NCT021 | NCTO55 NCTO037
89456 | 67789 |57623 |51299 35095
NCTO005 | NCT039 | NCTO00 | NCT043 NCTO007
87314 | 45162 |03923 |01999 54910
NCTO006 | NCT009 | NCT010 | NCTOO1 NCTO047
75233 | 74662 | 86488 |22876 53918
NCT004 | NCT059 | NCTOO05 | NCT002 NCTO016
73343 | 19238 |30088 |81736 68823
NCT002 | NCT007 | NCTO31 | NCTO04 NCTO000
37107 | 08942 |67762 |53336 54002
NCTO036 | NCT048 | NCT008 | NCTO55 NCT032
17003 | 24742 |68088 |80328 11078
NCTO025| NCT040 | NCT027 | NCTO31 NCTO018
85856 |99888 |25073 |66436 54684
NCTO037 | NCT030 | NCT015 | NCT010 NCT021
13203 | 03065 |[24146 |32044 53229
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NCTO048
36429

NCTO026
39117

NCTO001
03246

NCTO010
15898

NCTO009
75429

NCTO15
56009

NCTO03
12442

NCTO013
70824

NCTO013
49361

NCTO18
75393

NCTO13
10894

NCTO030
25724

NCTO37
27061

NCTO000
02963

NCTO03
86594

NCTO012
56424

NCTO025
04957

NCTO000
02935

NCTO030
53635

NCTO023
04770

NCTO008
69635

NCTO005
40735

NCTO020
68157

NCTO019
12976

NCTO014
91711

NCTO009
07413

NCTO017
55013

Table3.4: Clinical trials oPDT

Lymphoma

Gastrointesti
nal

Throat and
neck

Eye

Endocrine

Bone

Carcinoma

Brain

Lung

1 study

2 studies

0 study

study

1 study

1 study

19 studies

17 studies

3 studies

NCTO041878
72

NCT0039236¢

NCT006155
37

NCT006880
38

NCTO017920
24

NCTO046997
73

NCT041878§
72

NCT0163023¢

NCT020850
70

NCT024512
15

NCT02085(
70

NCT056926
35

NCTO00787¢9
82

NCT056926
35

NCT046997
73

NCTO007208
37

NCT003923
66

NCT05124¢9
12

NCT053186
12

NCT052961
22

NCT052961]
22

NCT050544
00

NCT050544
00

NCT003921
19

NCT015150
85

NCT029704
48

NCT029704
48

NCT032776
38

NCT04596¢9
30

NCT041878
72

NCT032774
38

NCT042468
79

NCT04187¢
72

NCT056693
52

NCT056631
25

NCT007472
53

NCTO033418
06

NCTO041816
84

NCTO007472
53

NCT02085(0
70

78



NCT030225 NCT056926
78 35
NCT028804
10
NCT041816
84
Table3.5: Clinical trials of LITT
Colonne9| Colonnel| Colonnel| Colonnel
Colonnel| Colonne2 | Colonne3| Colonne4| Colonne5| Colonne6| Colonne7| Colonne8 0 1 2
Lympho | Gastrointe Throat Endocrin Carcinom
ma stinal and neck | Eye ® Bone a Brain Lung
37 60 133 11 49
9 studies | 85 studies studies |1 study | studies 5 studies | studies studies | studies
NCT0300[ NCT03632| NCT0373| NCT0184| NCT0073| NCT0394| NCT0219| NCT0367| NCT0305| NCT0158/ NCT0282| NCT0130
3546 746 6720 7326 8361 2068 4829 8883 1373 3426 0454 0533
NCTO0367| NCT02707| NCT0165| NCT0310 NCTO0270| NCT0260{ NCT0480| NCT0184| NCT0231{ NCT0426| NCT0047
8883 159 2079 7182 7159 8229 8531 7326 4052 4143 0548
NCT0181| NCT00691| NCT0485| NCT0377 NCT0069| NCT0452| NCT0510[ NCT0394| NCT0162| NCT0381| NCT0431
5333 054 8009 8268 1054 4702 1655 2068 0190 8386 0007
NCTO0211| NCT01677| NCT0224| NCT0225 NCTO0167| NCT0223[ NCT0431| NCT0475| NCT0450{ NCTO076| NCT0403
0563 559 2409 8659 7559 1723 6091 3216 5267 9093 3354
NCT0373| NCT05101| NCT0448| NCT0130 NCT0475| NCT0249| NCT0387| NCT0256] NCT0500| NCT0489| NCT0448
9931 616 4909 0533 3216 5896 8524 2716 1282 9908 6833
NCT0155| NCT02562| NCT0363| NCT0545 NCT0256| NCT0262 NCT0310| NCT0360| NCT0409| NCT0196
5853 716 6308 6022 2716 0865 7182 6967 4077 9955
NCT0365| NCT03278| NCT0066| NCT0192 NCT0327| NCT0046 NCTO0225| NCT0187| NCT0499| NCT0007
6835 015 6991 7887 8015 6960 8659 2403 9618 7246
NCT0387| NCT03350{ NCT0528| NCT0486 NCT0391| NCT0222 NCT0239| NCT0431| NCT0496| NCT0274
8524 945 0379 2455 0387 7940 2637 4895 4960 0985
NCT0332| NCT02721| NCT0509| NCT0489 NCT0233| NCT0293 NCT0391| NCT0568| NCT0356/ NCT0478
3398 056 2750 2173 6087 0902 0387 5602 6199 9486
NCT02392| NCT0231| NCT0431 NCT0143| NCT0242 NCTO0545| NCT0466| NCT0276/ NCT0030
637 4052 2087 7007 7841 6022 9002 6699 9959
NCT03910{ NCT0489| NCT0030 NCT0192| NCT0092 NCT0431| NCT0146/ NCT0031| NCT0054
387 9908 9959 7887 0023 1047 3072 3599 4648
NCT01641| NCT0201| NCT0202 NCT0509| NCT0272 NCT0288| NCT0231 NCT0367
783 0567 0707 2373 4176 7248 9889 8883
NCT02123| NCT0500{ NCT0490 NCT0478| NCT0382 NCT0173| NCT0495 NCT0145
407 1282 7422 9486 5328 0833 6692 5389
NCT05451| NCT0568| NCT0318 NCT0431| NCT0387 NCT0431| NCT0341 NCT0224
043 5602 1100 2087 8524 0007 0030 0238
NCTO03337( NCT0142| NCT0073 NCT0202| NCT0239 NCTO0164{ NCT0085 NCTO0271
087 0588 6619 0707 4535 1783 1877 6038
NCT02336| NCT0341| NCT0264 NCT0318| NCT0374 NCT0545| NCT0542 NCT0515
087 0030 6319 1100 2713 1043 2794 7542
NCT03768| NCT0219| NCT0516 NCT0213| NCT0415 NCT0333| NCT0189 NCT0550
414 4829 7149 5822 8635 7087 5829 1665
NCT01437| NCT0561| NCT0400 NCT0494 NCT0233| NCT0219 NCT0068
007 0332 4871 0286 6087 4829 9065
NCT05092| NCT0549| NCT0173 NCT0116 NCT0403| NCT0549 NCT0055
373 7453 5409 1186 3354 7453 3462
NCTO02740{ NCT0260| NCT0528 NCT0264 NCTO0516{ NCT0247 NCTO0276
985 8229 0379 6319 1507 9178 9962
NCT05052| NCT0452| NCT0330| NCT0549 NCT0448| NCT0452 NCT0510
086 4702 8604 4866 6833 4702 1655
NCT04789| NCT0223| NCT0500 NCT0423 NCTO0376| NCT0280 NCT0072
486 1723 1282 3866 8414 5894 9612
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NCT04950{ NCT0249| NCT0085 NCT0192 NCT0192| NCT0223 NCT0245
166 5896 1877 1751 7887 1723 2463
NCT02020{ NCT0198| NCT0189 NCT0367 NCT0196| NCT0249 NCT0570
707 0810 5829 8883 9955 5896 3971
NCT04682| NCT0133| NCT0247 NCT0523 NCT0486| NCT0133 NCTO0179
847 6062 9178 8831 2455 6062 2479
NCT02135| NCT0262| NCT0249 NCT0098 NCT0551| NCT0262 NCT0201
822 0865 5896 9131 4912 0865 6209
NCT04940{ NCT0222| NCT0439 NCT0330 NCT0472| NCT0253 NCT0228
286 7940 0958 4210 2692 0489 3320
NCT01161| NCT0293| NCT0454 NCT0583 NCT0509| NCT0046 NCT0489
186 0902 8440 2892 2373 6960 9908
NCT05494| NCT0439| NCT0596 NCT0233 NCT0489| NCT0346 NCT0162
866 0958 9041 3188 2173 4734 0190
NCT04233| NCT0355| NCT0272 NCT0212 NCT0007| NCT0293 NCT0450
866 0001 4176 4317 7246 0902 5267
NCT02716{ NCT0242| NCT0210 NCT0340 NCT0274| NCT0007 NCT0504
012 7841 6598 1827 0985 3723 8082
NCTO01921| NCT0092| NCT0328 NCTO0373 NCTO0478| NCT0439 NCTO0187
751 0023 8298 6720 9486 0958 2403
NCTO03678| NCT0454| NCT0031 NCTO0148 NCTO0495| NCT0242 NCTO0431
883 8440 3599 9371 0166 7841 4895
NCT05238| NCT0382| NCT0184 NCT0485 NCTO0431| NCT0454 NCT0231
831 5328 7326 8009 2087 8440 9889
NCTO05033| NCT0528| NCT0310 NCT0224 NCTO0030| NCT0596 NCTO0495
392 5358 7182 2409 9959 9041 6692
NCT03304| NCT0377| NCTO377 NCT0448 NCT0202| NCT0492 NCTO0367
210 4680 8268 4909 0707 9041 0030
NCTO05832| NCT0522| NCT0225 NCTO0363 NCTO0468| NCT0200 NCTO0489
892 9874 8659 6308 2847 9332 2953
NCT02333| NCT0387 NCT0528 NCT0490| NCT0272 NCT0503
188 8524 0379 7422 4176 9632
NCT02124| NCT0552 NCTO0371 NCTO0318| NCT0592 NCT0249
317 4974 9326 1100 8299 5896
NCT03401| NCTO031 NCT0500 NCT0494| NCT0422 NCT0007
827 3599 1282 0286 1828 3723
NCT01292| NCT0478 NCTO0568 NCTO0116| NCT0528 NCTO0496
369 1413 5602 1186 5358 4960
NCT04158| NCT0239 NCT0466 NCT0073| NCT0236 NCT0596
635 4535 9002 6619 9198 9041
NCTO04615 NCTO0341 NCTO0264| NCT0328 NCT0492
013 0030 6319 8298 9041

NCT0549| NCT0391 NCT0592

4866 5444 8299

NCTO0555| NCT0506 NCTO0578

7851 2980 9498

NCTO0271| NCTO0387 NCT0236

6012 8524 9198

NCT0061| NCT0396 NCT0506

6967 1698 2980

NCTO0523| NCT0031 NCTO0031

8831 3599 3599

NCT0271) NCT0239 NCT0138

6038 4535 0769

NCTO0515| NCT0461

7542 5013

NCT0098| NCT0281

9131 7113

NCTO0550 NCT0374

1665 2713

NCT0055| NCT0138

3462 0769

NCTO0421| NCT0100

6472 7240
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NCT0276| NCT0156
9962 6435
NCT0330| NCT0415
4210 8635
NCT0233| NCT0049
3188 9252
NCT0245| NCT0373
2463 6720
NCTO0058| NCT0570
3349 3971
NCT0262| NCT0400
6520 4871
NCT0448| NCT0148
1204 9371
NCT0426| NCT0485
6249 8009
NCT0228| NCT0173
3320 5409
NCTO0201| NCT0179
6209 2479
NCTO0448| NCT0357
4909 9771
NCTO0066|
6991
NCTO0528
0379
NCTO0078|
5291

Table3.6 : Clinical trials of NPs.
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4. CHAPITRE DEVELOPPEMENT DE NANOPARTICULES
COMPOSITE POLYMERE/METAL PAR ASSHMBLAGE
PEPTIDHZE TYPEOILERLOIL ET LEUR UTILISATION

COMME AGENT PHOTOTHERMIQUE



4.1 Préambule

La revue de littérature précédente a mis en lumiere llgstations de la PTT en clinigusoulignant

notamment l'inefficacité des naneecteurs conventionnelddais nous a permis de développer les points

F2NI A RS GSOKy2f23AS5a 02 Y Yiétraifemehttlu admicdret aussilleyauvolr Q K & LIS |
des thérapies combinées. Des approches actuelles combinant immunothérapie et hyperthermie,

principalement basées sur des ICP, montrent des limitationsdakgimeurs avancées

Dans ce contexte, le développement de NPs capables de supporter des thérapies multiples apparait
comme une nécessité pressante pour surmonter ces obstaClastrairement aux études précédentes
utilisant ICG ou générant d€¥OS notre approche exploite les propriétés photothermique supérieures
des AuNR4.'hypothese centrale de notre recherche est que I'hyperthermie induite par les AUNRS pourrait

permettre la libérationcontréléedu principe actiencapsulémais aussi avoir des effets thérapeutiques

Dans l'article2, suivant nous présentons le développement et I'évaluation d'un systéme nanoparticulaire
innovant, combinant les propriétés photothermique des AuNRs aesc NPpolymériques visant a

exploiter pleinement le potentiel thérapeutiques approches combinées.

