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ABSTRACT

Prosthetic joint replacementis one of the most successful procedure performed today,
however 10-20% of patients show periprosthetic osteolysis induced by wear particles
released from bearing surfaces at 10 years leading to the surgical revision of the prosthesis.
In this regard, the long-term survival of joint implants continues to be a major challenge in
orthopedic research. Thus, a better understanding of the pathophysiology of periprosthetic
osteolysis induced by wear particles is essential for the development of new therapeutic
strategies.

This report provides an overview of current concepts of osteoimmunology applied to
periprosthetic osteolysis and aseptic loosening of orthopedic implants. In the experimental
part, this study aims to deep in the understanding of mechanisms of osteolysis by a)
identifying cell populations of human periprosthetic membranes retrieved from surgical
revisions, b) reproducing the inflammatory and osteolytic changes in a calvaria mouse model
and evaluating the interference of RNA targeting the receptor activator of nuclear factor
kappa B (RANK) as a new therapeutic approach for this condition and, finally, c) evaluating
the interactions between polyethylene nanoparticles and human CD14"
monocyte/macrophages at cellular level.
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L’arthroplastie totale de la hanche est I’'une des procédures médicales fréquemment réalisée aujourd'hui
et son indication dans la population jeune et active est en augmentation. Les couples de frottement actuellement
disponibles ont démontré un grand taux de réussite. Néanmoins, entre 10 et 20% des patients montrent des
signes d'ostéolyse aseptique périprothétique induite pour les particules d’usure relarguées de ces couples de
frottements. Ces signes apparaissent entre 5 et 10 ans apres la pose implantaire et, conduisent a un descellement
de I'implant puis a un changement de la prothese associé parfois a des techniques de reconstruction osseuse
(révision chirurgicale). Malheureusement, la révision et le changement de prothése ne garantissent pas une
meilleure durée de vie du nouveau matériel implanté. Les estimations pour 2030 concernant les indications
d’arthroplastie totale de hanche et la révision chirurgicale sont en faveur d’une augmentation respectivement de
154% et 137%. Ces données auront un impact économique majeur sur les budgets de santé publique. Pour cette
raison, I’amélioration de la durée de vie a long terme des implants articulaires continue de ce fait d'étre un défi
majeur en chirurgie orthopédique. Une meilleure compréhension de la physiopathologie de I'ostéolyse
periprothétique induite par des particules est ainsi essentielle pour le développement des nouvelles stratégies

thérapeutiques.

Actuellement, I'ostéolyse induite par des particules est directement en lien avec l'interaction entre les
aspects tribologiques (relargage des particules d’usure), biomécaniques de la prothése et la susceptibilité
individuelle de I’hdte (prédispositions génétique ou immunitaire acquise). Des études cliniques ont montré
principalement des données rétrospectives concernant le comportement tribologique depuis 1960, cependant,
aucun protocole de prévention a long terme n’a été établi a ce jour. Certaines études de suivi a court terme des
séries de cas cliniques ont montré que I’amélioration de la qualité des biomatériaux disponibles pour les couples
de frottement actuelles, telles que le polyéthylene hautement réticulé ou des nouvelles céramiques, diminuent la
production des particules et le taux d’usure (volume d’usure/an) des arthroplasties totales. Ces données font
envisager un allongement de la durée de vie des nouveaux implants par rapport aux classiques et permettent
d’espérer une amélioration du pronostique des patients. Cependant, seulement quelques études rétrospectives

pertinentes ont décrit un suivi a long terme (> 10 ans) des protheses et leur devenir.

D’aprés la proposition des particules d’usure et son r6le potentiel comme un activateur du systéme
immunitaire en 2007, le concept classique d'une "réponse inflammatoire et ostéolytique induite pour les
particules relarguées d’un systeme de frottement" devient beaucoup plus complexe. Le concept actuel reconnait
une réponse spécifique en fonction de la structure chimique, la taille et la forme des particules relarguées.
Concernant la structure chimique des débris d'usure, par sa pertinence clinique, le polyéthylene a été le plus
¢tudié d’un point de vue expérimental. D’autre part, la taille des particules relarquées apparait comme un critére
majeur dans la reponse biologique. Ainsi, leur taille variable, allant de chaines polymériques jusqua des

particules nanométrique et micrométriques, détermine les modes d'internalization et d'activation des



phagocytes. Ainsi, I'étude des interactions biologiques entre particules et les macrophages est un aspect central

dans ce domaine.

Cette thése donne une vision générale des concepts actuels de 1’ostéoimmunologie dans les
descellements aseptiques d'implants orthopédiques et décrit les principales approches expérimentales in vitro et
in vivo permettant 1’étude des mécanismes biologiques impliquées dans ces descellements. La partie
experimentale est organisee en trois sections : 1) identification des populations cellulaires présentes dans des
membranes périprothétiques humaines provenant de révisions chirurgicales, 2) modélisation des descellements
de protheses chez la souris et le développement de nouvelles approches thérapeutiques basées sur I’utilisation
d'’ARN interférences ciblant le Receptor Activator of NF-KB (RANK) et 3) analyse in vitro des interactions

précoces entre les nanoparticules de polyéthylene et les macrophages.
Profil cellulaire des membranes périprothétiques humaines

Les principales cellules décrites, composant la niche périprothétique ont été classiquement les
macrophages, ostéoclastes et ostéoblastes. Cependant, il existe d’autres types cellulaires moins étudiés comme
les fibroblastes, les cellules stromales, les mastocytes, les cellules endothéliales et les cellules effectrices du
systeme immunitaire inné et/ou acquis. La caractérisation des cellules de I’immunité dans les
pseudomembranes periprothetiques humaines constitue une opportunité pour approfondir les connaissances sur
la physiopathologie de I'ostéolyse périprothétique et pour identifier de nouvelles cibles thérapeutiques. Le but
de ce travail a été de réaliser une cartographie cellulaire des tissus periprothetiques en comparaison du tissu

synovial humain non pathologique.

L'examen histologique a montré que les pseudo-membranes présentent une couche fibreuse périphérique
entourant un stroma central tres vascularisé et présentant un inflitrat cellulaire important par rapport a la
synovie primaire. L’infiltrat cellulaire est constitué de cellules géantes multinucléées ayant « phagocyté » des
particules comme le montre la présence des particules de polyéthyléne et métalliques dans le cytoplasme des
cellules. Des cellules T (CD3*, CD4" et CD8") et B (CD20") ont été identifiées formant un syncytium péri
vasculaire. Les mastocytes (CD117%) ont également été détectés, dispersés aléatoirement dans les
pseudomembranes. Dans le cas d'une lésion associée a une couple de frottement métal-sur-métal, nous avons
observé une nécrose extensive de la pseudomembrane. Les cellules géantes multinucléées ont été reconnues
comme étant CD68™ et TRAP’, confirmant leur phénotype proche de la lignée monocyte/macrophage. En outre,
nous avons observé les lymphocytes T (CD3*, CD4" et CD8") en contact étroit avec les cellules multinucléées
entourant les grosses particules de polyéthylene. Cependant, les lymphocytes n‘ont pas éte observés en contact
avec les cellules multinucléées qui phagocytent les débris métalliques. Un autre réle important attribué a la
lignée monocyte/macrophage est d'agir comme une cellule présentatrice d'antigénes, qui relie la réponse

inflammatoire non spécifique a la réponse immunitaire adaptative spécifique. Dans notre étude, nous avons
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montré des signes morphologiques du contact étroit entre CD14" monocytes/macrophages et les lymphocytes T,
suggerant le lien fonctionnel entre ces deux lignées. Nous avons constaté une immunolocalisation plus marquée
pour CD3 et CD4 que pour CD8, suggérant 1’activation d'une réponse lymphocytaire T auxiliaire plutot qu’une
réponse cytotoxique. D’autre part, un fort immunomarquage des cellules B péri-vasculaires a été egalement
observé. Ces resultats suggerent le developpement d'une réponse cellulaire et humorale adaptative déclenchée

par les macrophages engloutissant les grosses particules de polyethylene.

La nécrose étendue observée dans une pseudomembrane récupérée a partir d'un patient atteint d'une
pseudotumeur de la hanche associée a une couple métal-sur-métal suggére une réaction a corps étrangers aux
débris métalliques (acronyme anglais: ARMD) ou, éventuellement, une lésion aseptique associée a une
vascularite avec prédominance lymphocytaire (acronyme anglais: ALVAL). Cependant, nous n'avons pas pu

caractériser ces cellules en raison de la nécrose dans les tissus prélevés.

Notre étude montre que les caractéristiques cellulaires des pseudomembranes periprothetiques des
patients porteurs d’une prothése descellée avec particules d’usure de polyéthylene ou métalliques, sont
différentes des membranes synoviales qui proviennent des patients arthrosiques. Ces différences comprennent
des éléments histologiques typiques de la réponse immunitaire innée tels qu’une réaction inflammatoire
chronique aux particules d'usure qui se caractérise par un stroma fibreux et trés vascularisé, un infiltrat
cellulaire dense comprenant des monocyte/macrophages CD68" et TRAP™ et exceptionnellement des
mastocytes CD117". En outre, nous avons observé l'activation des cellules T et B dans le site péri-vasculaire, ce

qui suggere l'activation potentielle de la réponse immunitaire acquise.

Inhibition de I'ostéolyse et augmentation de la formation osseuse apres administration locale de sSiRNA
ciblant RANK dans un modeéle d'ostéolyse induite par des particules de polyéthyléne

Le processus d'ostéolyse péri-prothétique induite par des particules d’usure relarguées a partir des
surfaces de contact femoro-acetabulaire des implants orthopédiques, est directement en lien a la une réponse
inflammatoire locale établie par les macrophages pro-inflammatoires (M1) qui produisent de l'interleukine 1
(IL-1) et du Tumor Necrosis Factor alpha (TNF-a). Les particules de grand taille (> 20 um) agissent comme
des molécules qui induisent une signal de danger ou « danger associated molecular patterns » (DAMPS). Ces
signaux sont détectés par les Toll-Like Receptors macrophagiques (TLRs), conduisant a l'activation de la
réponse immunitaire innée de type inflammatoire chronique similaire a une «réaction a un corps étranger". Les
particules de taille inferieure (<20 um) et les ions, sont absorbés et activent le NALP3-inflammasome menant
vers la réponse immunitaire adaptative. Les deux voies immunitaires activent les facteurs de transcription (NF-
KB et NF-IL6), induisent l'augmentation de la synthese d RANK Ligand (RANKL), et des cytokines pro-

inflammatoires (IL-1pB, IL-6, TNF-a). Ces cytokines ont été reconnues comme étant les principales molécules



associees au maintien de I'environnement inflammatoire peériprothétique et a la stimulation de

I’ostéoclastogénese.