88



Article2. Assemblagear des peptides coileetoildQ dagnocomposite
L | &4 Y 2 y A-$austite pOlytrdaidétal comme agent photothermique pour
des applications divraisonde médicaments

89
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4.2 Résumé

Les nanocomposites polymeneétal ont de nombreuses applications dans les domaines biomédicaux tels

gue l'imagerie, la catalyse et la délivrance médicaments. Ces particules sont caractérisées par la
combinaison de propriétés organigues et inorganiques. Plus spécifiguement, les nanocomposites
photothermiques incorporant des NPs polymériques et plasmoniques ont été congus pour la libération
déclenché de médicaments et comme agents d'imagerie. Cependant, la conception habituelle des
nanocomposites pose des problemes caractéristiques, notamment la diminution des propriétés optiques

et 'efficacité photothermique résultante faible, ainsi que les intémats avec lgrincipe actif encapsulé

Nous présentons ici la conception d'un nanocomposite polyseg i I f R S -satalite)Ssse®dEzNJ

LJ NJ RSa LISLIi A R S-#oil) 8tyson fcacitéOpBototherndicqDe sudér e par rapport aux
nanocomposites électrostatiques qui constituenttaception standard. Nous avons également constaté

qgue l'orientation des nanobatonnets d'or a la surface des NPs polymériques est importante pour
l'efficacité photothermique finale et pourrait étre exploitée pour dises applications. Nos résultats
fournissent une alternative a l'enrobage actuel et a I'assemblage électrostatique des nanocomposites
IANNOS | dzE LISLIWIARSA Sy KStAOS h3i | AyaAa -shalitbdegS | YSTE
des NPs plasmonigs. Cela ouvre la voie a des assemblages hautement polyvalents en raison de la nature
RS&4 LISLIWIARSaE Sy KSftAOS h3 FLOAESYSYyld Y2RAFTALFIOf Sa

4.3 Abstract

Polymermetal nanocomposites have widespread applications in biomedical fields such as imaging,
catalysis, and drug delivery. These particles are characterized by combined organic and inorganic
properties. Specifically, photothermal nanocomposites incosgiog polymeric and plasmonic
nanoparticles (NPs) have been designed for both triggered drug release and as imaging agents. However,
the usual design of nanocomposites confers characteristic issues, among which are the decrease of optical
properties and rsulting low photothermal efficiency, as well as interactions with loaded drugs. Herein,
we report the design of a corgatellite polymermetal nanocomposite assembled by coileail peptides

and its superior photothermal efficiency compared to electrostdtiven nanocomposites which is the
standard design. We also found that the orientation of gold nanorods on the surface of polymeric NPs is
of importance in the final photothermal efficiency and could be exploited for various applications. Our
findings povide an alternative to current wrapping and electrostatic assembly of nanocomposites with

the help of coileecoil peptides and an improvement of the control over ceegellite assemblies with
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plasmonic NPs. It paves the way to highly versatile assemblies due to the nature otodilggptides to

be easily modified and sensitive to pH or temperature.

4.4 Introduction

Polymermetal nanocomposites have widespread applications in biomedical areas, as a result of their
hybrid composition conferring both organic and inorganic properties to a single nanopatticle
Researchers have used these hybrids as imaging agents in parficulaut also as catalysts and
nanocarriers for triggered releasé: - 8 Polymermetal naneassemblies have two predominant synthesis
strategies.The first is through grafting and sel§sembling polymers onto inorganic NPs. The second
consists in wrapping inorganic NPs into organic dnssich as capsules or vesicte®. Among natural

and synthetic polymers, polylactic acid (PbA$ed polymers have garnered the most interest considering
their high biocompatibility and versatilitt?. Meanwhile, selassembled copolymeric NPs composed of
PLA and polyethylene glycol (PhREG NPs) have been thoroughly investigated for drug delivery
applications'™ ¢ Regarding inorganic particles, great strides have been made toward the synthesis and
characterization of gold nanoparticles, silica dots, and quantum dots to make use of their attractive optical
properties?’. Particularly, gold nanorods (AuNRs) are frequently documented owing to their high near
infrared (NIR) absorbance, great plasmonic enhancement capabilities, and photothermal effitiency
Along with organic and inorganic innate properties, nanocomposites may benefit from a cooperative
effect affording unique properties specific to these assembfief\mong different polymemetal
nanocomposites with biomedical applications, some rahirapeutic systems have shown promising
results? 3 510 1°|n recent years, many modalities such as hyperthermia, ROS generation, chemotherapy,
gene therapy, immunotherapy, external activation, and imaging have been combined into single NP.
Notably, thebeneficial effects of hyperthermia in oncology suggest that the combination of photothermal
and immuno/chemetherapies may yield promising therapeutic avenifésMoreover, NIRpromoted
hyperthermia can trigger a burst of drug release from organic NPs, thus increasing therapeutic efficiency
and remote controf- 5 111221

Most polymermetal nanocomposites are produced either in situ via reduction of metal salts onto the
surface of polymer NPs or by embedding inorganic NPs into a polymeri¢*ctré* 22 Although there is
abundant interest in polymemetal nanocomposites, their attractive properties are restrained by these

current synthesis modalitieirst, concerns about the unpredictability of NPs arrangement, whether it
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be in terms of orientation or inteparticle distances driven by electrostatic interactions. Second,
encapsulated inorganic NPs inside polymer NPs could cause undesired coupling interferences due to small
and random interparticle distancé$ 2. Third, the surrounding environment composed of hydrophobic
chains in the core of polymer NPs drastically alters the phototheffnahd imaging?’ properties of
encapsulated plasmonic inorganic NRbove all, the encapsulation of plasmonic NPs into polymeric NPs
for remote drug release applications causes a loss of encapsulation efficiency of drugs as well as a
potential degradation of the drug being located in the vicinity of photothermal NPs.

To address these limitations and improve reproducibility, researchers investigated more controlled
approaches to assemble nanocomposites in a-covalent but selective manner. That is complementary
singlestrand DNA, streptavidin/biotin, and antibody/agén systems used on the account of their specific
molecular recognition behavior. However, to the best of our knowledge, only rregtdl NP assemblies

are developed with these specific bont¥8°. De novo coileaoil motives have been shown to be highly
selective and specific, and versatile in their modification with external stithuiuch is the case for the
heteromeric E/K coiledoil system, for which the distinct E and K peptides (KVSALKE and EVSALEK heptad
repeats, respectively) form a heterodimeric complex stabilized by its hydrophobic core over a broad range
of affinity controled by varying the length of each individual coil peptide, from 3 to 5 heptad repeats

33 These coiledoil peptides have been used to graft inorganic NPs to polyrimes fir hydrogef*, and

design reversible aggregatés 3 However, they have yet to be thoroughly studied as a linker for the
discrete assembly of NPAlso, we noted that orientation and symmetry could be important parameters

in improving the optical properties of inorganic NPs. A vast literature exists detailing different strategies
for exploiting the anisotropy of NPs and thus enhancing properties. eMery it is restricted to
metamaterials and sensing applicatiotis®

We hypothesized that a predictable and reversible esatellite assembly between polymeric NPs made

of PLAb-PEG and AuNRs, thanks to coited peptide interactions, could be designed as an efficient
photothermal agent and nanocarrier. Described helisithus the development and characterization of a
peptide-based plasmonic corsatellite polymermetal nanocomposite (AUNRsS@Ph-REG NPs). The
photothermal efficiency of peptidassembled nanocomposites was found to be similar to that of free
AuNRs, in aatrast to electrostatiedriven nanocomposites. This paper also reports an alternative method

to control the adsorption of ligands on AuNRs by téak optical spectroscopy. Although the design of
peptide-driven AUNRS@PHAPEG NPs is the main objective tbis study, we developed different

plasmonic reference assemblies to better understand the phenomena at work. Therefore, this study paves
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the way for the grafting of different plasmonic NPs such as quantum dots, AuNPs, and magnetic NPs onto

PLAb-PEG NPs via coiledil interactions, thus allowing for elemand drug releas#.

4.5 Matériels et méthodes

Material

Cetrimonium bromide (CTAB, > 99.0%), gold(lll) chloride trihydrate (HZ#O| > 99.9 %), sodium
borohydride (NaBHK 99.0%), silver nitrate (AgNG 99.0%), ascorbic acid9&.0%) were purchased from
SigmaAldrich, Canada. Thitérminated methoxy polyethylene glycol (P&, Mw=5000 g mé) and
methoxy polyethylene glycol (PEMBO, Mw=5000 g md) were purchased from Jenkem USA. All
commercially available chemical reagents were used as received. All glassware was waslegiavith
regiaovernight, rinsed with water and driedris(2carboxyethyl)phosphine (TCEP) was purchased from
VWR, Canad®LAub-PEG-maleimide (PLA-PEGMal) was purchased from Nanosoft Polymers, USA.
Coiledcoil peptides K5 as CGBVSALKE)and E5 as (EVSALEBEC, each with 38 residues, were
synthesized by the peptide facility at the University of Colorado, USA.

Synthesis and characterization of AUNRS

AuUNRs were prepared by adapting methods from Nikoobakht.etnd Jana edl. 4% 4% based on a two

step synthesis (Section SAUNRSs concentration along the experiments was determined by a calibration
curve of gold concentration as a function of the absorbance at 400 nm wavelength. The standards of the
calibration curve were determined by IG5 from a range of AUNRS solution thats previously purified

and dissolved iraqua regia Absorbance spectra were recorded with a-\J¥ible spectrophotometer
(BIOCHROM WPA Biowave). The concentration of particles was calculated after measuring the length,

width, and aspect ratio of singleuNRs with EM2100F fieldemissionelectron microscope (TEM).

Synthesis of PLAased NPs

PLA (46 000 g m8lpolymer and PLA (ZID0 g mot)-b-PEG (D00 g mat) copolymer were synthesized

by RingOpening Polymerization (ROP) of a lactide with a PEG initiator and tin cafallysitymers were
characterized by gel permeation chromatography (GPC) and nuclear magnetic resonance (NMR) and
stored at -20°C. PLA NPs and PIbAPEG NPs were synthesized using a micromixer on a flash
nanoprecipitation NanoAssembler. 5 mL of acetone containing 60 mg of PLA and 5 mL of water were used

at each end of th micromixer at a flow rate from 12 to 15 mL miiThe micromixer output solution was
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poured into 20 mL of water with agitation. Similarly, Fi-REGend-functionalized with a maleimide
group (PLA-PEGMal) and PLA-PEG copolymers were mixed in acetone at a ratio of 20% (w/w) and
used as the organic phase in the flash nanoprecipitation protocol-bBséd NPs purification and
characterization in Sean S3. The NPs with a mixture of Fi-REGMal and PLA-PEG chains are
abbreviated as PL-B-PEGMalNPs.

K5 peptide functionalization of AUNRS

AuNRs were functionalized with aqueous K5 peptide solutions (final concentration froreN).62 1.2

>M) for 12 h under slow agitation, then with a P58 solution (0.5 mM) for 12 h under agitation. The
SpectraCubspectrophotometer was used to measure the shift of the wavelengths of AUNRs during the
peptide and PEG functionalization processes (Sections Sb)eiThen, functionalized AuNRs were
centrifuged two times at 1000 g for 8 min, the supernatant was discarded, and the pellet was
redispersed in MillQ water For control AuNRs, MH) water (instead of K5 peptide) was added and
followed by PEGylation as previously described. The K5 pefptid¢ionalized AuNRs with high and low
concentration of K5 peptides are designated asAiBIRs and K5 HAuNRs, respentely. The peptide
functionalization was also performed with low content CTAB AuNRs solutibnpbdisclosed due to an
expected strong destabilization at low peptide concentration. The stability of pefititetionalized

AuNRs solutions was assessed by recording absorption spectra after a week.

E5 peptide functionalization of PL-B-PEG NPs

Purified PLA-PEGVal NPs were diluted in phosphate buffer (PB) (pH=7.3). E5 peptide solutid) (4

was added (1:1 E5:maleimide molar ratio) with TCEP (5 mM) (100 molar excess of TCEP over E5 peptide)
to PLAb-PEGMal NPs solution (0.95 mg ML The maleimide concentration on RbAEGMal NPs was
calculated by NMR. At first, the methylene PEG backbong.% ppm) and maleimide £6.7 ppm) peaks

of the NMR spectra of Pfg-Mal in QO from 2 to 100 mg mlwere recorded to plot a calibration curve.
TheNMR spectra of PLB&-PEGVialNPs solutions in J® were recorded. By using the calibration curve,

the PEG concentration at the surface of REREGMal NPs was calculated and consequently the
approximate surface density of maleimide groups. Aftep&ptide addition, the solution was left for 12

h under agitation. Finally, a Sephadex colu@2%b M) was used to remove free peptides at first and salts

by buffer exchange in a second time. The E5 pegitidetionalized PLA-PEGMal NPs were obtained

and designated as PHWAPEGES NPs. The hydrodynamic diameter was measured by DLS to assess the

stability after peptides functionalization.
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Plasmonic coresatellite AUNRs@PL-Based NPs

All coresatellite assemblies between polymeric and metallic NPs were studied in water. PLA NPs were
addedtoCTAB dzbwd i RAFFSNBY G LI NIAOf SaQ ydzYoSNI NF GA2a&
electrostatic polymeimetal nanocomposites. PHAPESES NPs solution was added to K5 peptide

Fdzy QGA2yl t ATSR ! dzbwa az2fdziaz2y G RAFFSNByYyG- LI NIGAO
b-PEGES5 NPs for peptiddriven polymesrmetal nanocomposites. The assembly process was left for at

least 20 h wth low stirring. The PEGylated AuNRs and-i2PAGVIeO NPs were used as references for
electrostatic and peptide assembly, respectively. The SpectraCube spectrophotometer was used to follow
wavelength shift and absorbance intensity of assemblies at diftaiatios. The TEM images of assemblies

were taken following a cryogenic protocol (Section S8). The final assembly was purified bgtapgwo

protocol: first, the supernatant was removed, and the pellet was redispersed inQMilliater after
centrifugation at 10000 g for 10 min (repeated two times). Then, the solution was dialyzed (50 kDa)
against PBS (pH=7.3) for 6 h. The zeta potential and absorption spectra of purified assemblies were

recorded. Also, thetability of assemblies was assessed by recording absorption spectra after 2 weeks.

Photothermal activity

Photothermal properties of electrostatic, peptigkiven polymermetal nanocomposites, and AuNRs

were assessed with 1 mL of the sample solution in a quartz cuvette. All photothermal experiments were
performed with the solutions of polymenetal nanocomposés containing the same amount of gold (20

ppm). Samples were irradiated at different successive Laser power densities (0.7, 0.5 and GRalcm

a continuous 808 nm diode Laser (RPMC Lasers). Between each irradiation, the Laser was turned off until
the bulk temperature of the solution cooled down. The temperature of the sample was recorded with a
probe thermometer (Thorlabs, TSP01) inserted inside the solution and by an infrared camera (FLIR E6XT)
positioned on the side of the cuvette to record the iges at 170 s, 305 s and 690 s. The photothermal
efficiency of different assemblies was calculated at two ratios AUNRSIFAEG NPs and for AUNRs

(Section S9).
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4.6 Résultats

Characterization and functionalization of nanoparticles
1) Gold nanorods (AuNRS)
As can be seen Figure4.1A, AuNRs were synthesized with different sizes by tuning Agbl@entration
2p ¢KS RAAGNRAOdziA2Yy 2F ! dbwaQ FaLISOG NXidiAz |yR (K¢
TEM imagingRigure4.1B). The UMBA aA 6t S & LISOG NI 2 F RigHEeB.SONEeein ! dzb wa !
accordance with the literaturé®, and the values of the plasmonic longitudinal pesk were in good
agreement with theoretical values calculated using the Gans plasmonic th&ayyré 4.1D). The
relationship betweer<naxand the aspect ratio of AUNRS is related to the electron cloud oscillation which
induces plasmonic waves at the surface of AUNRSs that resonate at specific waveléngthst is of great

importance to tune the aspect ratio of AUNRS to obtain the right resonance wavelength for photothermal

applications.
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Figure4.1: Characterization of AUNRs.

A) TEM images of AuNRs and their corresponding longitudinal plasmon<geak:630 nm (blue)smax= 650 nm
(green),<max= 705 nm (yellow)kmax= 790 nm (orange) anchax= 825 nm (red). B) Distribution of AUNRS with respect

to their aspect ratio (A.R). C) Wisible spectra of the corresponding AuNRs solution. D) Comparison of Gans theory
and experimental data.
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Throughout the whole paper, we have chosen to use AUNRs with an aspect ratio of 4 which corresponds
to a plasmonic wavelength of 790 nm (yellow color spectrurRigure4.1). This choice is mainly driven

by the need to overcome the absorption of biological fluids when NPs responsive to external stimuli such
as Laser irradiation are designed.

This section aims to functionalize AuNRs with binding peptides. Among the two complementary peptides
K5 and E5 needed to form a coiledil complex, K5 peptide was grafted on AuRiREhe design of distinct
core-satellite nanoassemblies requires to graft a small amount of K5 peptide on AuNRs to avoid
aggregation with PLA-PEGE5 NPs thereafter. However, the techniques available to monitor small
concentration of peptides at the surfaof AUNRS are scarce. Surface functionalization was monitored in
reaktime using SpectraCube® spectrophotometer to precisely control both the presence and localization
(either sides or tips of AUNRS) of ligands: fSHE(Mw = 5kDa) as a positive contiib(re4.2) and K5
peptide Figure4.3). Prior to grafting, CTAB concentration in the suspension was adjustegds= 0.5

mM or 10 mM and then PESH was introduced at a final concentration ranging f@s= 10'mM to 1

mM. Figures 2A and 2C show the absorbance spectra of AuNRs at low and high CTAB concentrations. At
low CTAB content, the increase in PE& concentration fronGrec= 0 to 16 mM leads to a blue shift of

the longitudinal peak fronsmax= 755.6 nm to 755.0 nnfrigure4.2 B). Specifically, &rec= 10 mM (green

data point,Figure4.2 B), which also corresponds to the green spectrum in Figure 2A, the longitudinal peak
shifted bypn<=0.6 nm while the transverse peak was not altered. It is to be noted that the longitudinal
peak of AuNRs is characteristic of plasmonic phenomena occurring at the tips of the AuUNRs whilst the
transverse peak is characteristic of the sides of AURIR#e low intensity of the signal of PEGylation on
AuNRs with a low CTAB content has been studied by Pothorsalkywbb observed that the displacement

of a small amount of CTAB from AuNRs surface leads to a small change of refractive index, and
consequent to a nonsignificant change of the wavelength sHitt

RegardingAuNRs with high residual CTAB content, the transverse peak had two different shift trends
(Figure4.2 D). The first, fromGeec= 107 to 10° mM, consisted of @< of 0.7 nm redshift. The second,

from Gees=10° mM to 10 mM, consisted of @<of 0.5 nm blueshift. Conversely, the longitudinal peak

was blueshifted throughout, corresponding toja< of 1.4 nmshift from Geg= 10’ to 10° mM and ap<

of 6.2 nm shift from fc=10°mM to 100 mM (green data point). We believe the concentration at which
0KS NI yagdSshiit BegindSdrrésppads o thelzart of functionalization on the sides of AUNRS.
Therefore, the sides of the AUNRs begin to be functionalized at and abgy®e XD° mM, whereas below

this threshodl, ligands are adsorbed only at the tips. The grafting offliiettionalized ligands on the tips
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Figure4.2 : Functionalization of AUNRSs.

A, B) AuNRs solution with low content CTAB: the enlarged absorbance spectra (A), and wavelength shift (B) as a
function of PEEGH concentration. C,D) AuNRs solution with high content CTAB: the enlarged absorbance spectra
(C), and wavelength shift (D) asfunction of PEEH concentration. Data points and absorbance spectra are
represented as g&ge= 10’ mM (blue color), gee= 3.10° mM (red color) and &= 10 mM (green color). Each full

and empty symbol represents a separate data set of longitudinal and transversal wavelength, respectively.

of AUNRs has been reportéd®, and it is believed to emerge from the low packing density of CTAB
moleculesat the tip location which allows ligand molecules to reach the gold interface selectively
However, to the best of our knowledge, continuous monitoring of the grafting process using the time
§@2ftddiA2y 2F (KS (NI}YAOSNES LISI1Qa AKATUH KIR y38@8
grafting on AuNRs confirmed that a high initial BTAncentration is necessary to ensure high stabifity o

the AuNRs during the ligand exchange process.
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Moreover, the coating thickness and zeta potential were measured at differerHSPEGNcentrations
ranging from €= 0 mM to 16 mM (seeFigure4.7 BandQ). A large increase in both side and tip coating
thickness at 1 mM PEGSH is most likely due to the full coverage of AUNRs by3ME&G In Figured.7

A, we observed that roughly 1/3 of the AuNRs, atdS 10° mM, were deformed on the sides exhibiting

a bonelike structure. This phenomenon was also reported by Hauwilleraktand is a result of a
concomitant low CTAB coating on AuNRs sides and the presence of PEG ligand orPthEagether,

these observations confirmed that ap€s= 10° mM, AuNRs are partially functionalized with P&& and

this functionalization occurs preferentially on the tips of AuNRs.

Then, the grafting of the K5eptide was performed by the addition of an aqueous solution of K5 peptide
to AuNRs suspension, at a final concentration ranging f@g+ 0.02>M to 1.2 >M. The observed
wavelength shifts during K5 grafting were measured with SpectraCube® spectrophotometer and exhibited
characteristic timeevolution of adsorption kinetic curve&igure4.9), confirming that the peptide was
indeed adsorbing orAuNRs. However, after being exposed to K5 peptide, AuUNRs were strongly
aggregated as observed by the absorbance loss after 24 H-{gase4.8). A second step of PEGylation
was necessary to stabilize the AuNRs functionalized by K5 peptide, as Ségurad.3 A. TheFigure4.3

B shows that increasing«€is correlated with the longitudinal wavelength shift of AUNRSs (dark blue bars).
The addition of pure water caused a blue shift of the longitudinal wavelength®ofL.26 + 0.07 nm which

may correspond to the desorption of CTAB due to dilution. A similar wavelength shit=0f.05 + 0.68

nm was observed dks= 0.02>M. AtGi= 0.09>M, a larger blue shift gi < 2.64 + 0.98 nm was observed

and at Gs = 1.2>M, n <ncreased even moreot8.92 + 0.19 nm. Transverse plasmonic shifts were
measured (light blue bars) and exhibited a small blue shift & 0.42 + 0.28 nm atks = 0.02>M.
However, at higher peptide concentrations@= 0.09>M andGi= 1.2>M, we observed a reghift of

Nn <11+£0.14 nmand < 2.85 £ 0.21 nm in the transverse peak, respectively. TheRieSlylation of
AuNRs Gpec= 20>M) without peptides induced a blue shift of the longitudinal pealkof 7.15 + 1.48

nm. At Gs= 0.02>M and 0.09>M, PEGylation shifts wenge <= 10.7 + 3.4 nm and < 6.7 + 4.3 nm,
respectively. Finally, at the highest peptide concentration@f@.2>M, the PEGylation wavelength shift
decreased tqn <= 3.09 + 2.48 nm. Interestingly, as the concentration of peptide adsorbed on AuNRs is
increased, the wavelength shift due to the PEGylation decreased and the total wavelength shift (K5

peptide + PEGylmin) remained constant regardless asQGs seen ifrigure4.3 B.
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Figure4.3 : Functionalization of coileetoil peptides on AUNRS.

A) Schematic of K5 peptides functionalization on AUNRs aneREESYlation. B) Wavelength shift of the longitudinal

(dark blue bar) and transverse (light blue bar) peaks in function of K5 peptide concentrationrsMA(® peptides,

water was used as reference. At each K5 peptide concentration, aRkSylation step was performed, and the
longitudinal wavelength shift is recorded (orange bar). C) The absorbance spectrum and TEM images of assemblies
of EBAUNPs with KSip-AuNRs and KBuNRs, black color dnred color curves respectively. The -tgven
assemblies of interest are circled with a dashed line. The absorbance spectrum and TEM image (in blue) of reference
assembly between KBuNRs and PEGylated AuNPs. All assemblies have a ratio AUNPs/AuNRSs of 1.

Therefore, it can be concluded that increasing the concentration of K5 increases the number of peptides
on the surface of AuNRs, while the decrease in the PEGylation signal is correlated to the less available

surface for PEGH post Kigrafting. Moreoverthe transverse wavelength shifts exhibited a change from
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blue to red shift betweerGs = 0.02>M and Gs = 0.09>M which could be reminiscent of the stepwise
grafting process, starting at the tips of the AuNRs and propagating to the sides at Righ@&ihis
observation is in line with our theoretical calculations; we calculated th@g af 0.07>M would suffice

to fully functionalize the tips of AUNRSs, whereas a concentration of ro@édy0.5>M would be required

to fully functionalize the surface of AUNRS. It is to be noted that the concentration thoeskokssary to

fill the AuNRs tips before grafting the sides is similar for both-Bil#@nd K5, which could be expected
since they have a similar molecular weight and identical grafting functional groupitase4.2 and
Figure4.7). The AuNRs functionalized with a low concentration of K5 peptide are designated as K5 tip
AuNRs (tips covered only), and with a high concentration of K5 peptides are designatefitddR&(fully
covered AuNRSs). The spectra of K5 pepfidectionalized ANRs at all peptide concentrations were

measured after one week and remained stable at 4°C.

Following the successful functionalization of K5 peptide on AuNRs, we explored the functional activity of
the grafted K5 peptide to interact with the complementary peptide E5. AUNPs were used to exploit the
plasmonic coupling of two gold nanoparticles whease to each other and to evidence the assembly
process. Thus, E5 peptide was grafted on AuNPs (see sections S2, S6FigdraddL0) and particles

were mixed with KBAUNRs. The assembly of citrad@NPs and CTABINRs was followed in Figure S7

and revealed distinct coupling signal measured during assembly (low peptide density) and during
aggregation (high peptide density).

PEGylated AuNPs were added to aAUBIRs solution at a ratio of 1 (blue colorFigure4.3 Q. We
observed that the spectrum was similar to that ofKBNRs alone (not shown). The absence of interaction
between both these NPs was validated by the TEM image, which shows a random distribution of NPs. This
is not surprising given the absence of tt@mmplementary E5 peptides on the surface of AUNPs. Then, a
solution of EBAUNPs was added to K5#muNRs solution at an AuNPs/AuNRs ratio of 1. As seen in Figure
3C (black color curve), the longitudinal peak was stronglyshéfied byn <= 21 nm, and the transverse

peak was shifted bp <= 0.9 nm. These observations are in accordance with previous studies that have
demonstrated that plasmonic assemblies assembled via AuNRs tips increase the aspect ratio of the
resulting assembly. As a result, the longihal peak is reghifted without a significant impact on the
transverse peak’” *" ® Furthermore, as seen in the dashed ellipsis surrounded assembhéguire4.3 C

(black color), AuNPs are located at the tips of AuKlRsthe contrary, we observed clusters without a
clear arrangement of EBUNPs and KBUNRs (red color curve). We measured a significant redshift of the

longitudinal and transverse peaks py<= 24 nm anch <= 23 nm, respectively. In addition, we report a
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substantial loss of intensity of 75% and a broadening of the longitudinal peak inherent to plasmon
coupling, which is typical to AUNPs and AuNRs aggregates/frécti¥e believe that the formation of
random aggregates occurred via the interaction of free AUNRs witliopneed AUNPs/AuNRSs pair, all of
which were functionalized with a high peptide density. It should be noted that the distance (averaged
from TEM imageshetween ESAUNPs and KBuNRs was 3.5 + 0.9 nm. This measurement is per the
reported E5/6 peptide length of 4 nm consisting of 40 amino aéftldVe believe this distance is the
length of the coileetoil complex formed between E5 and K5 peptidéss section reported the successful

functionalization of K5 peptide on AuNRs and its capacity to interact with E5 peptide.

2) PLAbased NPs
In this section, E5 peptide are aimed to be functionalized onlPRBG NPs. PLA NPs exhibited a
hydrodynamic diameter of 135 nm (PDI 0.09), as sedrabie4.1. The hydrodynamic diameters of RLA
b-PEG NPs and RbAEGMal NPs were measured before and after E5 peptide functionalization. As
expected, the size of PHAPEG NPs before and after the E5 functionalization was comparable.
Specifically, the hydrodynamiiameter of PLA-PEG NPs after E5 peptide addition only increases of 8
nm, from @ = 128 nm (PDI 0.07) to @ = 136 nm (PDI = 0.20), as Jexdheih. 1. Regarding PLBPEG
Mal NPs, the hydrodynamic diameter increases of 38 nm, from @ = 150 nm (PDI = 0.12) to @ = 188 nm
(PDI 0.25) after E5 functionalization. This increase is in line with the literature and corresponds to the
grafting of E5 peptides on rfemide groups$® °% while remaining stable in solution without aggregation
(Figure4.12). The zeta potential of PHAPEGMal-E5 NPs was measuredvat-37 + 1.8 mV.
We calculated by NMR that the PEG density at the surface affPIE&EMal NPs was 0.099 nfnlt should
be noted that the maleimide signal (6.7 ppm) was not observed on thdoFREGEVial NPs NMR spectrum,
which may be due to the concentration T mg mt!) of NPs in ED and the resulting low concentration
of maleimide groups exposed to the exterior of Fi=-REGVal NPs Figure4.11 B). Indeed, a portion of
the hydrophilic PE®al chains can remain in the hydrophobic core alongside®P[T4&us, we used the
percentage of PLA-PEGMal to PLAL-PEG polymer to calculate that the maleimide density on the
surface of PLA-PEGMVal NPs was 526 maleimide/NPs which was used to adjust the ratio at 1:1 of E5
peptide to maleimide groups. It was calated for a PLA NP core with a diameter of 92 nm (measured on
TEM images). Consequently, the calculated maleimide density ch-PE& NPs might be overestimated.
In fact, it has been demonstrated that only 50% of initial maleimide groups are availabéesrface of

PLAb-PEG NP$® *° Besides, we found that ratios of E5:Mal higher than 1:1 caused irreversible
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aggregation of functionalized PIbAPEGMal NPsThe E5 peptide conjugation efficiency and availability
on PLAb-PEGMal NPs are discussed in the peptidiéven assembly section.