L'inhibition de l'axe RANKL-RANK constitue une approche thérapeutique efficace pour réduire la
différenciation et 1’activation des ostéoclastes. Les thérapies reposant sur des molécules anti-ostéoclastiques
telles que les bisphosphonates et I'anticorps monoclonal anti-RANKL (Dénosumab™), ont été évaluées dans de
modeles expérimentaux des pathologies osseuses ostéolytiques. D’autre part, de nouveaux inhibiteurs, tels que
des peptides congus pour cibler une zone spécifique d’interaction de RANK a RANKL sont actuellement en
développement pré-cliniques. Aussi, la prévention de la perte osseuse en bloquant I'axe de RANK-RANKL a
été décrite dans deux modéles expérimentaux d'ostéolyse induite par des particules en utilisant: a) une protéine
recombinante de RANK (RANK: Fc), et b) de l'acide zolédronique. Malgré ces résultats précliniques

encourageants, ils n'ont pas encore éte transférés a la clinique humaine.

Les siRNA (small interfering RNA) ou petits ARN interférents (pbARNI) sont de petits ARN pouvant se
lier spécifiquement a une séquence d'’ARN messagers. Les siRNAs régulent la synthése des protéines par un
mécanisme d'inactivation d’un géne spécifique. Les approches thérapeutiques basées sur 1I’utilisation de sSiRNA
apparaissent comme des thérapies spécifiques et biocompatibles ayant démontré un bénéfice thérapeutique dans
le cancer, la dégénérescence maculaire liée a I'age et certaines maladies virales. Il y a deux aspects essentiels
qui doivent étre pris en compte dans cette stratégie: I'identification de cibles cliniqguement pertinentes et
I'utilisation de vecteurs efficaces garantissant leur libération. Le ciblage de I'axe RANKL-RANK a été decrite
dans des cellules murines in vitro par Wang et al (2010 et 2012) et Ma et al (2012) avec une inhibition efficace
de I’expression de RANK, de la différenciation des ostéoclastes et une réduction de 1’ostéolyse utilisant des

siRNA Rank et sShRNA Rank, ciblant le transcrit RANK chez la souris.

L'administration systémique des siRNAs thérapeutiques utilisant des vecteurs biologiques et
synthétiques a été utilisée dans différents modeles expérimentaux de pathologies osseuses, comprenant: les
métastases osseuses (ciblage de la luciférase et systéme de libération utilisant 1’atélocollagéne) et la polyarthrite
rhumatoide (ciblant le TNF-a, IL-1p, IL-6 et IL-18 et systéme de libération utilisant des liposomes cationiques
RPR209120/DOPE). Dans le domaine de l'ostéolyse induite par des particules d’usure, 1’utilisation de SIRNA
ciblant la transcription du récepteur de type IB de la BPM2/4 libérés a 1’aide d’un vecteur adénoviral
recombinant a été reportée. L’administration locale de siRNA est une stratégie intéressante pour contourner les
obstacles anatomiques et I'optimisation de sa biotransformation lors de son trafic. Ainsi, I’administration locale
de siRNA RANKL délivrés par le liposome cationique RPR209120/DOPE dans un modele murin
d'ostéosarcome ou la libération locale de lentivirus ciblant 110 une sous-unité de la voie PI3BK/AKT dans un
modele d’ostéolyse induite par des particules, ont été décrites. Malgré 1'état actuel des connaissances en
thérapie expérimentale utilisant la technologie a base de siRNA pour 1’ostéolyse induite par particules, aucune

donnée ciblant I'axe RANKL-RANK par la libération locale de siRNA a l'aide d'un vecteur synthétique n’est
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disponible. Nous nous sommes bases sur I'hypothése que les siRNA ciblant RANK, délivré localement par un
liposome cationique pourrait étre une approche efficace pour inhiber localement ostéoclastogenese in vivo. Le
but de notre étude a été de démontrer I'effet thérapeutique de trois doses de siRNA ciblant a la fois RANK
humain et les transcrits de RANK chez la souris (RANK-811 siRNA) dans un modé¢le de souris d’ostéolyse

induite par des particules de polyéthyléne (PE).

Le ciblage des composantes de la triade OPG / RANKL / RANK par siRNA apparait comme une
approche thérapeutique prometteuse. Les études expérimentales du blocage de la signalisation de RANKL-
RANK par siRNA ciblant Rank (Mus musculus) ont déja eté décrites in vitro, avec une inhibition efficace de
I’expression de Rank, de la différenciation des ostéoclastes et de 1’ostéolyse. De la méme maniére, 1'efficacité in
vitro d’un siRNA RANKL- sur des cellules humaines HEK-293 exprimant RANKL et dans un modéle murin
d'ostéosarcome a été démontrée. Notre étude présente des données pré-cliniques sur I'efficacité de la répression
de RANK en utilisant trois séquences inter-especes de siRNA dans les cellules humaines HEK 293 exprimant
RANK et dans les cellules murines RAW 264.7. Parmi les trois séquences analyées, la séquence RANK-811 a
été choisie pour évaluer son effet sur I'ostéolyse dans le modéle animal en raison de sa meilleure efficacité in
vitro (48,7% d'inhibition d’expression de RANK).

In vivo, nous avons d'abord confirmé la pertinence du modele utilisée de calvaria de souris et de
I’efficacité du siRNA. L’implantation des particules de PE en site calvaria constitue la référence actuelle pour
I'évaluation précoce des interactions des tissus — particules. Les particules utilisées, d’origine commerciale,
avaient une taille moyenne de 7 um (données non présentées), et sont considérées comme « phagocytables »
selon le concept de "particules de taille critique”. Nous avons aussi confirmé la validité du modele par les
différences significatives observées sur tous les parametres ostéolytiques entre le groupe implanté (PE-siLucF)
et le groupe non implanté (Sham). Notre étude a montré pour la premiere fois une inhibition efficace de
I'ostéolyse induite par des particules de PE dans un modéle in vivo en utilisant une séquence de siRNA ciblant
le récepteur RANK humain. Ces siRNA ont également la capacité de bloquer la séquence murine. Apres
injection de doses croissantes de siRNA 811 RANK, nous avons observé une réduction importante du nombre
de cellules TRAP" de type ostéoclaste, dans la zone para-sagittale des calvarias implantées. Ces observations
nous permettent de suggérer une sensibilité élevée de précurseurs ostéoclastiques pour 1’absorption du lipoplexe
injecté. Le vecteur synthétique utilise dans nos expériences (liposome cationigue RPR209120/DOPE +
plasmide) a également montré son efficacité dans la libération locale de siRNA ciblant Rankl, par injection
intra-tumorale (osteosarcome) dans des travaux précédents. De méme, Khoury et al. (2006 et 2008), décrit
’efficacité de I’administration systémique de siRNA ciblant les cytokines pro-inflammatoires (TNF-a, IL-1,

IL-6 et IL-18) en utilisant le méme type de formulation dans un modele de souris de polyarthrite rhumatoide.



Les doses de 5 et 10 ug de RANK-811 siRNA ont réduit de maniere significative I'expression de Rank
et de la cathepsine K, confirmant ainsi l'inhibition de l'ostéoclastogenése et de I'ostéolyse. Nous avons
cependant observé une réponse contradictoire avec la dose de 2,5 ug avec une inhibition significative du
nombre des cellules TRAP™ avec une forte expression de la cathepsine K et Rank. Pour expliquer ce fait, nous
proposons un désequilibre entre la quantité du transcrit de Rank et la faible dose de siRNA administrée dans
notre expeérience (2,5 ug). L'évaluation volumétrique par micro-tomodensitométrie a montré que 10 pg de
SiRNA RANK-811 prévient la perte osseuse comparée au groupe controle (PE-siRNA LucF). Nous avons
également observé une efficacité importante du lipoplexe dans la corticale externe plutdt que dans la corticale
interne de la volte crénienne. La diffusion optimale du volume injecté a l'intérieur du cortex pourrait étre
limitée par I'anatomie locale (surface érodée de I'os trabéculaire et les espaces dans le diploé), la réaction

inflammatoire induite par les particules et / ou par la viscosité du lipoplexe.

Nos résultats sont compatibles avec un effet anti-resorptive directe du siRNA RANK-811 comme le
démontre les signes d'inhibition de 'ostéoclastogenéese et de 1’ostéolyse associée. L’effet protecteur de la perte
osseuse observée sur le méme modéle suite a I’administration de l'acide zolédronique soutient notre hypotheése.
Les modalités d’entrée des siRNA dans les cellules pourraient étre liés a leur internalisation comme cela a été
démontré par I’utilisation de siRNA marqués a la carboxyfluorescéine (FAM-siRNA) sur les monocytes /
macrophages dans un modéle murin de la polyarthrite rhumatoide. De tels complexes pour détecter son trafic
dans le tissu osseux ont également été montrés par Zhang et al. (2014) en utilisant des siRNA ciblant la lignée
ostéogene et délivrés par des liposomes cationiques attachés a six séquences répétitives d'acides aminés. Le
SiRNA et le liposome cationique utilisé dans notre étude n'a pas de séquence FAM ajoutée et ne possede pas
non plus d’affinité intrinséque pour le tissu osseux, ce qui contribue probablement a limiter son efficacité. Il
pourrait étre envisagé de libérer notre SIRNA RANK-811, en site osseux, a I'aide des biomatériaux utilisés pour
la régénération osseuse, des peptides ciblant les cellules osseuses ou d’un liposome cationique modifiée.

D'autres études sont en cours actuellement pour déterminer la (les) cellule (s) cibles du sSiRNA RANK 811.

En conclusion et suite au traitement local par trois doses différentes de sSIRNA RANK-811 libérées par
le liposome cationique (RPR209120/DOPE) dans un modéle murin d’ostéolyse péri-prothétique induite par les
particules PE, le volume osseux a été conservé a la dose de 10 ug. Tandis que 5 pug de siRNA RANK-811
diminue significativement 1’ostéoclastogenése, 1’ostéolyse et les paramétres inflammatoires, la dose de 2,5 pg a
révélé des effets contradictoires qui pourraient étre attribués a un effet immuno-activateur du lipoplexe ou de
ces composants. Les donnees microarchitecturales, histologiques et moléculaires soutiennent I'efficacité de
cette approche thérapeutique basée sur les siRNA-ciblant RANK, libérés localement en site osseux, dans la
cadre de la prévention de l'ostéolyse induite par des particules d’PE. Des études complémentaires seront
nécessaires pour préciser les conditions optimales d’administration du siRNA, la (les) population(s)

cellulaire(s) cible(s) et ses effets secondaires potentiels. Cette étude renforce le concept de l'utilité de la thérapie
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basée sur I'utilisation de siRNA ciblant RANK, un acteur innovant et pertinent dans la physiopathologie de

I'ostéolyse induite par des particules.

Interaction des macrophages et des nanoparticules de polyéthylene en site périprothétique

Les macrophages sont des phagocytes qui internalisent et tuent des agents « externes » de danger en
activant la réponse immunitaire innée et adaptative. Ils contribuent a I'nhoméostasie tissulaire au cours des
processus cataboliques. Les phagocytes constituent une cible intéressante pour comprendre ou traiter des

pathologies associées une réponse immunitaire exacerbeée.