Assembly strategies

1) Electrostatic Q GR2INBS f f A (-BerDAUNBR@RLX SRYJ
After demonstrating that K5 and E5 peptides were successfully functionalized and active on AuNRs and
PLAb-PEG NPs, we studied electrostatic and peptideen assemblies of AUNRs on PLA NPs arbPLA
PEG NPs, respectively Rigure4.4, the longitudinal wavelength of PEGylated AUNRs remained constant
while the AUNRSs/PLA NPs ratio was increased frontol1D0 (blue color data) and there were no signs
of assembly on the TEM images (not shown). Regarding-&0NBs, they were mixed with negatively
charged Y =-33,4 £ 0,6 mV) PLA NPs at ratios ranging from 1.7 to 100 AUNRs/PLA NPs. It is to be noted
that in some experiments, PLA NPs at high concentrations hindered the recording-tihieeplasmonic
wavelength shifts due to PLA turbidity. Therefore, we inigagéd ratios above 1 AUNRs/PLA NPs. At low
ratios of 1.7 and 2.5 AuNRS/PLA NPs, the longitudiagélength of AUNRs was blgaifted byn < 4.4
nm andn < 3 nm, respectively (red color data). However, upon changing the ratio from 5 to 100 AuNRs
per PLA NPs, the longitudinal wavelength peak did not change significantly, except for a red shift to a
maximum ofn <= 0.8 nm at a ratio of 25 AuNRs/PLA NPs. Also, the mean number of AuNRs per PLA NPs
on TEM images was counted and found that at ratios of 2.5 and 5, there were 1.9 and 4 AUNRs/PLA NPs,
respectively. At higher ratios of 20 and 50 AuNRs/PLAthNPspunted mean number never exceeded a
threshold of 6 AuUNRs/PLA NPs. This may be due to the larger size of AuNRs, thus resulting in a greater
steric hindrance compared to usual AUNPs being used as a discrete shell in other sfddiest low
AuNRs/PLA NPs ratios, AuNRs that adsorbed onto the swfdekeA NPs were not evenly distributed
around PLA NPs as seerfigure4.4 (i). In contrast, AUNRs werarranged siddo-side on the surface of
PLA NP at higher ratios, Figure4.4 (ii) and (iii). Interestinglywe did not record any shift of the
wavelength peaks of AUNRs indicating that aggregation was occurring at these ratios, even though a 10%
loss of absorbance intensity of the longitudinal peak was observed. According tonBg&si AUNRSs were
separated by an average of 5.9 + 2.2 nm at high ratios.
It has previously been demonstrated that cesatellite assemblies trigger coupling effects when the
satellites {.e. AUNRS) are close enough to each other at a distance of at least®3 fimerefore, given
that AuNRs did not achieve this short interparticle distance, we would not expect to observe optical
interactions. The previously observed bisieift of the longitudinal wavelength at low AUNRs/PLA NPs

ratios might result from the distioed stability of the electrostatic nanocomposites. To this endegs

104



+ (iii)
ob-— _ 777i7: 777777 lrg ***fiﬁ*_ ~ 100nm

(ii)

Longotudinal wavelength shift (nm)

2k ]
3F 0 _
_4 - -
i
. ! T R R L L P T T T R | 200 v
1 10 100
Ratio AuNRs/PLA NPs

Figure4.4 : Electrostatic assembly of AUNRsS@PLA NPs.

The longitudinal wavelength shifif the assemblies between CTABNRSs (red square) and PEGylated AuNRs as
reference (blue squares) with PLA NPs in function of the AuNRsS/PLA NPs ratio. TEM images of electrostatic
assemblies between CTABINRs and PLA NPs at different ratios

in Figure4.14, we determined the critical coagulation concentration (CCC) of heteroaggregates composed
of AuNRs and PLA NPs assembled by electrostatic forces. Even though the spectra were modified by the
turbidity of PLA NPs, we developed a strategy to calculate distaftio from the transverse peak shift

upon aggregation that was not affected by the turbidity signal and from the change in size of aggregates
calculated with the fractal dimension extracted from the absorbance spectrum. Thus, we were able to
determine domains of stability of polymenetal heteroaggregates (different ratios and salt
concentration) by avoiding turbidity and anisotropy of AuNRs, which hinders the use of DLS. We
demonstrated that nanocomposites at low ratios were stable and that 30 mMceakentration was

needed to induce aggregation. We hypothesize that the observeddiiifeat low ratios might be caused

by the desorption of CTAB from AuNRs when interacting with PLA NPs.

In this section, electrostatic assemblies between metallic and polymeric NPs were obtained at different

ratios, exhibiting no aggregation. However, since there is a threshold of satellites around polymeric cores
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in electrostatiedriven assemblies, we must consider it may limit the photothermal efficacies of each
nanoassemblies. Thus, there is a need to control and increase the density of satellites around PLA NPs.
Hence to improve the density and control of mek#Ps on polymer NPs, we used K5AUNRSs and K5

AuNRs with PL-B-PEGES5 NPs to create peptigisssemblies corsatellite NPs.

2) Plasmonic peptideR NA @ S ya I WicRd 2f NISi-B8etDAUNBER @ RL-B-FEGINPS
As seen irFigure4.5 A, PLAb-PEGES NPs (full symbols) and reference BIPEG NPs (empty symbols)
solutions were mixed with K5 t#AuNRs (black data) and#bNRs (red data) at ratios ranging from 1.7
to 75 AuNRs/PLB-PEG NPs. The longitudinal wavelength shift was measardtern a difference of
assembly between K5 tAuNRs and KBuNRs with PLB-PEGE5 NPs. At a low ratio of 1.7, the
longitudinal wavelength was reshifted byn < 14 nm ancgh < 9 nm with K5 tipAuNRs and KBuNRs,
respectively. Such plasmonic responses were stronger in comparison to the reference assemblies with
PLAb-PEG NPs (empty symbols) where the measured shift was between 2 andn <= 4 nm,
independently of the AUNRS/PHAPEG NPs ratio. The slight increase of the wavelength shift with the
reference assemblies in the 1 to 70 AUNRSHBIREG NPs ratio range, could be a result of the self
assembly between K5 peptides functionalized on AuNRs existing even though the affinity?is low
In addition, a broadening of the plasmonic peaks and a loss of absorbance was observed when K5
functionalized AuNRs were added to Hi-REGE5 NPs at a low ratio (s&g&gure4.16), and TEM images
showed some coalescence of P-REGES5 NPs with KBUNRs in a few samples, as seefRigure4.15.
However, since a very low number of AuNRs are functionalized o#hPE& NPs at low ratios, we
suppose that the E5 peptide available on the surface of?PBEG NPs is greater than the number of
AuNRs and that available K5 peptide on the surface of AaMRateracting and triggering coalescence.
Even though, Cry®EM images ifrigure4.5 B and Cshow stable nanoassemblies with a low number of
AuNRs around PHAPEG NPs. At a higher ratio of 20 AUNRsH?BEG NPs, tHengitudinal wavelength
was redshifted byn < 2 nm angh < 5 nm with K5 tipAuNRs and KBUNRs, respectively and ratlifted
by n <= 3.5 nm at the highest ratio of 70 AuNRs/RLEREG NPs for both functionalized AuNRs. The
spectroscopic study was further strengthened by €M images at different ratios of K5-tyuNRs and
K5AuUNRs, respectively. Although TEM images do not defibt\vaew of AUNRSs orientation on PhAREG
NPs, we observed that some K5-8pNRs were assembled along the tips, as se&ngure4.5 B (black
arrows). OtherwiseFigure4.5 Cshows that KRAUNRs were mainly assembled via their sides tolRPLA

PEGES5 NPs. At higher ratios of AUNRsSHBLRPEG NPs, we believe that the nanocomposites might be
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better stabilized by the higher number of surrounding AuNRs and thatvineelength shiftdetected

(around 4 nm) results from the peptide bond formation.
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Figured.5 : Peptide assembly of AUNRS@REEG NPs.

A) The longitudinal wavelength shift of K5-8pNRs (in black) and #¥&NRs (in red) assemblies with Fi-REGE5

NPs in function of the AUNRS/RbAEG NPs ratio. The reference assemblies of functionalized AuNRs with PLA
PEG NPs are disclosed with egpngtjuares. TEM images of B) peptiteren assemblies of K5 t#uNRs (black
outline) and C) KBUNRSs (red outline) with PLLAPEGES NPs at different AUNRS/RbAEG NPs ratios.
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Furthermore, we observed on TEM images that the number of AUNRs el-IPEG NPs never exceeded

15, which was not correlated to the initial number of AUNRs perliPREG NPs. And so, apart from steric
issues, the driving parameter to increase the numbeAoNRs per PEB-PEG NPs is the density of E5
peptides on PLA-PEG NPs. To that end, we calculated the theoretical number of maleimide dmn PLA
PEGMal NPs. However, the reported conjugation efficiency of ligands on maleimide at the surface of PLA
b-PEG Rs varies in the literature. In fact, Andrianagt *® found that PLA-PEGMal NPs (20% wi/w)
exhibited a conjugation efficiency of 21% and 35% withsRESH and PEGoSH, respectively while
MartinezJothar etal. ®® measured that PL-A-PEGMal NPs (20% w/wexhibited a conjugation efficiency

of 50% with a low molecular weight peptide. These reports suggest that the conjugation efficiency of E5
peptides can be averaged around 23%. However, another study found that not all successfully conjugated
ligands on maleimide groups are available and active at the surface ebfPIEZS NPs. Depending on the
PEG chain length, only 6% to 15% of ligands at the surface 4 IPES& NPs are active for further usage

6. Consequently, we hypothesized the number of active E5 peptides to be between 7 and 18-per PLA
PEG NPs. This may indicate why we observed a stabilization of the wavelength shift at ALHEREZRLA

NPs ratios above 20 and a counted TEM threshold valueughly 15 AUNRs/PHAPEG NPs. Thus, we
calculatedthe exact ratio of AUNRS/PHAPEG NPs using the concentration of AUNRSs after purification.
The initially used ratios ranging from 1.7 to 70 were modified to ratios ranging from 1 to 30 AuNRs per
PLAb-PEG NPs.

Lastly, we measured the zeta potential of FI-REGE5 NPs to be=-37 + 1.8 mV and KAuNRs to b#

= 9.3+ 1.1 mV. Upon the addition of-KEBNRs at a ratio of 1.7 AUNRs/Hi-REG NPs, thus assembling a

few AuNRs around PHAPEG NPs, the zeta potential was measured t® $el2.6 £ 2 mV. At a post
purification ratio of 30 AUNRS/PHAPEG NPs, the zeta potential was measured tvhH27.6 + 0.6 mV,

thus validating a higher amount of AuNRs were linked to-lRBEG NPs via E/K peptide heterodimer
bonds.CAy I fte&s 46S GOSNAFASR GKS ylry2lFaaSyofAasSaqQ adlo
production. The absorbance peak was not broadened, and more interestingly, no loss in intensity was
observed in assemblies containing AuNRs functionalized whighadensity of K5 peptides (#uNRS)
compared to lone AuNRS5. We also checked the stability of the hanoassemblies at room temperature
and at 4°C in PBS (150 mM). No signs of aggregation were recorded even after 6 days. Regarding K5
functionalized AuNRIgft for 14 days at 4°C, we observed a broadening and a strong loss in intensity of

the absorbance peak, thus suggesting these NPs were greatly deteriorated.
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This section reported the design of peptidesembled polymemetal hanocomposites coupled with
different densities of AUNRs &?LAb-PEG NPs. We found that there is a threshold to overcome to avoid
a potential destabilization of polymenetal assemblies. As demonstrated by the optical studies,-Cryo
TEM images, and peassembly characterization, the number of AUNRs periPREG Rs is limited by

the number of E5 peptides available and active on the surface of polymer NPs. Since increasing the
availability of E5 peptides on PbAPEG NPs increases the number of AUNRs pebPEG NPs, we have
successfully synthesized PhAREGMalso and hybrid NPs composed of PbAREG-Maloyand PLA-

PEG:. As observed in the literature, these formulations could increase the number of maleimides at the
surface of PLA-PEG NPs and improve the availability of E5 pepfid&s® * In addition, our findings
suggest there is no superior optical properties of KRAiNRs compared to K&UNRs on PLB-PEGES

NPs.

Photothermal activity

In the present section, the efficiency of the nanocomposites as photothermal agents was studied by Laser
irradiation at different power densities with alternated cooling phases on pemgkembled NPs,
electrostatic nanoassemblies, AUNRs and-BPAG NPwhile always using a normalized amount of gold.

As seen irFigure4.6 A, the temperature of KAUNRS@PLB-PEGES NPs (red color data) and AuNRs
(blue color data) solutions rose to 57°C and 53°C, respectively, with a 0.7 AWfradiation for 900
seconds. Meanwhile, electrostatic AUNRsS@PLA NPs (light blue data) andPEIGES NPs (dashed data)
showed temperature increments of up to 44°C and 40°C, respectively, using the same conditions. The
temperature increments of differerformulations were dependent on the irradiation power density, as
seen inFigure4.6 A. Furthermore, thermal images of RPbAPEGES NPs, AuNRs and-KBNRs@ PL-B-

PEGE5 NPs solutions were recorded at specific timeSigure4.6 B. After 305 seconds, the reference
PLAb-PEGES5 NPs solution had not exceeded 30°C.

In contrast, the AuNRs and HbINRs@PLB-PEGES5 NPs had temperatures increased up to 45°C and
40°C from thermal images. The temperature increase is correlated to the plasmonic properties of NPs
through the calculated photothermal efficiency, as seen iatiSe S9. IrFigure4.6 D, the absorbance
spectra recorded vary significantly between electrostatic and pepdistembled nanocomposites,
suggesting distinct heat generation. Figure 4.6 C photothermal efficiencies were evaluated for
nanoassemblies of PHAPEGES NPs with K5 HAUNRs and KBUNRs at AUNRs/PIbAPEG NPs ratios of

6 and 28 (calculated from AuNRs concentration after nanocomposites purification). At a low ratio,

nanocomposies with K5 tipAUNRSs exhibited an efficiency of 27.2%, 21.4% witAuSRs, and 14.6% for
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Figure4.6 : Photothermal efficacy of AUNRS@PIPEG NPs.

A) The temperature incrememtue to AUNRS (blue), KSUNRs@PLB-PEG NPs (red), electrostatic AUNRS@PLA NPs
(light blue), and PL-B-PEGE5 NPs (dashed) solutions in function of the irradiated Laser power density in the cuvette
over time. B) Thermal images at 170 s, 305 s and 69(PsAlf-PEGES NPs (dashed), AuNRs (dark blue) ard K5
AuNRs@PL:B-PEG NPs solutions (red). C) Photothermal efficiencies calculated in function of the averaged final
AuNRs/PLA-PEG NPs ratio. D) Absorbance spectra used for the calculation of photothefigiahefes.

electrostatic assemblies. At a higher ratio, the photothermal efficiency of the peptide assemblies were
19.7% and 21.9%. As for electrostatic assemblies, the ratio was limited to 6 AuNRs-pdPIEEANPS.
Interestingly, a better photothermal efficiency wabserved with assemblies comprising K&AiNRs at

a low ratio. The efficiency of nanocomposites was compared to lone AuNRs which displayed an efficiency
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of 30.1%, as seen Figure4.6 C(dark blue bar). Only nanocomposites with K5AlpNRs at a low ratio
exhibited a similar photothermal efficiency to free AUNRs.

Even though no morphological evaluation on polymeatal nanoassemblies after irradiation was made

in this study, we examined the plasmonic activity of AUNRSs after irradiation. We measured the percentage
of absorbance decrease at the longitudinal waveléngihd at<= 400 nm, which relate to the physical
state and concentration of AUNRS, respectively. The irradiation of an AuNRs solution did not alter the
absorbance spectrum with a cycle from 0.7 W2m0.2 W cnt as shown irFigure4.6 A.

Our findings showed a blue shiftjof< 25 nm and an increase of the absorbance intensity. At a low ratio
of AUNRs/PLA-PEG NPs, the absorbance decreased from 30% and 50% for nanoassemblies with K5 tip
AuNRs and KBUNRs, respectively. However, at a high ratio of AUNREIFREEG NPs, only ¢h
longitudinal wavelength absorbance decreased by around 20%. Moreover, the longitudinal wavelength
was blueshifted by 6 nm for both types of hanoassemblies, in contrast to the transverse wavelength that
red-shifted by 1 nm and 5 nm for nanoassemblies with K5AIINRs and KBUNRs, respectively. These
observations suggest that adequately oriented AuNRs are interacting differently with the irradiated Laser
energy compared to randomly oriented AUNRs on-BIPEG NPs.

Moreover, we checked the thermal stability of the peptide bond at the interface of AUNRSs. The properties
of the peptide heterodimer E5/K5 bond are not affected in the range of temperature of the present
experiment. Indeed, studies showed that the temperawf unfolding was above 60°C for shorter and
less stable peptide heterodimér. Martelli etal. showed that the heterodimer E3/K3 can be dissociated

at a temperature of 80°€. Moreover, dter Laser irradiation, the spectra of the assemblies remalnlestahus,
showing that AUNRSs were still assembled orHRREG NPs and that the peptide bond properties remained at a

temperature of 60Cduring photothermal experiments.

In this section, we demonstrated both the superior photothermal efficiency of pejsiembled
nanocomposites over electrostatic assemblies of AUNRs ofbFIEG NPs and the remaining discrete
arrangement of AuNRs after Laser irradiation. In addition,digelose the photothermal efficiency of
nanc-assemblies with AuNRs functionalized on their tips. Lastly, we showed it is possible to assemble
AuNRs on polymeric NPs with coHeail peptides without compromising their initial photothermal

properties.
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4.7 Conclusion

Gold nanorods were functionalized with K5 peptide and assembled with the complementary E5 peptide
grafted on PLA-PEG NPs to form comatellite nanocomposites. The functionalization of K5 peptide on
AuNRs was thoroughly studied by réiate localized siface plasmon resonance which demonstrated the
possibility to graft ligands at the tips of AuUNRs. This regioselective functionalization was performed by
tuning the concentration of peptides with CTABNRs which disclosed an inversion of the transverse
wavdength shift when the ligand saturated the tips. Subsequently, we demonstrated the functional
activity of K5 peptide grafted on AuNRs due to the coupling phenomenon observed wAllINES at low

ratios. Moreover, K5 tHAUNRs assembled with BaNPs preseed an endto-end assembly between
plasmonic NPs, which validate the regioselective functionalization of the K5 peptide at the surface of
AuNRs. These results further confirmed that E5 and K5 peptides were successfully grafted and active on
the surface oNPs, thus paving the way to a new type of assembly through ecdigeptides. Indeed,
peptide heterodimer bonds are strong, versatile, and can be modulated by changing their sequence and
their dissociation can be triggered under specific therohemical conditions 2. Furthermore, we
designed coresatellite peptideassembled polymemetal nanocomposites at different densities of AUNRs

on PLAb-PEG NPs. We demonstrated that even though the assembly was not correlated to the optical
measurements, the latter allowed ug tletermine the threshold number of satellites required to maintain
stability. In addition, the number of AuNRs per BEREG NPs was higher in an assembly usiAg5ES
peptides compared to using electrostatic interactions and AUNRs could also be lorgjljudifented on
PLAb-PEG NPs. Our results document a proof of concept that heterodimEbE®ptide pairs can be

used as linkers between organic and inorganic NPs. Finally, we demonstrated that AUNRs assembled with
peptides on PLA-PEG NPs exhibited tdgher photothermal efficiency than randomly electrostatic
assemblies. This efficiency was similar to that of a solution of free AUNRS, and no signs of aggregation

were observed after irradiation, thus confirming their stability.

4.8 Annexes

Supporting sections
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Section S1Synthesis and purification of AUNRSs.

The seed solution was prepared by mixing 5 mL of 0.5 mM H®WitEb mL of 200 mM CTAB and adding

0.6 mL of iced fresh 10 mM NaBHto a 20 mL Erlenmeyer flask. The seed solution was stirred, and aged
for 45 min at 27°C. Meanwhile, the growth solution was prepared by mixing 5 mL of 200 mM CTAB with 5
mL of 1 mM HAu&hnd adding a volume of 4 mM Agdi@to a 20 mL Erlenmeyer. 58 of 100 mM
ascorbic acid was added and the solution was stirred vigorously. Finaty, dfzhe aged seed solution

was added to the growth solution and left undisturbed at 27°C for UNRSs were stored at 4°C before
purification and characterizationAuNRs were purified by centrifugation at 1 000 g for 30 min. The
supernatant was further treated with an ethylesgtycol/CTAB (EG:CTAB) density gradient (from 40% to
70%) as follows: the supernatant was deposited on top of the gradient and centrifuge@Datdpfor 20

min. Gold nanospheres (AuNPs) were localized at the bottom and AuNRs were recovered in the gradient.
Subsequently, the solution of AUNRs was centrifuged 2 times at 10 @0@% in, the supernatant was

discarded and the pellet redispersed in M{Jliwater.

Section S2. Synthesis, purification, and characterization of AUNPs.

AuNPs were synthesized with the Turkevich method. 50 mL of 0.25 mM 4$alfibn was stirred and
heated in an Erlenmeyer flask. The solution was left boiling for 1 minute and therL3§(3B9 mM sodium

citrate was added quickly. The solution was removed from the hot plate after the color changed to red.
AuNPs solution was stored at 4°C before purification and characteriz#&tiddPs were centrifuged 2

times at 5 000 g for 15 min, the supernatant was discarded, and the pellet was redispersed-@ Milli
water. The hydrodynamic diameter was measured by Dynamic Light Scattering (DLS) and the absorption

spectrum was recorded with a WWisible spectrophotometer.

Section S3. Purification, and characterization of Rhased NPs.

All PLAbased NPs were quickly dialyzed with a membrane-gffusize 50 kDa) for 12 h against water
Subsequently, Tangential Flow Filtration (TFF) was used to remove free polymer chains from NPs solution
and concentrate with a 0.08m polysulfone hollow filter membrane for 1 hour. Aliquots of the NP solution

(1 mL) were placed in an Eppendorf and lyophilized. The concentration eb-PE& polymer was
determined by weighing the Eppendorf after complete drying. The hydrodynamic diamktke final

NPs wa measured by DLS and NP solutions stored at 4°C.
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Section S4. Absorbance in retiine and insolution.

A realtime spectrophotometer (SpectraCube, Plasmetrix) was used for localized surface plasmon
resonance (LSPR) measurements. It was used for recording absorbance spectra and for precisely
determining the wavelength of peaks of interest in réale. Data of samplesra references were
recorded at the same time with identical experimental conditions. The accompanying software allowed
to fit the selected wavelength range of the spectrum with a theoretical 0.02 nm resolution using a

polynomial function.

Section S5. PEGylation of AuNPs and AuNRs.

PEGylation of AuNPs and AuNRs was measured btimeakpectrophotometry. 20-L of an aqueous
solution of PEESH was added to 2 mL of AUNRs solution at different final concentrations fréta 10

mM. The PEGH solution was added successively, after the wavelength shift of the previous addition
attained a plateau, to increase the PEG concentration and data were collected as one set. The different
data sets were obtained from different AUNRs sagspllhe AuNRSs initial concentration was kept constant

in every adsorption experiment of this study. The low content CTAB is representing a concentration of
roughly 0.5 mM and the high content CTAB roughly 10 mM. The absorption spectra and shifts of the
plasmonic peaks (transverse and longitudinal) during thditemh of PEGSH were recorded in real time

with the SpectraCube spectrophotometer. The same protocol was used with a solution of PEG end
functionalized with a methoxy group (PB&O). The PEGylated AuNRs were centrifuged two times at 10
000 g for 25 minThe supernatant was discarded, and the pellet was redispersed inQMiater. The

Zeta potential was measured on a Zetasizer (Nano ZS), after PEGylation of AUNRs with high content CTAB
at different PEGH and PE®leO concentrations. The thickness of tt@ating on AUNRs was measured

from TEM images taken on lacey hollow carbon grid at different&#EGoncentrations.

Section S6. E5 peptide functionalization of AUNPs.

AuNPs were functionalized with aqueous E5 peptide solutions (final concentration frormN.620.5

>M) for 6 h under slow agitation. The SpectraCube spectrophotometer was also used to assess the shift
of the wavelength of AuNP$hen, a Sephadex column-28 M) was used to remove free ES5 peptideS
peptidesfunctionalized AuNPs solution was injected in the center of the Sephadex column, and the eluate
was recovered after centrifugation at 1 000 g for 2 min, repeated twice. The hydrodynamic diameter after

functionalization was measured by DLSr Eontrol AuNPs, MilQ water (instead of E5 peptide) was
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added. The stability of peptiginctionalized AuNPs solutions was assessed by recording absorption

spectra and hydrodynamic diameter after a week.

Section S7. Plasmonic metallic assemblies AUNPs@AUNRS.

All assemblies between metallic NPs were conducted in@lMiater. A citrateAuNPs solution was added

toaCTAB dzbwa a2fdziAz2y G RAFFSNBYG LI NIAOEfSAaQ ydzyo SN
electrostatic metallic assembly; and up to 1NRs/AuNRs for peptidedriven metallic assembly. The

solution was agitated for at least 12 h and SpectraCube spectrophotometer was used to follow the
wavelength shift threshold ratio for aggregation of different assemblies. The TEM images and zeta
potential were gathered from the different assemblies. The PEGylated AUNRs and PEGylated AUNPs were
used as references for electrostatic and peptide assembly, respectively. BRdsatability of metallic

assemblies was assessed by recording absorption spectra after a week.

Section S8. Protocol CryDEM.

The acquisition of TEM images was done in bright field mode on a transmission electron microscope (JEOL
JEM2100F) equipped with aample holder cooled by liquid nitrogen. The grids were introduced in the
microscope column under vacuum. Liquid nitrogen was added to the sample holder and temperature was
recorded. The sample was exposed to the electron beam only after the temperatdneehahed110°C.

The images were digitally recorded at a low electron dose to prevent damage to thesdnesitive

particles.

Section S9. Calculation of the photothermal efficiency.
The photothermal efficiency | was calculated by Equation S2 1

' = [hA (Tnax Tour)-Qo/1(1-104C%) | (Eq.S21)
his the heattransfer coefficientAis the surface area of the containdmaxis theequilibrium
temperature Tsuris the ambient temperature of the surroundin@y is the heatassociated with the
absorbance of the solvent, | is the incident laser power, and A{808e absorbance of the nano
FaasSyote G yny yYo
The value of hA is determined from the Equation S2 2 :

hA= mC/s (Eq. S2 2)

m and C are the mass and heat capacity of water used as the solvent, respegtigehe sample system

time constant.
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_sis calculated according to Equation S2 3 which is related to the cooling phase of nanocomposites after
irradiation :
t=-_ & THTsy)0Tehax Tsun)] (Eq.S23)

Supporting figures

Figure4.7 : Characterization of PEGylated AuNRs.
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Figure4.8 ; Stability of K5SAuNRs.
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Absorbance spectra of AUNRs functionalized with K5 peptides withoutRSdation (blac
curve) and with posPEGylation (red curve) after 2 days.

After the functionalization of CTABUNRSs with 1.2M K5 peptide, the sample was either k
for storage (black color curve) or functionalized with PFRG(red color curvepamples wer
stored at 4°C. After 2 days, the absorbance spectra of both samples were recorded.
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Figure4.9 : Protocol functionalization of AUNRs by K5 peptides.
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fitted on the longitudinal wavelength blue shift of peptide and PR&Gadsorption on AuNRSs.

The longitudinal wavelength shift of AuNRs was recorded over time with a Spect
spectrophotometer in solution for the functionalization with K5 peptide and the following-p&ssylatior
A Langmuir adsorption model (red curve) was fitted on the bhift ef the longitudinal. wavelength.
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Figure4.10: E5 peptide functionalization of AUNPs.
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E5 peptide concentrations (red bar). AtB E5 peptides, water was used as reference. Hydrodynamic diameter ()
is also mentioned on top of wavelength shift bars for each E5 peptide concentration.
Citrate stabilized AuNPs (citrafINPs) were synthesized with a hydrodynamic diameter of @ = 19 nm,
Polydispersity Index (PDI) of 0.09 (14.1 + 1.2 nm with TEM images). AuNRsnegomalized with the E5 peptide
which is complementary to the previously used K5 peptide. The E5 peptides were functionalized in the same way as
K5 peptides on AuNRs. The addition of E5 peptides figm €C02>M to Gs= 0.05>M increased the hydrodynamic
diameter from @ = 20.5 nm (PDI = 0.27) to &g = 366 nm (PDI 0.55), respectively. In addition, we found that upon
increasing the concentration of E5 peptides, the plasmonic peak of AUNPs watsifted. Specifically, a reshift of
N < 0.075 £ 0.04 nm was measured gt<€0.02>M, which was increased o < 2.04 £ 0.48 nm atz€= 0.2>M. A
wavelength shift ofi <78.5 = 2.12 nm was observed at€0.5>M, which can be attributed to the aggregation of
AuNPs. Finally, our obs&tion of an adsorptiodike shift of the plasmonic wavelength after the addition of E5
peptides with SpectraCube spectrophotometer further confirms the adsorption of E5 peptides on AuNPs.
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Figure4.11: NMR spectrum of PLA-PEGMal NPs.