La membrane plasmique est une structure dynamique qui sépare et coordonne I'hnoméostasie du milieu
intra et extracellulaires par I'entrée ou la sortie de molécules. Tandis que les petites molécules (acides aminés,
des sucres et des ions) traversent la membrane par le biais de pompes ou de canaux, les macromolécules entrent
dans I'espace intracellulaire par la formation des vésicules membranaires ou d’endocytose (invagination de la
membrane plasmique). L'endocytose inclus I’internalisation des particules solides et de grande taille
(phagocytose) ou des fluides (pinocytose). Quatre mécanismes différents ont été reconnus dans le processus de
pinocytose : a) la macropinocytose, b) ’endocytose dépendante de clathrine (CME) ou c) de la cavéoline et d)
I’internalisation indépendante de la clathrine ou des cavéolines. Ces voies d'endocytose sont impliquées dans
des processus physiologiques comme la transduction du signal induite par les hormones, la surveillance

immunitaire, la présentation d'antigene et I'noméostasie cellulaire.

Les particules d’usure relarguées par des couples de frottement métal sur polyéthyléne de haut poids
moléculaire (PE) constituent un facteur clé dans la réponse inflammatoire et 1’ostéolyse a l'interface
périprothétique, conduisant a la formation de tissu inflammatoire chronique et 1’ostéolyse. Cependant, aprées 13
ans d'utilisation du polyéthylene hautement réticulé, un polyéthylene amélioré; le relargage des particules
d'usure et les taux d'usure semblent avoir significativement diminués. Par ailleurs, la durée de vie des implants
et le pronostic des patients apres une arthroplastie totale ont également été améliorés. Malgré ce rapport
encourageant, le nombre d'études rétrospectives concernant I'évaluation a long terme est encore faible et le

niveau de recommandation clinique est bas.

Classiquement, la taille des débris a été corrélée a la capacité de l'internalisation des macrophages. Bien
que les grosses particules (> 20 um) induisent la fusion et multinucléation, les plus petites (entre 1 et 20 um)
seraient internalisees par phagocytose. Cependant, 90% des particules d'usure générees dans les remplacements
articulaires sont submicrométriques (a 1'échelle nanométrique). Bien qu’elles semblent trop petites pour étre
phagocytées, I'effet des nanoparticules de polyéthylene reste moins connu. La libération des chaines courtes de

polymeres qui vient de la rupture du polyéthylene a été rapportée comme un « challenge » supplémentaire pour
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les tissus periprothétiques. Les nanoparticules de polyéthylene semblent donc étre de nouveaux acteurs

impliqués dans la physiopathologie des descellements aseptiques.

Récemment, le lien entre le systeme immunitaire et osseux a été proposé dans le descellement aseptique,
ouvrant une nouvelle ére dans ce domaine. La connaissance des interactions macrophage-particules dans le
domaine de l'ostéolyse peériprothétique a été considérablement améliorée au cours des dernieres années par
I'optimisation des modeéles cellulaires in vitro. La plupart des rapports se sont concentrés sur la relation entre la
nature chimique des particules d’usure, leur taille et la nature de la réponse biologique induite. Cependant ils
existent peu de rapports dans la littérature scientifique qui décrivent le processus d'internalisation, le trafic
intracellulaire et I'impact des nanoparticules fluorescentes de polyéthyléne sur I'activation cellulaire et la survie
des macrophages humains. Le but de ce rapport a été d’étudier le processus d'internalisation par les

monocytes/macrophages humains CD14",

Pour évaluer I’effet de la dose des nanoparticules de polyéthyléne fluorescents sur I’internalisation par
les monocytes/macrophages CD14" en culture, nous avons dans un premier temps comparé trois ratios de
nanoparticules par cellule (8000, 4000 et 2000), a un temps fixé arbitrairement apres la stimulation (48 heures).
L’intensité de fluorescence (MFI) des nanoparticules de polyéthyléne a été détectée par cytométrie en flux et a
été utilisé comme indicateur de capture. Les résultats ont été exprimés par le rapport de la MFI des
nanoparticules de polyéthylene fluorescentes captées par les macrophages sur la MFI de I'isotype de controle.
Nous avons constaté une augmentation de la valeur relative du MFI par rapport & une augmentation du ratio
nanoparticules/cellules. Ainsi, ce rapport est de 2,2 pour un ratio de 2000, de 3,4 pour un ratio de 4000 et de 5,7

pour un ratio de 8000.

Une cinétique de capture des nanoparticules a ensuite été réalisée. Nous avons donc comparé I'effet des
deux ratios de nanoparticules par cellule (4000 et 2000) apres 24, 48 et 72 heures de culture. Aucune
modification significative de la capture des nanoparticules au ratio de 2000 n’a été observée entre 24 heures
(2,3 fois), 48 heures (2,2 fois) et 72 heures (2,3 fois). La capture au ratio de 4000 a démontré une augmentation
de la valeur de MFI par rapport au ratio de 2000, néanmoins il a maintenue un schéma similaire d'absorption a
24 heures (3,2 fois), 48 heures (3,4 fois) et 72 heures (3,7 fois).

Nous avons ensuite sélectionné le ratio de 4000 nanoparticules par cellule afin d*évaluer la capture des
nanoparticules fluorescentes de polyéthyléne pendant les 12 premieres heures en utilisant les mémes méthodes.
Nous avons constaté une réponse dépendante du temps avec une augmentation progressive de la valeur relative
de MFI a partir de la premiére heure. Ainsi , nous avons observé une augmentation progressive du signal a 1
heure (1,5 fois), 4 heures (2,3 fois), 8 heures (3,3 fois) et 12 heures (5,1 fois).

Bien que I’augmentation de la MFI observée en cytométrie de flux démontre une interaction in vitro

entre les nanoparticules fluorescentes de polyéthyléne et les monocytes/macrophages CD14", nous ne pouvons
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pas différencier par cette méthode les nanoparticules qui ont été internalisees de celles qui ont adhérées a la
surface cellulaire (124). Nous avons donc étudié par microscopie confocale, I'internalisation des nanoparticules
au ratio de 4000 particules par cellule apres 48 heures de contact. Nous avons observé deux constantes de
morphologie cellulaire: a) des cellules adhérentes caractérisées par leur forme allongée et présentant des
nanoparticules dans leur cytoplasme et b ) des cellules peu adhérentes avec une forme arrondie et un
cytoplasme sans particule. Nous avons egalement pu observer que les nanoparticules fluorescentes de
polyéthyléne étaient localisées a la fois a l'intérieur et a l'extérieur des cellules. Les images de microscopie
confocale permettent de visualiser des particules de polyéthylene, de taille nanometrique variable, dans le
cytoplasme des cellules. Certaines particules se localisent en contact des membranes cellulaires et déforment

celles-ci, suggérant ainsi un processus d’endo- ou d’exocytose.

Pour évaluer le comportement des monocytes/macrophages CD14" en présence des nanoparticules
fluorescentes de polyéthyléne, une étude par vidéomicroscopie time-lapse a été réalisée pendant 72 heures.
Nous avons également confirmé la présence de nanoparticules dans le cytoplasme des cellules a 4 heures apres
la stimulation. Puis, entre 4,5 et 5,5 heures apres contact, nous avons observé leur trafic intracellulaire et a 6
heures leur libération dans le milieu extracellulaire. Plus tard, a 10 heures, nous avons constaté que certaines
cellules s'arrondissent et deviennent non-adhérentes, suggérant un processus de mort. Au contraire, d'autres
restent adhérentes et internalisent les particules puis libérent brutalement celles-ci aprés 20 heures. Entre 48 et
72 heures de culture, nous avons constaté une grande mortalité cellulaire, cependant certaines cellules restent
tres actives venant prendre en charge les débris cellulaires afin de les ¢liminer, et d’autres venant détruire des

cellules vivantes ayant préalablement phagocytées.

Nous avons montré que les nanoparticules fluorescentes de polyéthyléne ont été internalisées
progressivement par les monocytes/macrophages CD14" d'une maniére dépendante de la dose et du temps. Les
trois ratios « particules/cellule » testés a 48 heures ont montré une capture progressive des nanoparticules par
les cellules. Nous avons pu constater la présence des nanoparticules fluorescentes a I’intérieur du cytoplasme de
cellules dés 4 heures de contact (par vidéo-microscopie) et jusqu’a 24 heures de culture. A partir des 24 heures
et jusqu’a 72 heures nous n’avons observé aucun changement dans la capture des particules, marquant une

capacité maximale de phagocytose des cellules.

D’autre part, une fois que les nanoparticules sont internalisées, elles semblent perdre de leur intégrité
avant d’étre libérée dans le milieu extracellulaire a 48 heures. L’internalisation des nanoparticules induit des

changements importants de la forme des macrophages et la mort cellulaire.
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Nous avons constaté que les nanoparticules, initialement de petite taille et compactes, apres
internalisation, se « dissociaient » et s’organisaitent dans des corps arrondis de différentes tailles avec une
distribution hétérogéne dans le cytosol des macrophages. Par ailleurs, un processus de relargage des particules a
pu étre observé aprés 48 heures de culture. Certains travaux publiés, ne différencient pas les nanoparticules
adhérentes a la surface de la cellule et celles internalisées. Néanmoins, d’autres études tentent d'élucider cette
difference en utilisant le «right angle scatter » (RAS) qui est corrélé avec la granulométrie de la cellule.
D’autres études utilisent I'élimination des nanoparticules adhérentes par refroidissement physico-chimique.
Notre étude combinent une approche quantitative par cytométrie en flux et qualitative par microscopie

confocale.

Les macrophages constituent la premiére barriére cellulaire devant les « Pathogen-Associated Molecular
Patterns » (PAMPSs) et induisent l'activation de la réponse immunitaire innée et/ou acquise. Les particules
d’usure relarguées a partir des surfaces orthopédiques agiraient aussi comme des « Danger Associated
Molecular Patterns » (DAMPS), induisant 1’activation de voies de signalisation macrophagique dépendantes des
« Toll like receptors » (TLRs) et de la voie de NALP3-inflammasome, un signal de danger intracellulaire.
L'activation de ces voies intracellulaires pourrait induire l'activation du facteur de transcription NF-KB et le
clivage des formes immatures de l'interleukine-1 (IL-1B) et de I'interleukine-18 (IL-18) en des formes matures
via I’activation de la caspase-1. De nombreuses hypotheses concernant la mort cellulaire programmeées ont été
décrites. Parmi celles-ci, la pyroptose, une mort cellulaire dépendante de la caspase-1 avec le relargage du
contenu inflammatoire cellulaire, constitue un phénomeéne intéressant qui pourrait expliquer le comportement
des phagocytes devant un volume des particules d’usure. Ce processus reste a comparer avec le concept

classique d'apoptose.

Nos resultats confirment l'internalisation des nanoparticules fluorescentes de polyéthyléne par les
macrophages, puis un processus de dissociation et finalement un relargage a partir 20 heures (video-
microscopie) et 48 heures (confocale) dans le milieu extracellulaire. Nous avons constaté des changements
morphologiques post-relargages des nanoparticules qui suggérent une induction de mort cellulaire ou un
processus d’exocytoses des particules initialement phagocytées. Cependant, nous ne connaissons pas la
mécanistique du processus d’internalisation, de I’activation ou de la mort des macrophages dans nos conditions
expérimentales. Plusieurs données cliniques et expérimentales confirment la présence de la caspase-1 et la
libération d’IL-1p et d’IL-18 dans le modele d'interaction particules-macrophages, ce qui nous laisse penser

qu’un processus de pyroptose pourrait expliquer la mort cellulaire.