A B

IH-NMR spectrum of A) PBE@al polymer in BO at a concentration of 5 mgL? and B) PLA-PEGMal
NPs in BO at a concentration of 7 mg.mLPeaks at 3.6 ppm (a) and 6.7 ppmdyrespond to Ckof the
PEG backbone and CH of the maleimide group, respectively

The'H-NMR spectra of PERal polymer at different concentrations were recorded and a calibration ¢
was produced. ThéH-NMR spectra of PLB-PEGMal NPs in BD after purification were recorded
determine the concentration of PEG and maleimide at the surface cbFREGMal NPs. The signal of t
maleimide groups in the samples of Ph-REGMal NPs was not detected.

Figure4.12: Cryo TEM images of PL-B-PEGE5 NPs.

-
CryeTEM image of PLB-PEGES NPs after purification.
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Figure4.13: Plasmonic metallic assemblies AUNPs@AUNRSs.

T T T T 40 T T T —_ 60 - L T l‘)l ‘| T
y, ) IS 1 Assem Aggregation
10 S S {1 E AP £ . v 1Aggreg
g ueEE =05 ———— 50F ! | .
= 0.9} Citrate-AuNPs + PEGylated AUNRs g &£ 30 AuNRs 1 = | !
= < < ! |
S 0.8+ AUNPs _ - 40+ I _
o AunRs =09 = £ ! !
sy = ! |
O 07} . <, c ! ® |
= S AUNPs 555 1 @ 30f , ! .
o 06} . g AuNRs g ! w
= A ® 3 ! |
2 05) / AuNPs 1 2.l ] 2 : : |
= 04l * / mngs=0-25 | | 210 ) ! )
’ : / 3 =0.2 T 1or . l 1
03} o f - ! |
- » >/ Bl T S ole @l % o o | Redshi
0.2 PEGylated AuNRs Citrate-AUNPs + CTAB-AUNRs _| g . , ‘ g e - I -®- ‘ - 7‘7 - --- EFU(TE gh]fjt i
1 1 1 L L L
400 500 600 700 800 900 — g 50 100 150 200 — 0 01 02 03 04 05 06
Wavelength (nm) Time (min) Ratio AuNPs / AuNRs

A) The absorbance spectra of electrostatic metallic assembly and controls. The PEGylated AuNRs (dashed curve) is
disclosed as a reference spectrum. B) The longitudinal wavelength shift over time in function of different
AuNPs/AuNRs ratio. C) The longitudiwavelength shift of different metallic assemblies between cit&teNPs and
CTABAUNRSs (red data) and PEGylated AuNRs (blue data).

We previously showed that the functionalization of AUNRs, AuNPs ant-PE& NPs with coilebil peptide was
possible. However, their availability and activity on different NPs for the formation of a bond has yet to be
demonstrated. Consequently, peptidanctionalized AuUNPs and AuNRs were used to design metallic assemblies and
compared to nompeptide surfactardriven assemblies. CitrateuNPs were mixed with PEGylated AuNRs at a
AuNPs/AuNRs ratio of 0.5. The longitudinal wavelength of PEGylated AwR&svak<=770 nm (dashed curve).

No significant wavelength shifph (<= + 0.2 nm) was observed dt= 770 nm after increasing the ratio of charged
AuNPs to PEGylated AuNRs. However, we did observe an increase of the absorbance interg80atm, which

is attributed to the increase in concentration of AUNPs. The addition of citkat¢Ps to CTABUNRS at a ratio of

0.25 AuNPs/AuNRs induced a +&dft of N <around 20 nm, while exhibiting two characteristic AUNRs peaks
indicative of noraggregated assemblies. When the ratio was bumped up to 0.9 AuNPs/AuNRs, the loabitudi
absorbance intensity strongly decreased due to aggregation. This assembly could not be measured at ratios superior
to 0.5 AuNPs/AuNRs with SpectraCube® spectrophotometer. It is to be noted that the distance between citrate
AuNPs and CTABINRs was caltated to be roughly 2 nm in neaggregated metallic assembly TEM images (not
disclosed).
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Figure4.14: Stability of electrostatic AUNRs@PLA NPs.
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Homoaggregation experiments performed by réate spectrophotometer have been realized in order to gain
insight on heteroaggregation between AuNRs and PLA NPs. A solution turbidity can be measured by using the
f A 3K G Qamedsyrémdnf éan lie dethteditdtiSe tranendit@dNipht. pécra profiles

of a turbid solution have a very large band red shifting with aggregation over time. The second element that can be
described is the decrease of the absorbance intensity. It can baiargl by the turbidity increase of the solution,

iGNy yayYAdidsSR

which can be justified by the formation of aggregates with bigger size.

PLA NPs can be considered as only diffusing object. In this case the extinction cross section of the particle is only
composed of the scattering componenk{&ering. In the Rayleigh approximation, the scattering cross section can be

related to the absorbance thanks to the Kerker relationship:

o) 17 €

£ on —

A = Absorbance
It = Intensity of the transmitted light

- (Eq. S51)

(Eq. S5 2)
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lo = Intensity of the laser

(N/V) = concentration in terms of particles number by unit of volume
R = radius of spherical particles

L = total length of the medium

<= wavelength

n = particle index of refraction

In absorption spectra, the fit has been performed in function of the wavelength on the exponential domain of
variation. The fit formula is the following one:
® (Eqg. S5 3)

The exponent b is related to the fractal dimension (df) of the aggregate. A low df value is characteristic of an open
structure and aggregates tend to be linear, in the DLCA regime. On the contrary, at higher df value, aggregates are
compact, in the RLCA domain of coagulation. Moreover, the fractal structure is also related to the sizefolidthe i
aggregates (i) assungrthe initial radius (Rh(0)) and df is known:

YQ YQm z2'Q (Eqg. S5 4)
Characteristics related to the fractal dimension make it a good candidate for following the assembly kinetic between
AuNRs and PLA NPs.

The attachment efficiency is extracted by plotting the inverse of the fractal dimension versus the time logarithm.
The result of this transformation is obtained by combining equations S5 1 and S5 4 :

- — iic (Eq. S5 5)

To evaluate accurately the kinetic aggregation, the linear fit is only performed on the early time.

Figure4.15: TEM images of AUNRS@RbAEGES NPs.
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et ST 15
-

Peptideassembled nanocomposites at AUNRSHBLREG NPs ratio of The image was recorded by TEM.
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Figure4.16: The absorbance spectra of peptide assembled nanocomposites.
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Supporting table

Table4.1: PLAb-PEG NPs characterization.

Hydrodynamic | PDI Hydrodynamic diameter | PDI
diameter (nm) after E5 addition (nm)
PLA NPs 135 0.09 / /
PLAb-PEG NPs 128 0.07 136 0.20
PLAD-PEGMal NPs 150 0.12 188 0.25

Hydrodynamic diameter and PDI of PLA NPs;tPRBG NPs, and RbAEGMal NPs before ar
after functionalization with E5 peptides after purification.
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5. CHAPITRE &JNE THERAPIE COMBINEE
IMMUNOTHERAPIE/PHOTOTHERMIQUE SYNERGIQUE QU
CIBLE LES MACROPHAGES POUR UNE AMELIORATION D

MICROENVIRONNEMENT TUMORAL DU PDAC



5.1Préambule

Les travaux présentés dar@ I NJi %o poSé les Bases de notre approche nanoparticulaire pour le
traitement duPDACDans caouveau chapitrenous allons explorer plus en profondeur I'application de
notre systéeme i.e.l'utilisation de AUNRS@PL-REG NPs précédemment développésnme vecteurs
capables non seulement d'encapsuler efficacemeninhibiteur de macrophagesais aussi die libérer

de maniére controlée en réponse aQ K & LIS Ndetke priupridtéphotothermique ayant étmontré
comme efficacE RI'ya f QF NIAOES wo

Il est important de noter queméme si dang Q| NJdas@épidesHl& type coilecbil ont été utilisés
pour I'assemblage des NPs, nous avons par la suite optimisé notre approche. La synthése efpedecale
ces peptides se sont avérés délicats, ce qui nous a conduit & développer une version améliorée de notre

systéme sans |'utilisation de ces peptides.

Dans ce chapitre, nous présenteratenc les effets mulithérapeutiques in vitro de notre systéme pour

le PDAC.
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Article3. Nanothérapie combinée : immunothérapie et photothermie pour
moduler le microenvironnement tumoral pancréatique
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5.2Résumé

Le but de cette étude est de développer une stratégie thérapeutique camBBAC, en combinant la PTT

et limmunothérapie. Nous utilisons deklPs composites polymémaétal (AUNRS@PLREG) qui
encapsulent un inhibiteur dia voiePI3k! X -549% pkermettant de reprogrammer les macrophages-anti
inflammatoires (M2) en pranflammatoires (M1). Notre approche vise a moduler le microenvironnement

tumoral complexe et immunosuppresseur du PDAGza &8 A INNOS t f QSTFFSG G2EA|d
recrutement des cellules immunitairedotre étude caractérise les propriétés physatmiques des NPs

chargées, évalue leur toxicité, et examine leur efficacité in vitro. L'utilisation de cellules cancéreuses
pancréatiques (KPC) et de macrophages permet de mieux simuler le microenvironném@mAC.
L'évaluation de I'efficacité dans des modéles 2D eh80s a permis de mieux comprendnetamment

f QSTFSG RS 1 NBLRfFNXALF (A2 yCeRrésaltata mettdntreMdvitiehdelle}2 NI £
potentiel des NPs polymémmétal comme platforme pour limmunothérapie et la thérapie

photothermiquecombinée dans le PDAC.

5.3 Abstract

The aim of this study is to develop a therapeutic strategy against PDAC by combining PTT and
immunotherapy. We utilize composite polymaretal nanoparticles (AUNRs@PREG NPs) that
encapsulate a PI3K pathway inhibitor, IRb49, enabling the repolarization of astiflammatory
macrophages (M2) into prmflammatory (M1). Our approach aims to modulate the complex and
immunosuppressive tumor microenvironment of PDAC, also leveraging the indirect fexica#fPTT on

immune cell recruitment. Our study cleaterizes the physicochemical properties of the loaded NPs,
assesses their toxicity, and examines their efficacy in vitro. The use of pancreatic cancer cells (KPC) and
macrophages allows for a better representation of the PDAC microenvironment. Evalofdffitacy in

both 2D and 3D models is essential for a more comprehensive understanding, particularly of the
synergistic effect of M2 repolarization compared to monotherapy. These results highlight the potential of

polymermetal NPs as a platform for comled immunotherapy and photothermal therapy in PDAC.

5.4Introduction

Pancreatic ductal adenocarcinoma (PDAC), which accounts for nearly 90% of pancreatic cancers,

originates from mutations in pancreatic epithelial cells. These mutations typically lead to lesions in the
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pancreatic duct, followed by the local spread of cancer cells and subsequent metdstasimajor
challenge in treating PDAC is its late detection due to nonspecific symptoms often mistaken for benign
conditions, leading to diagnosis at an advanced stage. Current treatment options are limited to surgical
resection, accompanied by prand/or post-operative chemotherapy and/or radiatioh However, this
procedure is only applicable to resectable PDAC, where complete tumor removal is feasible. Non
resectable PDAC, which includes cases with vascular involvement or metastasis, constitutes a significant
percentage of diagnoses and is primarilyamaged with a combination of individual chemotherapy
molecules, which rarely shrinks tumors enough for surgical interverticd@onsequently, the -§ear

survival rate for PDAC patients is approximately 10% as of 2020, making it the fourth leading cause of
cancerrelated deaths in the United StatésBy 2026, pancreatic cancer is projected to surpass colorectal

cancer as a leading cause of canedated deaths.

The poor prognosis and limited treatment options for advanced PDAC are largely attributed to its unique
tumor microenvironment (TME). PDAC exhibits low immunogenicity and minimal immune cell mutation,
resulting in a TME that supports tumor growth by marépung regulatory pathways. In the early stages

of the disease, pranflammatory immune cells are present; however, over time, these cells are depleted
and transformed into immunosuppressive phenotypes, including fibroblasts and macrophages
Moreover, these immunosuppressive cells produce excessive extracellular matrix components, creating a
dense stroma that constitutes up to 50% of PDAC halsis dense stroma physically isolates the tumor,
preventing immune cell penetration and hindering the efficacy of therapeutic agents, although this

paradigm is being questionéd

This highlights the complex interaction between immune and stromal pathways in PDAC, demonstrating
the urgent need for innovative therapies that can modulate the TME and enhance treatment efficacy.
Despite the development of various chemotherapeutic corabans, the results have been limited due

to the challenge of achieving a sustained immune response within the complex TME in humdf trials
Research efforts have increasingly focused on combining approved chemotherapy with immunotherapy,
radiotherapy, or immune checkpoint inhibitors (ICP) in both in preclinical and clinical stddfes
Immunotherapy research has grown significantly, particularly targeted therapies for PDAC. Targeting
immune cells, such as tumaissociated macrophages (TAMs), which are abundant in PDAC and play a
crucial role in disease progression, is a hot tépi€or example, the molecule {849 (Eganelisib), which
inhibits PI3K pathway, has shown promise in reprogramming TAMs into arffammatory phenotype

to stimulate cytotoxic immune responsés®® Although beneficial in certain cancers, its effectiveness in
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PDAC remains to be se&h Additionally, combining therapeutic strategies aided by nanotechnology is a

focus, considering that the dense stroma in pancreatic tissue continues to impede therapeutic efficacy.

Mild hyperthermia, which involves raising tumor temperaturesterd® ¢/ X Kl & 0SSy dza SR
tumors to other therapie€®?2. Nanoparticlebased photothermal therapy (PTT) has been employed to
exert direct physical effects on cancer and stromal cells, aiming to kill cancer cells and reduce interstitial
pressure. Additionally, in photothermal immunotherapy, PTT is used to induneinogenic cell death

(ICD) in cancer celfS. This process releases tumassociated antigens, thereby eliciting antitumor
immune responses. However, neither PTT nor immunotherapy alone has been sufficient to cause
complete tumor regression in PDAC, highlighting the need to explore their combin&¥ibile some

studies have investigated nanoparticles (NPs) that combine immunotherapy and hyperthermia using ICP
and VEGF inhibitoré?®, these approaches have limitatioffs However, few have focused on combining
macrophagetargeted inhibitors and hyperthermia, with exceptions in colorectal and prostate cancers
studies?"?8, However, these studies used ICG as PTT agents or through the generation of ROS species in

the contrary of highly efficient and stable metallic PTT NPs.