Nous pouvons conclure que les nanoparticules fluorescentes de polyéthyléne ont été internalisées par les
macrophages des 1 heures apres stimulation et que ce phénomene est dépendant de la dose a 48 heures et du

temps jusqu’a 24 heures. A partir des 24 heures, nous avons observé un ralentissement important de

14



I’internalisation. Les nanoparticules internalisées induisent l'activation d'un signal de mort cellulaire sur les
macrophages qui génere des débris cellulaires qui contribueraient ainsi a I’entretien d’un cercle vicieux entre
I’inflammation et le tissu environnant. Ces conclusions soutiennent une base cellulaire de la réponse

inflammatoire macrophage - dépendante observée dans les tissus périprothétiques.

15



GENERAL CONTEXT
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Total hip arthroplasty (THA) is a surgical procedure that replaces the damaged hip joint with a
prosthetic device. It is considered as one of the most successful procedures performed today and its indication
in the younger and active population is increasing (1). Of the bearing surfaces available, metal-on-polyethylene,
metal-on-metal and metal-on-ceramic have been the most used (2). However, up to 20% of patients show
evidence of aseptic osteolysis within 10 years (3), leading to implant loosening and surgical revision (4).
Surgical revision is a surgical procedure able to reconstruct the joint by replacing a primary total or partial
articular prosthesis and repair the defect by bone grafting according to pre and intraoperative assessment (5).
Projections for the year 2030 estimate that indications for THA and surgical revision will increase by 154% and
137%, respectively, with severe economic consequences in public health (6). For this reason, long-term implant
survival continues to be a major challenge in orthopaedic surgery. In this regard, better understanding of the
pathophysiology of particle-induced osteolysis is essential for therapeutic development.

Currently, particle-induced osteolysis is understood as the final stage in the interaction of tribologic and
biomechanical aspects of an implant on a susceptible host. Clinical studies have shown the retrospective data
from 1960, however, no long-term preventive protocol, has been established to date (7). Improved biomaterials
for the current frictional couples, such as cross-linked polyethylenes or new ceramics, have shown the decrease
in wear production and consecutively wear rates of total joint replacements (TJR), promising a longer life span
than the classical implants and improving the prognostic of the patients. While many case report series support
this idea, only few relevant retrospective studies have reported their behaviour in a long-term follow-up (>10
years) (8).

After the proposition of the immunoactivatory role of wears debris in 2007 (9), the classical concept of
an “inflammatory and osteolytic response under particles released from a low frictional system” becomes more
complex. The current concept recognizes a specific response under the chemical structure, size and shape of
released particles. Concerning the chemical structure of wear debris, the polyethylene has been the biomaterial
more studied by it clinical and experimental relevance. The size of particles (polymeric chains, nanoscale and
microscale particles) seems to be a critical activator of macrophages, determining differential ways of

internalization and activation in primary phagocytes and then leading to the primary innate inflammatory
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response or to the adaptive immune response. Thus, the study of biological interactions between micro and
nanoparticles and macrophages might be a central issue in this field.

Of the approaches that have been proposed to study the biology of aseptic osteolysis, in vivo assays
make it possible to examine the overall pathophysiology of osteolysis. While different animal species have been
used for this aim (10,11), mouse models have become one of the most relevant tools for improving current
knowledge in this field, highlighting the pathophysiology and proposing encouraging research strategies
(12,13).

Considering the significant preclinical progress made in the past decade, certain relevant questions can
be raised, such as: why has this progress so far not been translated into clinical success? Are the current models
profitable and pertinent? What are the future challenges for a better understanding of the pathophysiology of
aseptic osteolysis?

The present report gives an overview of current concepts of osteoimmunology in aseptic loosening of
orthopaedic implants, the scientific approaches for its study and more specifically highlights the contribution
and future challenges of mouse models in this field. Even though we mainly focus in the hip joint, by it
relevance in the clinical practice, the biological concepts issued in this study might be also applied in all major
replaced joints.

In the experimental part, this study intends to further understand the mechanisms of particle-induced
osteolysis: 1) characterising the cellular populations of retrieved human periprosthetic pseudomembranes, 2)
reproducing the inflammatory and osteolytic changes in the calvaria mouse model and then assessing the
interference of ribonucleic acid (RNA) targeting the receptor activator of nuclear factor Kappa-B (RANK) as a
new therapeutic approach and finally, 3) describing the early interactions between polyethylene nanoparticles

and macrophages at cellular level.
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BONE TISSUE

The bone is a specialized connective tissue, forming the skeleton of the body. Bone tissue has a central
role in the biomechanics of the movements of the body, mineral metabolism and in haematopoiesis. The

composition of bone tissue is summarized in Table 1.

Biomechanics: The bones are stiff lever and they must resist the deformation. The bones must also be flexible
or elastic, to absorb and dissipate the energy. Finally, the bone must also be light to allow the mobility (14).
The bone tissue is a viscous-elastic material whose mechanic properties are affected by its deformation grade.
The flexibility properties of the bone are provided by the collagen, which give the bone the ability of support
tense loads. On other hand, the fragility grade of the bone depends of the mineral constituents that give it the

ability to support compressive loads.

Metabolic role in mineral homeostasis: One of the metabolic roles of the bone is related with the mineral
homeostasis of Calcium (Ca*?) Magnesium (Mg) and inorganic phosphate (PO,4), which are key components to
the synthesis of bone matrix. Thus, in physiologic conditions, the bone and mineral homeostasis depends of the
capacity of the body to trafficking these minerals from the intestinal absorption to the renal excretion.
Furthermore, mineral homeostasis is under hormonal control (corticoids, calciotrophic hormones [Vitamin D
and it metabolites and the paratohormone-PTH]). The imbalance in the bone turnover or in the mineral

homoeostasis would imply the development of bone and mineral related disorders (14).

Hematopoietic: During the postnatal stage of development, the bone marrow is the primary site of

hematopoietic stem cells (HSCs) maintenance and haematopoiesis (15).
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Table 1 Components of the bone tissue. Adapted from (16)

Bone Microanatomy

All bones of the human skeleton, though widely variable in function and shape, share a common
anatomic organization. Globally, they are composed of dense cortical bone, which encloses an irregular
medullary space containing cancellous bone that is composed of branching networks of interconnecting bony

trabecular elements.
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Cortical bone forms a relatively thick and dense outer wall and makes up about 80% of total skeletal
mass (Figure 1A). The cortical surface is enveloped by the periosteum, a connective tissue that contains the
cells that maintain, change, and repair this external surface (Figure 1B). The periosteum also contains blood
vessels, sensory nerves, and dense fibrous tissue that are contiguous with the connective tissue elements of
tendons, ligaments, and joint capsules. The remaining 20% of skeletal mass correspond to the cancellous bone
and consists of interconnecting trabecular plates that share the medullary space with hematopoietic and fatty
marrow. The inactive or resting trabecular surface is covered by a thin connective layer, the endosteum which,
like the contiguous cortical endosteum, has widely spaced flat lining cells that are believed to have osteogenic

potential, and form a barrier between the marrow and bone (17) (Figure 1C).

Trabeculae |

Figure 1. Bone microanatomy. Adapted from (17)

Both cortical and trabecular bones are composed of individual bone structural units (BSU), also called
osteons, each of which represents the structural result of a focus of bone renewal (remodeling). Architecturally,

cortical and trabecular BSUs are distinct. In cortical bone, BSUs may appear in cross section as concentric rings
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(lamellae), forming cylindrical - shaped structures. In cancellous bone, the lamellae are flat and appear stacked

in saucer shaped depressions (17) (Figure 2A and B).

Cortical BSUs are laminated bony cylinders that have central (Haversian) canals enclosing vascular
structures, nerves, and a thin membranous lining (cortical endosteum) containing the flat and quiescent lining
cells (Figure 2C). Cortical BSUs arise from Haversian and other communicating channels called Volkman’s
canals. They are about 0.4 mm in width and are several mm in length. They are oriented in a branching pattern
and lie perpendicular to the long access of bone. Otherwise, the trabecular BSUs are laminated saucer-shaped
structures that contain a relatively uniform volume of bone, each BSU representing a “quantum” of bone (17)

(Figure 2D).

Figure 2. Cortical (A and C) and trabecular (B and D) bone structural units (BSUs). Adapted from (17)
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Bone modeling, bone remodeling and basic multicellular unit (BMU)

Bone modelling (construction) is the process by which bone is formed by osteoblasts (OB) without prior
bone resorption by osteoclasts (OC). This process is vigorous during growth and produces changes in bone size

and shape (14).

Bone remodelling (reconstruction throughout life) is the process by the bone is constantly renewed
(formed and resorbed) in response to a wide range of local and systemic factors. This dynamic process occurs
in both cortical and trabecular (or cancellous) bone allowing a rapid response to changes in circulating calcium
levels and, as has become more recently clear, some input into regulating hemopoiesis in adjacent bone marrow

(14).

Osteoclasts and bone osteoblasts form basic multicellular units (BMUs) that function at discrete sites
throughout the skeleton in a highly coordinated sequence of cellular activity (Figure 3). At any given
remodelling site, bone resorption always precedes bone formation, resulting in the removal and subsequent
replacement of a quantum of bone at each site. Under normal steady state conditions, the amount of bone

removed is precisely replaced and there is no net change in bone mass. Only bone architecture is changed (17).
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Figure 3. Bone multicellular unit (BMU) and bone remodelling chamber (BRC). (16)
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The osteoblast lineage

Osteoblasts are the cells responsible for the synthesis of organic bone matrix and its mineralization.

They are derived from MSCs. In adults, they are found primarily in the bone marrow stroma, periosteum and

endosteum. The osteoblast maturation takes place via a series of complex steps of proliferation and

differentiation from MSCs to mature osteoblasts and this involves many transcription factors (16) (Figure 4):

Runx2 (Runt-related transcription for factor 2) (or CBFA-1 for core-binding factor-1 alpha subunit).
This transcription factor binds to the promoter of genes involved in osteoblastogenesis including
collagen 1 (COLL1), bone sialoprotein (BSP), osteocalcin (OCN) and osteopontin (OPN), to initiate the
differentiation of MSCs to the pre-osteoblasts. In mice, the deletion of this gene leads to a complete
absence of the endochondral bone model.

Osterix (Osx) is also involved in osteoblast differentiation and therefore in bone formation. Indeed, mice
deficient for Osx lack of osteoblasts, resulting in an absence of bone formation.

The transcription factor activator protein 1 (AP1), compound of heterodimer proteins Fos and Jun
families, is also an important regulator of bone formation. The expression of AP1 is induced by the
transforming growth factor beta (TGF-B), parathyroid hormone (PTH) and vitamin D3 in osteoblasts.
Different forms of AP1 will be expressed during the osteoblast differentiation. In the early stages of
osteoblastogenesis, all the proteins Fos and Jun are expressed, and then they decline with the advance in
the differentiation. Finally, AP1 in mature osteoblast consists only of Fra-2 and JunD.

DIx-5 plays an essential role in the control of the expression of BSP and OC by interfering with another
factor, Msx2. Indeed, disabling the gene DIx-5 in mice induced delayed ossification without altering
morphogenesis. The over-expression of Msx2 ossification accelerates inactivation while delaying
osteoblast differentiation, suggesting that Msx2 is a positive regulator of osteogenesis.

The CCAAT/enhancer- binding proteins (C/EBPS) are an important transcription factor in adipocyte
and osteoblast differentiation. For example, C/EBPS and C/EBPf regulate the expression of OCN and
C/EBP-deficient mice suffering from severe osteopenia.
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The expression of these transcription factors is under the complex interplay of cytokines or hormones,
including: the bone morphogenetic proteins (BMPs), TGF-, Wnt family proteins, the hedgehog proteins,
fibroblast growth factor (FGF), estrogen and androgen. Thus, BMP2 by activating Smadl/5 and Smad4
stimulates the expression and function of Runx2. The anabolic Wnt proteins (Wnt3a and Wnt10) by activating
the Wnt/B-Catenin also increase the expression of Runx2. Finally some of cytokines of the interleukin -6 (1L-6)
family, via the activation of the transcription factor the Signal Transducers and Activators of Transcription-3

(STATR), drive the expression of Runx2 and C/EBP (16).

Cellule souche Progéniteur Ostéoblaste Survie
mésenchymateuse immature mature ostéoblaste

Runx 2 Osterix B-caténine
5 — @® — @

PTH PTH Wnts

Vitamine D BMP 2 PTH

Hormone de croissance IGF 1 Forces mécaniques

BMP 2

TGF B

Wnt

PGE2

Forces mécaniques
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Figure 4. Transcription factors regulating the differentiation of osteoblast lineage. (23)

The pre-osteoblasts derived directly from MSCs and they located nearby places of bone formation
(Figure 5 and Figure 6). These elongated cells have the capacity to divide but not synthesize the extracellular
matrix. They begin to expression of some early markers such as osteopontin (OPN) or COLL1. The mature
osteoblasts (Figure) are able to synthesize extracellular matrix and then, mineralize. This phenomenon occurs
during the growth to adulthood and in bone remodeling. These cells have a basophilic cytoplasm, containing an
abundant rough endoplasmic reticulum, numerous mitochondria and a well-developed Golgi apparatus,

showing a very important activity of protein synthesis._They are placed on the osteoid, a non-mineralized bone
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matrix, formed mainly of collagen, proteoglycans and glycosaminoglycans. Once osteoblasts are mature, they

express (16):

Alkaline phosphatase (ALP), an enzyme responsible of the hydrolysis of inorganic pyrophosphate that
inhibits the calcification, thus promoting the mineralization of extracellular matrix.

The collagen 1 (COLL1), forming about 90% of the proteins of the bone extracellular matrix. Formed
by a triple helix of polypeptide chains, it is produced by the endoplasmic reticulum and then secreted
into the extracellular matrix.

Bone sialoprotein (BSP) and osteopontin (OPN) are the two most expressed non-collagenous proteins in
bone tissue belonging to the family of Small Integrin-Binding Ligand N-linked Glycoproteins
(SIBLINGS). These adhesive proteins bind the integrin membrane receptors, allowing the cell adhesion
to bone matrix.

Osteocalcin, a bone-specific protein, is expressed in large quantities and it corresponds to 10 to 20% of
non-collagenous bone proteins. It contains carboxyglutamic acid residues (gla), which is dependent
carboxylation of vitamin K. This protein expressed by mature osteoblasts late, seems to play a key role

in bone resorption by stimulating osteoclast differentiation.

Outside these bone proteins, osteoblasts secrete a number of growth factors that play an important role

in the regulation of bone metabolism, such as Transforming Growth Factors (TGF), Fibroblastic Growth Factor

(FGF) and the Bone Morphogenetic Proteins (BMPs) (16):

TGF is produced in a latent form by osteoblasts, then stored in the bone matrix in combination with a
carrier protein, then released after the osteoclastic bone resorption. In vitro, TGF stimulates the
proliferation of preosteoblasts and the production of collagen type-1 and osteopontin.

BMPs (BMP-2, -4, -6 and -7), members of the superfamily of TGF-beta, are produced by osteoblasts
and play a fundamental role in the control of bone formation. BMPs act at several levels by increasing
the expression of Runx2 in osteoblast precursors and stimulating the expression of osteoblastic genes

(alkaline phosphatase, type | collagen, osteocalcin) in osteoblasts.
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e The FGF are important regulators of proliferation, function and apoptosis of osteoblasts. In vivo, FGF-1
and FGF-2 (or bFGF) stimulates bone formation in the endosteum and the periosteum in rats.
Conversely, the invalidation of FGF-2 gene in mice decreases bone formation and induced osteopenia.
Although FGF-2 modulates the expression of osteoblastic genes, some of these anabolic effects are

indirect, induced by stimulation of the production of TGF by osteoblasts.

Osteoblasts also produce soluble regulatory molecules such as cytokines IL-6, Interleukin-11, the
Tumor necrosis factor alpha (TNF-a), the Receptor Activator of Nuclear Factor kappa B Ligand (RANKL) or
Osteoprotegerin (OPG), released into the extracellular medium or expressed on the cell surface acting on the
osteoblast and osteoclast precursor cells (Figure 5). Some proteases, capable of regulating bone turnover by
their action on the bone matrix proteins are also produced by the osteoblasts. This is the case of matrix

metalloproteinases (MMPs), which MMP13 or collagenase 3 (16).

After the period of bone formation, most osteoblasts dies by apoptosis, a process of programmed cell

death common to many tissues. The remaining cells can then turn into lining cells or osteocytes (16) (Figure 5).

The lining cells are inactivated or quiescent osteoblast cells, and form a monolayer of flattened cells
containing little or fusiform cytoplasm and little organelles reflecting its reduced synthetic activity. Their main
function is to ensure communication between the cellular environment and osteocytes entombed in the bone
matrix. They also play a role during the initial phase of bone remodelling (activation). Indeed, they are able to
perceive an initialization signal, leading to the degradation of the unmineralized organic matrix. Thus, the
mineralized matrix is then exposed to the action of osteoclast precursors will migrate, merge and join the matrix

(16).

The osteocytes are the most abundant cells of the mature bone and they are embedded in the mineralized
bone matrix within a périosteocytaire space (Figure 5 and Figure 6). The cytoplasm of osteocytes contains
abundant components of cytoskeleton, microtubules, intermediate and actin filaments. In contrast, the

intracellular organelles are poorly developed, thus indicating a very low level of protein synthesis. Osteoblastic
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markers previously expressed will gradually disappear (ALP COLL1, BSP, OCN) during the terminal

differentiation into osteocytes.

The osteocytes forming an extensive network and them transmitting mechanosensory signals during the
process of bone remodeling. Indeed, osteocytes interact with the collagen fibers that lining the osteocyte
cavities through of the molecules integrin-like that act as mechanoreceptors, sensing the environmental
mechanical stress applied to the bone. They then transmit the information to the osteoblasts and lining cells via

gap junctions providing the functional adaptation of bone tissue (18).

The osteocytes also regulate the bone formation by secreting the protein sclerostin, which is one of their
specific markers. Sclerostin is an antagonist of Wnt proteins and negatively control the activity of osteoblasts
(19). While the regulatory mechanisms are not fully understood, it appears that the apoptosis of osteocytes

would trigger the chemotaxis to the osteoclasts to the bone surface and therefore the beginning of bone

resorption.
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Figure 5. Evolution of the osteoblast lineage. (16)
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Figure 6. Osteoblast lineage cells detected by Osterix (left) and ALP (right) immunostaining. (A) Pre osteoblasts, (B) Osteoblast, (C) Osteocyte
and (D) Osteocyte cavity. (Cordova et al., 2014, submitted for publication)

Osteoclasts

The osteoclasts are the only cells in the body able to resorb the bone matrix. They are capable of
degrading the organic phase by the secretion of enzymes in the resorption chamber and the inorganic phase by
lowering the pH. Osteoclasts play a critical role in the development of the skeleton and in the maintenance of
the bone mass and they are also involved in many bone diseases such as osteoporosis, tumor osteolysis or

inflammatory rheumatism.

The osteoclasts have variable morphology. Though often appearing as large multinuclear cells, they are
visible at the bottom of the Howship resorption pit, in contact with the calcified bone matrix by gaps. Positive
identification may be made using acid phosphatase stains (Tartrate Resistant Acid Phosphatase-TRAP) (Figure
7). Osteoclasts have a developed Golgi apparatus, many peri-nuclear mitochondrial and they are rich in
lysosomal enzymes such as TRAP or cathepsin K. In quiescent bone, osteoclasts are encountered infrequently,
only about three being identified per 100 mm of trabecular surface, and therefore may be absent from an entire
section. Under some pathologic conditions the number, size, and activity of osteoclasts may increase.
Osteoclastic resorption of mineralized bone releases minerals in support of mineral homeostasis and products of

collagenous protein degradation, including the collagen cross links, into the circulation. The relative
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concentrations of cross links in blood or urine reflect the degree of bone resorbing activity and are considered to

be “markers” of bone resorption.

Figure 7. Osteoclast identified by TRAP staining. (Cordova et al., 2014, submitted for publication)

The osteoclasts derive from the hematopoietic stem cells (HSCs) and more precisely from the
mononuclear precursor called Macrophage-Colony Forming Unit (CFU-M) (Figure 8). The Macrophage-
Colony Stimulating Factor (M-CSF) stimulates the proliferation of CFU-M to maintain a pool of mononuclear
cells belonging to the monocyte/macrophage lineage. A small proportion of these cells is considered osteoclast
precursors and is characterized by the absence of two osteoclast markers, TRAP and calcitonin receptor
absorption inhibitor (CTR). The monocyte precursors are attracted to a resorption site, by chemotaxis, and then
attach to the bone matrix to differentiate under the influence of M-CSF and RANKL, in the
mononuclear/osteoclasts expressing CTR and TRAP. These cells, always under the effect of M-CSF and
RANKL, fuse to form multinucleated cells that are not yet active and do not develop a brush border. The

activation of osteoclasts is due to RANKL that will stimulate the formation of the brush border (20).