In this study, we explore a novel therapeutic strategy that integrates immunotherapy and PTT using
composite polymemetal NPs?® to modulate the pancreatic tumor microenvironment. Macrophage
based immunotherapy with the inhibitor HB49 aims to enhance the patient's immune system by
reprogramming antinflammatory macrophages into a pinflammatory phenotype that can activate T

cells and release cytotoxic components to destroy canceréelfeanwhile, PTT exploits NPs to convert
light energy into heat, inducing localized tumor cell death and releasing mole€utesThe synergistic
effect of these therapies, mediated by unique polyrmeetal nanoparticles, has the potential to disrupt

the TME, increase immune cell infiltration, and enhance overall therapeutic outcomes. Our goal is to
develop a robust and controlledgatment strategy that significantly improves the prognosis for advanced

pancreatic cancer patients.

This paper presents the encapsulation of the hydrophobic dru§4®lin composite corsatellite gold
nanorods (AuNRs) and copolymer RI-REG NPs, and its controlled release via an externalinfared

(NIR) laser. We demonstrate the biocompatibility these NPs with pancreatic cancer cells and
macrophages. Initially, we show that these NPs can achieve mild and high hyperthermia by adjusting the
laser power density, differentially affecting cancer cells and macrophages, with a more significant
decreasdn cancer cell viability without compromising macrophages viability. Additionally, we show that

encapsulated IP349 can repolarize Mlke macrophages into the Mllke phenotype as effectively as
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free IPI549, with the NIR laser enhancing this repolarization in a 2D in vitro model. Finally, we
demonstrate that the combination of encapsulated-#4B and photothermal therapy can inhibit the
growth of multicellular pancreatic cancer spheroids andegpdiate a longterm immune memory effect

in repolarized macrophages-exposed to new cancer cells. This work highlights the potential of polymer
metal nanoparticles as a versatile platform for combined immunotherapy and photothermal therapy in a
PDAC mode

5.5 Matériels et méthodes

Synthesis and stability of AUNRsS@RbAEG NPs

AuNRs were prepared by adapting methods from Nikoobatlal.eand Jana edl., following a twestep
synthesis. AUNRs were centrifuged twice at 10 000g for 15 minutes and resuspended@wditier. A
volume of PE&ge-SH (10 mM), adapted to trmncentration of AUNRS, was added and mixed for 6 hours.
The solution was then centrifuged again atdg for 15 minutes, the supernatant discarded, and the
pellet resuspended in water. PIAPEG NPs were synthesized using a micromixer in a flash
nanoprecipitation NanoAssembler. A solution of 5 mL acetone containing 16 mg eéf-PE& and 4 mg

of PLAb-PEGSH was mixed with 5 mL of water at each end of the micromixer at a flow rate 10 mhL min
To obtain fluorescent PLBPEG NPs, 0.9 mg of RC¢5 was adied while maintaining the same ratio of
PLAb-PEG to PL-A-PEGSH polymer. The output solution from the micromixer was poured into 20 mL of
water with agitation. The solution was then subjected to rotavapor at 80 mbar for 5 minutes and dialyzed
against Mili-Q water for 1 hour. Finally, NPs were filtered using a 8mM3PES filter. The solution of NPs
containing a mixture of PLB.PEGSH and PL-B-PEG copolymer chains is abbreviated astrPEGSH

NPs.

PLAb-PEGSH NPs were added to previously low density PEGylated AuNRs at a number ratio of 5:1 for 2
hours at 4°C. Then, P&éSH (10 mM) was added in excess and mixed slowly for 2 hours. The assembled
NPs were purified and concentrated using Amicon 80Qg for 7 min. The NPs were characterized by

spectrophotometry and TEM. The final NPs are abbreviated as AUNRS@&HGNPS.

Encapsulation of IP549 in AUNRS@PLAPEG NPs
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IPF549 was encapsulated in AUNRs@BEPEG NPs at ratios of 1%w, 3%w and 5%w, respectiveddaPI
wasadded to the organic solution of PIbAPEG in acetone during the flash nanoprecipitation process.
Purification followed the proceduragescribed previously.ri€apsulation efficiency (EE) and drug loading
(DL) were determined by taking 16Q of samples diluted in acetone or DMSO and measuring the total
amount of IPH49 by absorption spectroscopy. The remaining solution was centrifugedGaggifor 2
hours at 4°C. A portion of the supernatant was frozet2@tC for HPLC and absorption sfpescopic. The

rest of the supernatant was discarded, and the pellet was resuspended in either 5 mL-Qf Méter or

3 mL of acetone. The pelletsespended in water was then dispensed into Eppendorf and weighted. After
lyophilization, the samples were weighted again to determine the polymer concentration of polymer
(minus the mass of IB49). Alternatively, the pellet was resuspended in 3 mL ofcaeeimmediately
after the supernatant was discarded, mixed and the absorbance spectrum recorded. Calibration curves at
360 nm in acetone or DMSO and 260 nm in PBS, were prepared ranging from 2gtonkf) A solution

of NPs without IPb49 served as thélank for spectroscopic quantification. EE was calculated as the
amount of encapsulated HB49 inside PLA-PEG NPs divided by the initial amount of3#9 added. DL
was calculated as the amount of 849 encapsulated in PHAPEG NPs divided by the aumt of PLAb-

PEG polymer used. The size and zeta potential of NPs with differ&dtfpblymer ratios were measured

by DLS, with dilution in water and mixed with 1% NaCl.

IPF549 stability and release

To determine the degradation stability of {849, the absorbance at 360 nm was measured to obtain a
calibration curve over time at different temperatures and under different 808 nm laser irradiation power
densities. IRB49 was diluted in PBS at 2 mL?, and its stability was assessed-20°C, 23°C, 37°C and
50°C. Samples froR20°C to 37°C, were kept for 3 days, with spectra recorded at 2, 5, 24 and 96 hours.
At 50°C, the stability of samples was assessed after 5 minutes. The stability54® IBhde laser
irradiation was assessed using the same methodology as for temperature stability. The laser was directed
at an open Eppendorf tube containing-B29 solution and turned on for 5 minutes at 0.2, 0.5 and 1 W

cm?at 37°C. The laser fiber was positioned 3 cm from the sample to ensure the correct power density.

We measured the amount of HB#9 (at IPB49/polymer ratio of 5%w) released from AUNRs@BIPEG
NPs at 37°C in PBS with or without successive laser irradiations over 96 hours. The power density was set
at 0.2, 0.5 and 1 W ciwith the laser turned on for 5 minutes at 2, 6, 12, 24, 48 and 96 hours. A thermal

camera was used to monitor the solution temperature, during irradiation, and the data were analyzed to
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plot the temperature before and during the-riinute irradiation. All Eppendorf tubes were irradiated
each time, and 506L was taken out to quantify the total amount of-B219. The Eppendorf tube was
then centrifuged at 49000g for 2 hours. The supernatant was stored-2@°C, and the pellet was
redispersed in acetone. Samples were filtered (&:A5 PES), and spectra were recorded and analyzed. A
one-time release irradiation (1 W cfafter 15 hours without irradiation was also performed. The release

of IPF549 was measured at 1, 12, 15 (after irradiation) and at 48 hours.

Cell culture and macrophage polarization

The cell culture medium used was Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum. RAW 264.7 cells were maintained either unpolarized
(MO) or polarized (M1 or M2) using the same protocoletyj cells at a concentration of 200 000 to 500

000 cells mtwere seeded in a-T5 flasks or 1&vell plates. Once adherent, the cells were treated with 1

>L of LPS andNF (100 >g mltY) to induce preinflammatory macrophages (Mike). For anti
inflammatory macrophages (Mike), tumor conditioned media (TCM) was us&PC cells were
generously given by Pr. Veena Sangwan (McGilf.TCM was prepared by mixing 20 mL of DMEM with

20 mL of media collected from KPC cells after 3 days of culture, followed by centrifugation at 1 500g for 5
minutes. Then the cells wermcubated for 24 hours and observed under a microscope (Zeiss Axio
Observer 200). After incubation, the cells were washed two times with PBS and either lyse or scraped for

further use.

Biocompatibility

MO macrophages and KPC cells were seeded wedbplates at a density of 1amD0 cells mt and
incubated in DMEM overnight. The cells were washed and exposed to various concentratiorsA8f IPI

(2, 5, 10, 20, 40, 50, 80 ug HLdissolved in DMSO, and AUNRs@IPBPAG NPs, along with controls
containing only DMSO and DMEM, for 48 hours. Laser irradiation toxicity was also assessed, cells were
irradiated by a 808 nm laser (0.2, 0.5, 1 W& ifior 5 minutes, during which the temperature in the wells

was ecorded using a thermal camera. After the incubation with samples or the laser irradiation, cells
were washed, and the medium replaced before adding-lL®f MTS solution (& ,5-dimethylthiazot2-
yI)-5-(3-carboxymethoxypheny2-(4-sulfophenyl)2-tetrazolium). Following a -Bour incubation, the
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absorbance at 490 nm was measured. The metabolic activity was calculated as a percentage of the

average absorbance (N=6) of the treated cells compared to the control cells exposed to only DMEM.

Hyperthermia effect and uptake of AUNRS@PRBEG NPs
M1-like/M2-like polarized macrophages and KPC were seeded-imefidlates at 10@00 cells mtand

80 000 cells mt, respectively, to determine the effect of hyperthermia. Once adherent, a solution of
AUNRs@PLB-PEG NPs was added to the cells at concentrations>gf mL! and 5>g mL%, with PBS

added as a control (8g mLY). After 24 hours of incubation, the wells were irradiated with a 808 nm laser

at 0, 0.2, 0.5 and 1 W cfifor 5 minutes. Following an additional 24 hours of incubation, the metabolic
activity was measured by adding #0 of MTS solution and incubating for 3 hours. The metabolic activity
percentage was calculated using the PBS control as a reference. The temperature increase of the

corresponding sample was recorded using a thermal camera.

M1-like, M2like macrophages and KPC cells were seeded welplates at 50 000 cells mland
incubated in DMEM, or in TCM for MiRe cells, until reaching approximately 70% confluence. Cells were
washed with PBS and exposed to a solution of AUNRS@PE&CY5 NPs (5g mL!) or PBS and left in

the incubator, to determine the uptake efficiency. After 24 hours, the cells were washed three times with
PBS, then 508L of lysis buffer was added, and the cells were incubated for at least 2 hours, engithing

a microscope that the membrane of cells was broken. The samples were then collected and centrifuged
at 1 500 g for 5 minutes. The supernatant was collected, and the fluorescent intensity was measured using
a spectrophotometer instrument (Tecan Sparfdegative controls consisted of cells treated with PBS,
while positive controls consisted of the same number of AUNRs@MEGECY5 NPs in lysis buffer

without cells. Some wells were not lysed and used to check the vidiyliTS assay.

Repolarization effect of IP549

M2-like macrophages were seeded at 200 000 celld ml12well plates and exposed to PBS, 5 ugtmL

of IP¥549, 5 ug mt of AuNRs, and 5 ug mlof IPF549 encapsulated in AUNRS@FRERG NPs
(AUNRs@PLREG(IP549) NPs) for 24 hours. Then, cells were irradiated with a laser at 1 3ftcrs
minutes, while controls remained ndrradiated. Cells were then scraped and diluted to approximately 1
million cells mt, and cell viability was assessed. Following viability measurement, the cells were

centrifuged & 350g for 5 minutes and the supernatant was discarded. The cells were resuspended in 98
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>L of cell staining buffer (CSB) andl2of Feblocker antimouse (125>g/mL), then incubated on ice for

15 minutes. The cells were centrifuged again at 3509 for 5 minutes and the supernatant was discarded.
The pellet was resuspended in 94 of CSB, with the addition of>2. each of the following antibodies:
Alexa Fluor 647 anthouse CD80 (125g mL?!), PEeFluor 610 antmouse CD11b (125 ug rfjLand
APC/Cyanine7 anthouse CD163 (125 ug f)L The mixture was incubated on ice in the dark for 45
minutes Subsequently, the cells were centrifuged at 3509 for 5 minutes and the pellet was resuspended
in 100>L of Zombie violet dye (16&/mL). Once again, cells were centrifuged at 350 g for 5 minutes, the
supernatant was discarded, and 1 mL of CSB was added. This washing step was repeated three times.
Finally, the cells were resuspended in 0.6 mL of CSB and injected into the flow cytof@ control
(fluorescence minus one) was done once, and compensation controls were done before each new
experiment witha new cell phenotype. Unstained cells were used as negative control in the gating
strategy. This strategy was as follows: debris were first removed, followed by gating of singlet cells, then
viable cells (Zombie violet dyemacrophages (CD13band finally the macrophage phenotypes (CD80

or CD163. The results argresented as the percentage of CD1&®lls in function of the IP349

concentration. Additionally, cell morphology was observed under a microscope at each step.

Multicellular 3D spheroids

KPC cells and Mie macrophages cells were mixed at a 7:3 ratio and seeded in an ultralow attachment
96-well plate (Biofloat) at a density of 5 000 cells in 2Q(er well. The plate was incubated for 24 to 48
hours until the spheroids were formed. Every two days, 3100f the medium was removed and replaced

with fresh medium. On day 0, the spheroids were supplemented with PBS, AUNRB@BL(Z&g mL?),

IPF549 (5>g mLY), or AUNRs@PEREG(IP549) NPs (5 ug m).for 6 to 14 days. On day 1, spheroicere
subjected to laser irradiation (1 W/cin5 minutes), while controls remained namadiated. The surface

area of the spheroids was monitored every two days using an inverted microscope (Carl Zeiss Axio

Observer, 4x magnification) by capturing images. The surface area was calculated usingdéfagesl

After monitoring the size, the spheroids were washed twice with PBS by replacing omi. I06en, 150

>L of collagenase type Il (0.1 %w/v) was added in the wells and incubated for 30 minutes. Altenf50
Trypsin/EDTA (0.25%) was added, cells were dispensed in an Eppendorf and centrifuged at 3509 for 5
minutes. The supernatant was removed, and the pellet redispersed in CSB, before stored at 4°C. Then the
previously described flow cytometer protocol wasrformed. In the gating strategy, the percentage o

macrophages among all viable cells (CDYlihen the percentage of M2 macrophages among these
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macrophages (CD1§3was gated. The viability of M2 macrophages was assessed from the zombie violet

dye afterwards (CDIXD163Zombie violed.