Between peripheral blood mononuclear cells (PBMCs), only certain monocytic fractions are capable of

differentiating in mature osteoclasts in the presence of M-CSF and RANKL. The population most currently
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used as an osteoclastogenesis model monocyte population expressing the CD14 marker (a co-receptor for

lipopolysaccharide, LPS) (21).
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Figure 8. Differentiation of myeloid cells including the osteoclasts. (16)

The essential function of osteoclasts is the bone resorption. During the first phase of this process, a
reorganization of the cytoskeleton of osteoclasts is observed: the actin microfilaments, vinculin and talin are
organized into rings. This is essential for the formation of the clear zone area devoid of intracellular organelles
and rich in actin filaments (22). It corresponds to a region where the plasma membrane is in contact with the
bone, thus defining a closed space between the brush border compartment and the bone surface. The resorption
process is performed in this compartment called resorption chamber and is performed in two stages: the
dissolution of the inorganic (mineral) matrix prior to the degradation of the organic phase. Thus, the
acidification of the absorption chamber (pH = 4.5) allows the demineralization of the matrix. This process

involves ATP-dependent proton pumps. The pH within the osteoclast is maintained by a passive transport CI°
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/HCO3'". Finally, a chloride channel guarantees electroneutrality. The digestion of the organic matrix is carried
out under the action of proteolytic enzymes (cathepsin K, metalloproteases or collagenases) contained in

lysosomes (Figure 9) (23).
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Figure 9. Activated osteoclast in the bone resorption pit. (24)

The triad RANK/RANKL/OPG mediates the intercellular communication between osteoblasts and
osteoclasts and plays a fundamental role in the control of osteoclastogenesis (Figure 10). RANKL is a
transmembrane cytokine that can be cleaved by proteases to generate a soluble form. RANKL binds with high
affinity to its receptor RANK expressed on the surface of osteoclasts. The RANKL/RANK interaction is
essential for the differentiation and survival of osteoclasts by the activation of different signaling pathways. In
mice invalidated for RANKL or RANK genes, exhibit defective osteoclast activation, resulting in osteopetrosis

(25).
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OPG is a soluble glycoprotein, in particular produced by osteoblasts, which acts as a decoy receptor of
RANKL. The ratio between the level of expression of OPG and RANKL by osteoblasts therefore allows the
control of bone resorption. Indeed, it has been shown that deletion of the gene OPG resulted in severe
osteoporosis characterized by excessive resorption (26), whereas the overexpression of OPG causes
osteopetrosis (27). Various factors are capable of regulating the homeostasis of bone by acting on the triad

RANK/RANKL/OPG (25,28).

e Runx2 regulates directly the expression of RANKL and OPG genes in osteoblasts, providing a
molecular link between bone formation and resorption.

e PTH inhibits the secretion of OPG and increases the expression of RANKL by osteoblasts (29).

e Interleukin-1 beta (IL-1B) and TNF-a stimulate the production of M-CSF and RANKL by the
osteoblastic precursors.

e |L-6 and glucocorticoids also stimulate the expression of RANKL

e Physiological doses of Vitamin D inhibit the stimulation of the expression of RANKL by PTH.

e The TGF- B, estrogens and BMPs increase the expression of OPG. The drop in estrogen levels during

menopause thereby promotes the development of osteoporosis.

This molecular triad contributes to bone remodeling. Any disruption of this balance between the phases

of bone formation and bone resorption is likely to induce the osteocondensant or osteolytic diseases.
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Bone remodelling cycle

The sequential events of the bone remodelling cycle are driven by an evolution of cellular events that

occurs over a time period of three to six months, comprising fourth continuous stages: a) activation, b)

resorption, c) reversal and d) formation (16, 17) (Figure 11).
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Figure 11. Bone remodelling cycle. (16)
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a) Activation — a quiescent bone surface becomes populated with cells that have been recruited from osteoclast
precursors and are destined to become bone-resorbing osteoclasts. Lining cells produce collagenase, which

exposes the mineralized bone surface for bone resorption (16, 17) (Figure 11 and Figure 12A).

b) Resorption — mature osteoclasts remove a finite quantum of mineralized bone. Cells derived from
circulating mononuclear phagocyte precursors are recruited to become bone-resorbing pre-osteoclasts. Pre-
osteoclasts become mature osteoclasts and attach to the exposed mineralized bone surface, to form an isolated
and sealed microenvironment forming the ruffled membrane, that is rich in both chlorhydric acid (HCI) and
lysosomal enzymes (cathepsin K). Mature osteoclasts remove mineral and organic components of mature bone,

leaving serrated footprints, or Howship’s lacunae, on the surface (16, 17) (Figure 11 and Figure 12B).

c) Reversal - osteoclast activity and numbers decline and are replaced by pre-osteoblasts. Osteoclasts
ultimately undergo cell death, or apoptosis and the resorption lacunae become populated by mononuclear
preosteoblasts. Preosteoblasts are destined to become bone-forming osteoblasts. Preosteoblasts can be visually
identified by their proximity to the resorption surface, clear cytoplasm, single nuclei, and positives for alkaline
phosphatase (ALP) stain. Once they mature into osteoblasts, they appear as mononuclear cells with prominent
nucleoli and deeply stained cytoplasm. Osteoblasts form a cellular monolayer on the resorption surface

previously abandoned by osteoclasts (16, 17) (Figure 11 and Figure 12C).

d) Formation - preosteoblasts become mature osteoblasts and secrete bone matrix, which subsequently
undergoes mineralization. Osteoblasts secrete type | collagen, called osteoid, from their basal surfaces onto the
previously resorbed surface. Osteoid forms the organic matrix of bone. Some osteoblasts become entrapped in
osteoid to become osteocytes. As bone mineralizes, osteocytes tend to become pyknotic but retain metabolic
responsiveness to PTH and other stimuli. Osteocytes retain communication with the surface and with other cells
through a system of microtubules called canaliculi. Osteoblasts secrete collagen matrix directly on the
resorption lacunar surface. The resulting scalloped interface between old bone and new matrix is called the

reversal or cement line (16, 17) (Figure 11 and Figure 12D).
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Figure 12

Cells involved in the bone remodelling cycle. (A) Activation phase, (B) resorption phase, (C) reversal phase and (D) formation phase. Adapted
from (17)

Type I collagen is a triple helical structure composed of two al chains and one o2 chain. Gly-X-Y
repeating triplets characterize collagen-a chains, where X and Y are usually proline and hydroxyproline,
respectively. Type | collagen is synthesized in a procollagen form which undergoes post-translational
hydroxylation and glycosylation of selective residues. It further undergoes removal of terminal sequences
before being secreted in its mature form from the basilar surface of osteoblasts into the underlying extra cellular
space. Under normal conditions, collagen molecules establish covalent C-to-N cross links that result in both

end-to-end and side-to-side alignment, forming mats of aligned and interconnected collagen molecules.
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Collagen layers periodically alternate their spatial orientation 90°, resulting in the layered or lamellar bone
configuration seen in normal BSU. Under conditions of rapid turnover, e.g., normal growth, fracture healing, or
under some pathologic conditions as illustrated, osteoid is deposited in disorganized fashion and is called
woven bone in contrast to lamellar bone (Figure 13). Osteoblasts secrete collagenous and noncollagenous
proteins into circulation, including the C and N-terminal fragments of procollagen, alkaline phosphatase, and
osteocalcin. Concentrations of these products in serum and urine serve as “markers” of bone formation and
turnover. The reversal line defines the limit of bone erosion and the original site of bone formation. The

persistence of a serrated interface indicates that mineral deposition has not begun at this location (17).
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Figure 13

Woven and lamellar bone. Adapted from (17)
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Ten to fifteen days after the secretion of osteoid, it undergoes maturational changes that prepare it for
the initial deposition of calcium phosphate crystals. This occurs along an interface between mineralized and
unmineralized bone, called the mineralization front (Figure 14 A, B and C). As early mineralization proceeds,

the serrated reversal line becomes obscured and the mineralization front becomes a smooth linear interface (17).
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Mineralization front (A), cancellous (B) and cortical (C) BMUs. Adapted from (17)

Between the BMU and bone marrow there is a structure called the bone-remodeling compartment
(BRC) (Figure 15). The BRC is lined by sinusoidal vascular structures whose marrow interface is made up of
lining cells that form a canopy over the remodeling site. The BRC is thought to be a component of the BMU
providing a local environment for regional cell signaling and the coordination of the coupling of formation to
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resorption. Though the remodeling cycle begins with osteoclastic resorption ands ends with osteoblastic
formation and mineralization, osteoclasts and osteoblasts are otherwise simultaneously present in different
regions of the same BMU during most of the active remodeling cycle. Lead by osteoclastic resorption, the
BMU moves across the surface of cancellous bone. Resorption is succeeded by formation, which eventually
becomes new mineralized bone. Increases in remodeling space (turnover) are associated with an increasing
tendency for fracturing. Its size is a limiting factor for increasing bone mass with drugs that reduce turnover
(eg. Bisphosphonates). The remodelling space (RS) refers to that volume of bone that has undergone resorption
or will undergo formation and mineralization, and which therefore does not contribute to mineralized bone
mass. The RS is directly related to bone turnover, and represents the skeleton’s potential for increasing bone
volume, mass, and strength. The cancellous bone remodeling occurs over a trabecular surface, whereas cortical
remodeling occurs within a cylinder. Bone cell function and the sequence of cell activities are otherwise
similar. Cancellous BMUs occur in greater numbers, causing the cancellous bone turnover rate to be about ten-

fold that of cortical bone (30).
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Figure 15
Histological appearance of the BRC: (A) Cross section of a complete BRC, the lining cells are stained in NCAM positive (black); (B) CD34-positives

capillaries (brown); (C) Magnification of osteoclasts (red) (inset in (A)); (D) and (E) BRC containing bone (D) and osteoid (E) eroded surfaces; (F)
and (G) are two examples of contnouos (yellow arrows) and disrupted canopies (white arrows). According to (30)
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HIP JOINT ANATOMY: ARTICULAR SURFACES

The hip is a classical ball-and-socket synovial diarthrodial joint: a) it has a joint cavity; b) the joint
surfaces are covered with articular cartilage; c) it has a synovial membrane producing synovial fluid, and d) it is

surrounded by a ligamentous capsule (31).

The acetabulum is formed by the innominate bone with contributions from the ilium (approximately
40% of the acetabulum), ischium (40%) and the pubis (20%). The actual articular surface appears a lunate
shaped when viewed looking into the acetabulum. Within the lunate, or horseshoe shaped articular cartilage,
there is a central area — the central inferior acetabular fossa. This fat filled space houses a synovial covered fat
pad and also contains the acetabular attachment of the ligamentum teres. Inferior to this, the socket of the hip is

completed by the inferior transverse ligament (31).

Attached to the rim of the acetabulum is the fibrocartilaginous labrum. It plays a role in joint stability
and in distribution of forces around the joint. It has also been suggested it plays a role in restricting movement
of synovial fluid to the peripheral compartment of the hip, thus helping exert a negative pressure effect within
the hip joint. The labrum runs around the circumference of the acetabulum terminating inferiorly where the
transverse acetabular ligament crosses the inferior aspect of the acetabular fossa. It attaches to the bony rim of

the acetabulum and is quite separate from the insertion of the capsule (31,32) (Figure 16).
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Figure 16. General view of hip bone: (A) acetabular fossa and (B) fibrocartilaginous labrum. (32)

The femoral head is covered with a corresponding articular cartilage beyond the reaches of the
acetabular rim to accommaodate the full range of motion. The covered region forms approximately 60 to 70% of
a sphere. There is an uncovered area on the central area of the femoral head — the fovea capitis — for the femoral
insertion of the ligamentum teres (Figure 17). The ligamentum teres, while containing a blood supply does not
contribute to the stability of the joint. It is covered in synovium, so while it is intra-articular it is actually extra-
synovial

The head of the femur is attached to the femoral shaft by the femoral neck. The neck-shaft angle is
usually 125+£5° in the normal adult. Thus, the femoral shaft is laterally displaced from the pelvis, thus

facilitating freedom for joint motion. The neck-shaft angle steadily decreases from 150° after birth to 125° in
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the adult due to remodelling of bone in response to changing stress patterns. The femoral neck in the average
person is also rotated slightly anterior to the coronal plane. The neck is most narrow midway down the neck

(31).
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Figure 17. Proximal femoral epiphysis. (A) Femoral head and (B) femoral articular surface recovered by a cartilage layer and Teres ligament
joining the fovea capitis with acetabular the notch. (32)
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TOTAL JOINT REPLACEMENT: TRIBOLOGY AND BIOACTIVITY OF BEARING SURFACES

The tribology of artificial joints includes the wear behaviour of the implants’ bearing surfaces (33).
During the wear process, worn sub-micrometric particle debris is released normally or abnormally from the
bearing surfaces to the bone microenvironment as a result of adhesive, abrasive, third body, fatigue or corrosive
wear (33,34). The wear particles cause the secretion of pro-inflammatory cytokines by macrophages,
production of pro-resorptive cytokines by osteoblasts and fibroblasts, stimulation of osteoclastogenesis,
induction of osteolysis and subsequently the loosening of the implant (4). The sources of the particles can be
either metallic or polymeric, the former including titanium (Ti) and chrome-cobalt (Cr-Co) and the latter
consisting of ultra-high-molecular-weight-polyethylene (UHMWPE) from acetabular cups and
polymethylmethacrylate (PMMA) from bone cement extensively used in cemented THA replacement. While
wear debris of Ti, Cr-Co or PMMA is released under abnormal function of the prosthesis, UHMWPE particles
are released normally during the life-span of the prosthetic device (35). Thus, production and accumulation of

UHMWRPE wear debris is an inherent phenomenon of implant use (35) (Figure 18).
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Figure 18. Scanning electron micrograph of bearing surface of polyethylene acetabular cup (A) and polyethylene wear particles (B) worn in hip
wear simulator for 3 million cycles against Cr-Co head. Adapted from (36)

Metal-on-Polyethylene couples

The use of metal-on-UHMWPE bearing surfaces in hip implants was proposed by Charnley in 1961
(Figure 19 and Figure 20). This low frictional system is comprised of an acetabular UHMWPE cup articulating
against a small diameter metallic femoral head (37). Its success is due to the combination of excellent
mechanical properties and biocompatibility; however UHMWPE, which has become the material most
commonly used as a prosthetic surface after the failure of polytetrafluoroethylene (PTFE, Teflon) (2), has
shown limitations in the long term due to the generation of debris (38). In the past decade, a first-generation
cross-linked polyethylene has shown lower wear rates and a decreased incidence of periprosthetic osteolysis
compared to UHMWPE in the medium term; however the problem seems to persist: the cross-linked
polyethylene still releases phagocytable wear nanoparticles, strongly related to its higher bioactivity (39).

Furthermore, the residual oxidation and potential material fracture raise questions about its effectiveness.
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Recently, a second-generation cross-linked polyethylene has been developed. New methods of stabilization
(annealing and remelting) and incorporation of vitamin E (blended polyethylenes) have led to reduced oxidation
and fracture risk, and a lower rate of wear (38). The clinical performances of cross-linked polyethylene and
UHMWPE were analysed in a randomized trial (40) and in a meta-analysis (41) at intermediate follow-up. Both
studies matched for the significant decrease in wear rates and in the low risk of developing loosening observed
in new polyethylenes. A recent long-term multicentre study examining the benefits of cross-linked polyethylene
in patients after THA showed an improvement in the prognosis of implant survival of up to 13 years (8).
Despite these encouraging data, the need for longer-term follow-up is central to determining the differences in
the need for surgical revision. Furthermore, the biological role of wear nanoparticles released by new
polyethylenes remains unknown and seems to be an interesting subject of research for the coming years. In this

context, we believe that UHMWPE will remain the biomaterial of reference.
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Figure 19. Charnley low - friction arthroplasty and it percentage of survival after 38 years. (42)
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Figure 20. Charnley low - friction arthroplasty. (Image provided by courtesy of Professor F. GOUIN)

Other currently used alternatives for total hip arthroplasty include metal-on-metal and ceramic-on-
ceramic bearing surfaces (Figure 21). In general, these have shown better mechanical properties and lower wear
rates than the classic metal-on-UHMWPE couple and are an alternative to reducing the prevalent osteolysis and
aseptic loosening in THA (43). However, the persistent risk of fracture for ceramic (33), the potential risk of
development of hypersensivity reactions (9) and chronic exposure to metallic ions with metal-on-metal couples
(44) cast doubt on the real advantages over metal-on-UHMWPE couples. Finally, although modular systems
have shown advantages in adapting to anatomical difficulties, there is a risk of micro-displacement of metal
interconnectors and wear production (45). We will now briefly describe the current tribological and bioactive

concepts of each type:

Metal-on-Metal couples

Better postoperative stability, improved tribological properties and the ability to use larger diameter
femoral heads on Cr-Co has led to an increase in its indications in younger and active patients in the last decade

(46,47) (Figure 21B). However, early use prolongs the exposure to metal products (ions and/or nanoparticles),
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increasing the need for surgical revision by adverse responses associated with metal debris (ARMD) rather than
aseptic loosening. Similarly, a severe increase in serum cobalt (Co) concentrations (up to 160-fold) in patients
treated with stemmed-large-head-metal-on-metal THA, hip resurfacing arthroplasties (HRAs) and modular
systems, has been reported (48). The chrome-cobalt-molybdenum (Cr-Co-Mo) alloy present in the second-
generation metal-on-metal devices has been related to the production of nanoparticles and ions by
electrochemical corrosion (46,49-51) requiring special toxicological consideration. The predominating Cr-Co-
Mo nanoparticles (50 nm or less) induce the reactivity of local tissues, mediated by the monocyte/macrophage
response. They are internalized by diffusion (10-30 nm wide) or receptor mediated-endocytosis (RME), a
specific endocytosis that is clathrin- or caveolae—mediated (120 or 80 nm wide, respectively)(52). Also,
pinocytosis, a non-specific mechanism of endocytosis, has been proposed as an alternative means of
internalization (52). Once the nanoparticles are in cytosol they increase the secretion of proinflammatory
cytokines by having a direct effect on the nuclear factor-kappaB (Nf-kB). Another way of explaining the
increase in reactivity in phagocytic cells by metallic nanoparticles, is the activation of inflammasome, an
intracellular danger-signal protein complex, in a particle concentration-dependent manner (52,53).

On the other hand, the ionic sensitivity of local tissues leads to perivascular lymphocytic infiltration
independent of the presence of wear debris. This response seems to be a type 4 delayed hypersensitivity
response (9,52), but this issue remains controversial. The mechanism proposed is the loss of anti-corrosive
capacity of Chrome by the effect of local biologic fluid, fritting and wear production (52). In this form, Cobalt
is released into the synovial fluid and internalized by local macrophages leading to necrosis and intracellular
corrosion by oxidative stress with an increase in production of reactive oxygen species (ROS). Thus, the NF-kB
pathway is up-regulated, increasing the release of pro-inflammatory cytokines which re-stimulate the necrosis-
oxidative stress vicious cycle (52). lon accumulation was primarily related to local hypersensitivity or systemic
toxicity (44). Furthermore, elevated serum levels of ions were associated with early failure of metal-on-metal
devices (large femoral head in metal-on-metal THAs, metallic modular systems and metal-on-metal hip

resurfacing systems) by ARMD, metallosis and osteolysis (51), leading to aseptic lymphocyte-dominated
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vasculitis-associated lesions (ALVAL), a new pathological entity characterized by the presence of

pseudotumoral soft tissues (46,49-51).

Ceramic-on-ceramic couples

The use of ceramic-on-ceramic (aluminum or zirconium oxide) has reduced the production of wear
and loosening of the implant and is a good candidate for indications in a younger population (Figure 21B).
However, it has shown low mechanical properties with an increased risk of fracture (33). Currently, the use of
third generation ceramics has considerably improved their mechanical and tribological behaviour (54,55). A
number of retrospective studies, performed in active patients (age 50 years on average) and analyzing their
long-term behaviour, have shown the low incidence of aseptic loosening, with a high percentage of success in
primary THA and only an exceptional need for surgical revision (54,55). Ceramic-on-polyethylene couples
have also been proposed to minimize wear debris production (56). Ceramic heads were harder and more
resistant to scratching and showed a reduction in liner wear rate than classic Cr-Co heads, suggesting a decrease
in the risk of developing aseptic loosening (57,58). Despite these encouraging results, the microseparation
described in zirconium femoral heads, the incidence of fracture, the great challenge for surgical revision due to
the inability of using a ceramic head a second time and the risk of chipping the ceramic, do not make this the

most popular choice (4).
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Figure 21. Bearing surfaces more often availables for total hip arthroplasty. (59)

Role of PMMA in aseptic loosening

While the head-cup interface has been highlighted as a main source of wear products, other bearing
surfaces such as acetabular-cement and stem-cement interfaces should also be considered (Figure 22). The
evidence available concerning the behaviour of the former is controversial, suggesting that cemented acetabular
components have a better tribological performance and reliability than uncemented (60,61). Otherwise, the
stem-cement interface is an important source of “fretting”, the contact wear products generated by low-
amplitude oscillatory micromotion under physiological loading (62,63). Femoral stem wear became one of the
major sources of wear products after the introduction of improved biomaterials for the head-cup interface (62).
The fatigue failure of PMMA leads to debonding of the femoral stem with the subsequent development of
aseptic loosening (64,65). On the other hand, the morphology of the stem surface seems to play a critical role in
generating fritting wear. Microporous rather than polished stem surfaces were significantly more associated

with fretting wear production in the joint simulator (63). The confirmed role of bone cement in the genesis of
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experimental stem-cement debonding and the subsequent generation of wear or fritting products was reaffirmed
by clinical retrospective survivorship analysis confirming the lower lifespan of cemented compared with

cementless THA at long-term follow-up. These data explain the general clinical popularity of cementless THA

over cemented THA (66,67).
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Figure 22. Metal-bone interface in cemented (A) or cementless (B) femoral stems of total hip arthroplasty. (59)
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THE CELL INTERACTIONS WITH WEAR PARTICLES

In the field of aseptic loosening, in vitro approaches have served to highlight the interactions between
particles and the most competent cells involved in inflammatory-osteolytic process: macrophages, osteoclasts and

osteoblasts (Figure 23).

© (@
% ®

a TNF o
PGE2
GM-CSF
;\ D -—; @ o
! @ o Q
,«f?go
|g (6 +++
IL-6 o
o O M-CSF

Multi nucleated
Osteoclast

Osteogenesis mediated Bone n tnx dégradat; )
by osteoblasts by proteases

éolysis mediated by

Inhibition of formation, function 0
activated osteoclasts

and survival of osteoblasts

0 RANKL Q_) OPG @ RANKL-OPG RANK @ RANKL-RANK

Figure 23. Simplified molecular mechanisms induced by wear debris particles in the periprosthetic niche.