Longterm efficacy after reexposition to KPC cells

MO macrophages were seeded in a-&8ll plate at a density of 100 0@ells per well and allowed to
adhere overnight in an incubator. The medium was then replaced by TCM to repolarize the macrophages
to an M2-like phenotype and were incubated for 48 hours. Subsequently, the culture medium was
replaced with DMEM containing AUNRs@PIEG(IP549) NPs (5 ug m), while control wells received

PBS. After 24 hours, 560 of KPC cells were seeded into Transwell inserts at a density df@D06ells
mL!and placed into the 1fvell plate containing either treated or untreated MiRe macrophages for 48
hours. Controls remained without Transwell inserts seeded with KPC cells. After this incubation period,
the culture media in the welplates with macrophages was replaced with fresh media, and the cells were
observed under a microscope and scraped for further analysis using flow cytometry, following the
previously established protocol. The viability of the cancesdalthe inserts was assessed by staining

with an MTS solution, followed by measurement of cell viability.

5.6 Résultats
Formulation and ordemand release of IP349 from AUNRS@PLREG by an external stimulus

IPE549 exhibits hydrophobic properties and potential toxicity, requiring efficient encapsulation strategies
for its delivery®2 In our previous work, we designed and synthesized a-sat&llite polymemetal
nanocomposite (AUNRs@RPAG NPs) for mulfierapeutic drug delivery applicatiortd The PLAEG

core serves as an effective carrier for hydrophobic molecules, while the satellite AUNRs grafted on to the
surface enable the generation of controlled hyperthermia gradients around NPs, upon external irradiation
by a laserAs illustrated inFigure5.1 A, with a schematic and TEM image, we encapsulate84€lin
AuNRs@PLREG NPs using flash nanoprecipitation and recorded their respective sgagtreeb.1 B).

We measured the encapsulati@fficiency (EE) and drug loading (DL) eb#9, along with the size of the
loaded NPs, as a function of the initial diiegpolymer ratio Figure5.1 Q). Using initial ratios of 1%, 3%,

and 5% of IP549 to PLA-PEG (w/w), we observed increasing DL of 11.1%, 29.9%, and 45.0%,
respectively, and decreasing EE of 89.8%, 78.9%, and 69.0%, respectively. Both the pellet (loaded NPs)

and the supernatant (fre@PF549) were recovered to measure the concentration of889, resulting in a
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positiverecovery balance of 104 + 5%. Additionally, the diameter (@) and polydispersity indices (PDI) of
loaded PLA-PEG NPs were measured to be 84.4 nm, 100.9 nm, 106.6 nm, and 113 nm with PDI of 0.146,
0.141, 0.110, and 0.072 at4849/polymer ratios of 0%, 198%, and 5%, respectively (top of bar diagram,
Figure5.1 Q. As drug loading increased, EE decreased, and the size of NPs increased, indicating that the
maximum encapsulation threshold was reached. Further increases in DL would likely reduce EE and
damage the NPs, causing -840 leakage. The low PDI values aomfithat our formulation is
monodisperse and stable in an aqueous phase. A DL of 45% exhibit AUNRREBEPNRS as a very good

candidate for drugoadingformulation, highly effective for drug delivery applicatic®s.
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Figureb.1 : Characterization of IPb49encapsulation.

A) Schematic witifEMimage and B) UVisible spectra of (i) IP49 and (ii) AUNRs@PPEG NPs combine to
formulate (iii) AUNRS@PHPEG(IP549) NPs. C) Encapsulation efficiency (EE), represented by orange points, and
drug loading (DL), represented by blue bars, o6 wihin PLAPEG NPs in function of the initial ratio of5@B

to PLAPEG polymer. Diameter sizes (nm) and polydispersity indices (PDI) of the formulated NPs are indicated above
the respective bar graphics.
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Furthermore, the spectrum of AUNRs@HFREG(IP549) NPs Kigure 5.1 B ii) shows that 1P549
encapsulation does not alter the plasmonic properties of AUNRS, as evidenced by the absorbance peak at
a wavelength of 800 nm. We have demonstrated thatS9 can be efficiently encapsulated with a high

drug loading in stable AUNRsS@¥®PEG NPs, laying the groundwork for potential use as asearand

triggered release system via photothermal effects.

Beforehand, it is necessary to study and validate the stability of tHedPimolecule under the conditions
that it will be exposed to. Indeed, the use of photothermal therapy to increase the surrounding
temperature and modify PLB-PEG structure to relesa IP$549 will let it be exposed to higher
temperature and NIR irradiation. Thus, we looked at the stability under temperature freB0°G-to
T=37°C and NIR laser irradiation up to P=1\Wiarkigure5.2.
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Figureb.2 : IPF549 stability.

A) Percentage of the HBK9 initial dose non degraded at temperatures of20°C, T=23°C and T=37°C for 96 hours
in PBS. B) Percentage of the-B8D initial dose non degraded at T=37°C for 5 minutes under laser irradiation at
power density of P=0.2 W/ctnP=0.5 W/crhand P=1 W/crhin PBS.

In Figure5.2 A, IP1549 solutions in PBS were exposed to temperature20fC, 23°C and 37°C for 96

hours. The remaining HB49 concentration was measured at various time points and compared to the
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initial dose After 24 hours, the remaining HB#9 concentrations were 81.2%, 72.2%, and 88.7%65C,

23°C, and 37°C, respectively. After 96 hours, these values decreased to 84.7%, 76.5%, and 73.0%,
respectively. The stability of IB#9 at 37°C after 24 hours, 886, is comparable to that a20°C, 81.2%,
suggesting that temperature does not significantly affect5# stability over this period. However, the
decrease to 73.0% after 96 hours at 37°C could indicate gradual degradation. Interestingly,-208€ at

a decrease to 84.7% was observed, suggesting that some degradation occurs even under favorable storage
conditions. Based on these results, we conclude thab4Pl can be maintained at 37°C for a period
between 24 and 96 hours without significant degradatand a loss of efficiency. As showrrigure5.2

B, IP1549 solutions were also exposed to NIR laser irradiation (808 nm) at power densities of 0.2, 0.5, and
1 W/cmz for 5 minutes. The remaining-819 concentrations were 103.5%, 99.9%, and 98.7% of the initial
dose, respectively, indicating that lasemradiation does not significantly alter 1849 stability.
Consequently, an irradiation duration of 5 minutes was established agtaxim exposure time for
subsequent experiments in this study. The stability analysis e84¥Pldemonstrates that under th
experimental conditions employed in this study, the molecule exhibits overall stability. However, slight
degradation may occur under extreme conditions, particularly after prolonged exposure (96 hours) at
37°C. These results support the viability of gsMIR irradiation to generate localized heat gradients

around AUNRs@PIPEG(IP549) NPs, potentially triggering @temand release of 1F49.

The photothermal efficiency of AUNRSs grafted through polymer chains ont® BGANPs has been shown

to be comparable to that of AUNRSs in solution. We hypothesized that the heat generated by these-surface
bound AuNRs could elevate the local temperature a&bthe glass transition temperature of RbAEG
copolymers (approximately 45°C¥. This temperature increase could reduce polymer chain
entanglement, potentially facilitating the diffusion anetlease of encapsulated IB49 into the

surrounding medium.

We monitored the cumulative release of 449 from AUNRsS@PIPEG NPs in PBS at 30@r 96 hours,

both with and without laser irradiation (1 W/cm?, 5 min), as illustrate&igure5.3 A. Without NIR laser
irradiation (black squares), we observed an initial burst release of 11% over the first 3 hours, followed by
a sustained release phase reaching 19.7% after 24 hours and 41.3% after 96 hours. To investigate the
potential for triggered, mlti-stage release, we compared this passive release profile to an active release
induced by multiple laser irradiations. We applieththute irradiations at 2, 6, 12, 24, 48, and 96 hours
using laser powers of 0.2, 0.5, and 1 W/cm? (blue, green, andgeakss inFigure5.3 A, respectively).

After each irradiation, we measured the concentration of releaseéb4BI(N=3 to 5). The initial burst
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release was amplified by the first irradiation at 2 hours, with cumulative releases of 32.7%, 49.1%, and
51.1% for 0.2, 0.5, and 1 W/cmz laser irradiation, respectively. By the fourth irradiation at 24 hours,
cumulative releases reached 35.1%, 46.6%, &d%, and after the sixth irradiation at 96 hours, they
increased to 43.1%, 50.7%, and 68.0% for the respective laser powers. The cumulative relegs&of IPI
exhibited a linear dependence on laser power density. As showhigare 5.3 B, the maximum
temperatures reached in the samples at 0, 0.2, 0.5, and 1 W/cm? were 37.8°C, 41.0°C, 50.3°C, and 51.4°C,
respectively. This confirms our hypothesis that laseluced temperature increases drive the-deamand

triggered release of 149 from AUNRsS@PL-REG NPs. Also, we verified-3R9 stability at 50°C for 5

minutes and observed no degradation, as seehigure5.3 C

Notably, we did not achieve 100% release of encapsulatesli®Isuggesting that PHAPEG might not

be completely disturbed by irradiation or that it is not sufficient to reachabeter of PLAPEG NPs. This
indicates the potential for achieving higher release rates with increased laser power and temperature.
While NIR laser irradiation effectively triggered enhanceeb4PI release by increasing temperature
around the AuNRs, we observed that multiple irradiations did not induce stepwise releases as initially
hypothesizedFigure5.8 A shows that only the first irradiation causes a high release rate compared to
untriggered NPs, with subsequent irradiations maintaining a sustained release profile similar to
untriggered sampledgure5.3 A). To ensure this wasn't due to loss of photothermal properties after the
initial irradiation, we verified the temperature increase after each successive irradidigur€5.8 Band

O, confirming that the AuNRs retained their photothermal properties throughout the experiment. The
initial burst release likely results from 1849 molecules solubilized or adsorbed within the PEG chains at
the surface of NPs, which dissolve in the aqueous environment. The hydrophilic PEG segments interact

with water, causing the PEREG copolymer to absorbater, swell, and become more porous.

In conclusion of this section, our study demonstrates that AUNRS@ELAIPS49) NPs function as an
efficient NIRtriggered burst release system for #49. The system exhibits a prolonged passive release
profile, potentially maintaining a steady conceation in the blood, followed by a rapid burst release upon

NIR irradiation at the site of interest, as illustrated-igure5.9. This controlled release mechanism offers

the potential for precise timely and located drug delivery in cancer therapy. Moreover, the therapeutic
applications of hyperthermia have been extensively investigated and have shown significant advantages

in varbus treatment modalitie$’. Building on this foundation, we expanded our research to explore the

roles of hyperthermia, not only as an external trigger for549 release but also as a standalone

therapeutic approach. This strategy aims to synergistically enhance the overall therapeutic efficacy of our
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NPs system by combining the benefits of controlled drug release with the direetuambir effects of
hyperthermia through the use of AUNRs. To further validate the clinical potential of our system, the next

critical step is to comprehensively evaluate its in vitro biocompatibility.
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Figure5.3: On-demand burst release of IF349.

A) Cumulative release of IPI 549 from AuNRs@ME@ without laser irradiation (P=0 W/&nandwith consecutiv:
irradiations of 5 minutes at laser powers of P=0,2 WicP=0,5 W/crhand P=1 W/crhin PBS. B) Maximt
temperature () recorded by thermal camera during the cumulative release eB4Bl(panel A) at laser powers
P= 0 W/cm, P=0,2 W/cri P=0,5 W/crhand P=1 W/crh C) Initial dose percentage of 549 at temperatures «
T=50°C for 5 minutes.

Cytotoxicity of AUNRS@PLREG(IR549) NPs

Prior to assessing in vitro efficacy, we investigated the toxicity profiles of AUNRSEEFRLANPs and 1P|

549 on relevant cell lines to establish a range of working concentrations. We used the murine macrophage
cell line RAW 264.7 and KPC cells, derivenh faospontaneous pancreatic cancer mouse model. The
macrophages were used in their naive state, allowing for future investigations into the interactions
between polarized macrophages and pancreatic cancer €djjares.4 Aillustrates the dosalependent

effects of IRB49 on the metabolic activity of KPC (black squares) and naive RAW 264.7 (MO, red squares)
cells over a concentration range of 0 to:8§ymL for 48 hours. We fitted a dose response model to obtain
EC50 of 35.3g/mL and 41.0>g/mL, respectively. These results indicate potential toxicity e54PI at
concentrations exceeding 35g/mL for both cell types, establishing an upper limit for free5H9
concentration in subsequent experiments The impact of 808 nm laser irradiation (0 to 1 W/cm?) on cell
metabolic activity was assessed, as showRigure5.4 C. Notably, no significant toxicity was observed

for either KPC or RAW 264.7 cells aerthe tested different poweFigure5.4 B presents the toxicity of
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AUNRs@PLREG NPs on KPC and RAW 264.7 Bebgresponse modeling provided EC50 values of 11.7
>g/mL and 7.72g/mL, respectively.

Figure5.4: Cellular cytotoxicity of IPB49, AUNRs@PLREG NPs and laser irradiation.

Metabolic activity of KPC and RAW 264.7 incubated with A4%bnd B) AUNRS@PRBEG NPs at differe
concentrations, and C) irradiated by 808 nm laser at different laser power. The metabolic activity is ce
with a negative control as reference. In panel A, DMSO represents the volume of DMSO added in the

These metabolic activity assays provide crucial guidance for determining optimal concentrations of both
IPF549 and AUNRs@PIPEG NPs in subsequent in vitro experiments. It shows th&#Pshould be used
at concentrations below 36ég/mL and below 5g/mL for AUNRsS@PL2EG NPs. We obsedva quite

strong toxicity of naive macrophages MO to NPs, that is mainly due to AUNRSs, as reported by Tang et al.
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Multi -therapeutic NPs properties

To comprehensively understand the therapeutic effects of our nanoparticle system, we initially assessed
the hyperthermia and repolarization effects separately before investigating potential synergistic
behaviors. This approach allows us to outline thevittdial contributions of each mechanism and explore
how hyperthermia might influence macrophage repolarization, and vice versa. We began by evaluating

the hyperthermia effect on different cell types.

Efficacy ofm vitro photothermal therapy
Figure5.5 Aillustrates the temperature changes and metabolic activity of M1 and M2 macrophages, as
well as KPC cells, when exposed to AUNRS@EIGANPs with or without laser irradiation. We examined
these parameters as a function of laser power density (0, 0.2a0cb]1 W/cm?2) and AuNRs concentration
(0, 1, and 5>g/mL). In the absence of AUNRs@MEG NPs (By/mL, serving as negative controls), we

observed no decrease in metabolic activity across all cell lines, regardless of laser power. This is correlated
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