(1) Wear debris particles stimulate macrophages and osteoblasts. (2) Activated macrophages secrete chemokines, pro-inflammatory cytokines (IL-
1B, IL-6 and TNF-a), prostaglandine E2 (PGE2) and GM-CSF, inducing directly the recrutment, differentiation of pre osteoclasts in mature
osteoclasts. (2) IL-1B and IL-6 activate indirectly the differentiation of osteoclasts through the secretion of RANKL by activated osteoblasts. (3)
RANKL/RANK (+++) signalling between activated osteoblasts and pre osteoclasts in presence of M-CSF. (4) Recrutment, differentiation of osteoclast
precursors into activated osteoclasts and subsequent osteolysis in resorption pit. (Cordova LA. et al., unpublished data)
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Macrophages and wear particles

Monocytes / macrophages belong to the family of mononuclear phagocytes. These cells originate from
multipotent precursors from bone marrow, hematopoietic stem cells, which differentiate into myeloid precursors
(Figure 24). Myeloid precursors can then give the granulocyte and monocyte lineage. Newly formed monocytes
leave the bone marrow, so to reach the bloodstream where they represent between 5 and 10% of the leukocytes.
This monocyte population is characterized by the expression of receptor to M-CSF, Colony stimulating factor 1
receptor (CSF-1R) and coreceptor lipopolysaccharide (LPS), the CD14 marker. They will remain in the
bloodstream for 1-3 days and then, through the endothelial barrier by diapedesis, they go into the various tissues
of the body, they then differentiate into residents macrophages or inflammatory depend of the local context.
Monocytes therefore represent "cell tank™ while macrophages are essential effector cells in the initiation of the

innate immune response to pathogens, and bridging the gap with adaptive immunity (16).
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Figure 24. Differentiation of myeloid lineage. (16)

Originally, human monocytes were described and identified due to their morphology but the development
of flow cytometry has better characterize through the expression of it LPS coreceptor, CD14. This technology
has also helped to highlight the existence of new sub-populations based on the expression of the marker CD16

(RFcylIll). These new populations express strongly the moleculaes of major histocompatibility complex class II
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(MHC 11) and produces less TNF-a in response to stimulation by a ligand of Toll like receptor (TLR). Based on
the expression of these two surface markers, three sub-populations are described in the literature: a) The classic
macrophages (CD14™9"CD167, that correspond to 85% of circulants monocytes in healthy patients and they
express strongly CD14, the chemokine receptor CCR2 and less the CX3CR1. They are a great capacity to
phagocytose and to secrete proinflammatory cytokynes such as TNF-a, IL-6 and IL-1. b) The non-classic
macrophages (CD14-°“CD16"%" corresponding to 10% of circulant macrophages and they express slightly
CCR2, strongly CX3CR1, CCR5 and MHC II. They seem to be more mature and closer to the resident tissue
macrophages (Figure 25). Finally, c) the intermediate macrophages (CD14™'°"CD16"°") have been also

recognized.
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Figure 25. Distribution of circulant, residents and inflammatory macrophages. (68)

While macrophage diversity includes a large spectrum of phenotypes, rather than distinctly
proinflammatory or antiinflammatory populations, differing cytokine production profiles have been described
for M1 and M2 macrophages. The cytokine release profile of M1 proi-nflammatory macrophages includes
increased TNF-a, IL-1B, IL-6, IL-12, IL-23 and type 1 interferon, as well as expression of inducible NO

synthase (iNOS), CCR7 and HLA-DR. The cytokine release profile of M2 anti-inflammatory macrophages

55



includes increased IL-4, IL-10, IL-13, and IL-1ra production, as well as expression of CD206, Ym1, CD163,
CCL1, CCL18, FIZz1, Arginase 1 and chitotriosidase. These distinctions provide a useful tool to identify the

phenotype of the different macrophage population in tissue specimens or in vitro studies (69) (Figure 26).
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Figure 26. Macrophage phenotypes and subpopulations. (16)

There is strong evidence that points to macrophages as the key cells implicated in periprosthetic
inflammation and osteolysis wear debris (35). The presence of macrophage-like cells surrounding large
particles of polyethylene in pseudomembranes confirms this finding (70). The chemo-attraction of macrophages
by chemokines, such as monocyte chemoattractant protein-1 (MCP-1), the most important chemokine
regulating cell trafficking and infiltration of monocyte/macrophages in chronic inflammation, is a key step in
the early inflammatory process (71). Furthermore, the presence of wear particles within phagocytable range
(0.1 — 20 um) inside the macrophages suggests that the cells actively engulf particles, which subsequently leads
to the release of pro-inflammatory mediators such as cytokines TNF-o, IL-1B, prostaglandin E2 (PGE2), GM-
CSF and IL-6 into the cell culture supernatant (35). The expression of inflammatory cytokines in macrophage-
particle cultures can be modulated by particle composition (4), size (72), shape (73) and surface area (74).

However, it remains unclear which parameters are the most important (73). Regarding the size, Endres et al.
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and Pal et al. tested the effect of UHMWPE nanoparticles on monocyte/macrophage response, reporting an
inverse relationship between particle size and bioactivity (75).

Naive’s macrophages, resident in inflamed tissues (MO0), have the ability to react to the environmental
stimulus, leading to modification of their phenotype: microbial LPS, interferon gamma (IFN- y) or TNF-a
induce the pro-inflammatory phenotype (M1) and IL-4 or I1L-13 induce modification to the anti-inflammatory
phenotype (M2), promoting tissue repair (76).

The paradox of 80-90 % of implants surviving despite the continuous release of wear debris could be
explained by the majority presence of MO and M2 in peri-implant tissues (34,77). Otherwise, the aggressive
osteolysis could be related to the activation of pattern-recognition receptors (PRRs) in MO (34). PRRs are
proteins expressed by the innate immune system to identify pathogen-associated-molecular-patterns (PAMPS),
such as the LPS or endogenous damage-associated molecular-patterns (DAMPS) such as ROS (78). LPS would
provide the initial danger signal to promote the differentiation from MO to pro-inflammatory macrophages
(M1). Interestingly, the macrophage phenotype has been experimentally modulated, from a pro-inflammatory
subpopulation (M1) to an anti-inflammatory phenotype (M2) in human macrophages isolated from retrieved
pseudomembranes, confirming the plasticity between both phenotypes and proposing a potential therapeutic
approach (79). Based on these findings, the biofilm-derived bacteria and LPS may play an underestimated role
in the implant loosening process (80). Clinical and experimental studies have confirmed that LPS have a high
affinity to wear debris and play a significant role in the activation of PRRs and subsequent induction of bone
loss (81-85). Based on this proposal, the classic paradigm of “aseptic loosening” could be modifiable by “septic
loosening” caused by bacteria housed in the implant biofilm and recognizable only by new methods of
detection (34).

Otherwise, Toll-like, NOD-like, AIM-like and RIG-I-like receptors (TLRs, NLRs, ALRs and RLRs
respectively) have been described (86,87). All of them are opsonin-dependent PRRs activated by immune or
non-immune molecules (88,89). TLRs’ signalling pathway is a key step for activating transcription factors of
pro-inflammatory cytokines in immune cells (70,87). TLR2 is engaged by exogenous short chains of

polyethylene, activating NF-kB (Figure 27) (70,90). Co-ions released from metal-on-metal implants promote
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the homodimerisation of TLR4, leading to the synthesis of pro-inflammatory cytokines and co-stimulatory
molecules in macrophages (34,91). Additionally, other endogenous DAMPSs signal through TLR2 and TLR4
pathways (70). On the other hand, endocytic PRRs, the scavenger receptors, promote the engulfment and
destruction of charged ligands independent of the opsonisation process (92). The macrophage receptor with a
collagenous structure (MARCO) is a scavenger receptor, which has been reported to be highly expressed in
CD68" positive macrophages and foreign body giant cells in interface membrane linings and stroma around
cemented implants (92). Activation of these sensors by particles may therefore induce the recruitment of the
cellular infiltrate, initiating an acute inflammatory response and linking innate with adaptive immune responses

(88).
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Figure 27. The central role of NF-KB in the orchestration of inflammatory and osteolytic response under wear debris challenge in periprosthetic
tissues.

Wear particles activate NF-KB (inside the nucleum of macrophage) by TNF (TNFR) and IL-1 (IL1R) signalling and TLRs pathway. NF-KB up regulates
the synthesis, expression and secretion of chemokines (macrophage inflammatory protein-1 [MIP1] and Monocyte chemoattractant protein-1
[MCP1]), proinflammatory cytokynes (IL-1, TNF-a), pro-osteoclastogenic cytokynes (RANKL), proteinases to bone matrix resorption (MMP and

others) and also inhibitors signals for osteoblasts and MSCs. (90)
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In another way, a cross-control of immune response through the expression of estrogenic receptors
(ERs) by periprosthetic macrophages has recently been reported (93). Their blockade results in a decrease of
TNF-o in mouse macrophages activated by polyethylene particles. The macrophagic response to wear particles
may therefore be modulated through ERs and their ligands (93).

With respect to the mechanistic understanding of intracellular macrophage activation, Caicedo et al.
proposed the NACHT, LRR, and PYD domains containing protein-3 (NALP3) inflammasome, a macrophagic
intra-cellular stress response triggered by the presence of phagocytized metallic debris (53). Confirming this
finding, the titanium-induced inflammation triggered by macrophage TLR signalling and intra-cellular
activation of the NALP3 inflammasome has been shown to induce increased IL-1f secretion and IL-1-
associated signalling and to promote the recruitment of neutrophils (70). A differential activation of NALP3
inflammasome has been described for larger or smaller particles of polyethylene, Ti, Silica, Cr-Co and PMMA
(70). While the larger lead to ROS-mediated inflammasome activation triggering a classic foreign body reaction
(giant cells surrounding the largest wear particles); the smaller trigger the cytosolic cathepsine-mediated
inflammasome activation after endosomal destabilization (70). These events may therefore propose the
inflammasome as a critical mediator for orthopaedic wear-induced osteolysis maintaining the chronic
inflammation, inducing periprosthetic bone loss and ultimately leading to implant failure (70). Experimental
models blockading NALP3 inflammasome components propose this pathway as a viable therapeutic target for

the treatment of periprosthetic osteolysis (94).

Osteoclasts and wear particles

The presence of UHMWPE wear particles in the periprosthetic bone microenvironment enhances the
differentiation of osteoclast progenitors into mature osteoclasts in response to the cytokines released by
activated macrophages and osteoblasts (95). In the past decade, major advances in understanding the

osteoblastic regulation of osteoclastogenesis, mediated by the RANKL/RANK/OPG system, have been made
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(96). For example, it has been shown that OPG expression by human osteoblasts was significantly inhibited in
the presence of UHMWPE particles, leading to a decreased OPG/RANKL ratio and subsequent stimulation of
osteoclastogenesis in vitro (97). Furthermore, the intracellular activation of osteoblastic cells by phagocytosis
mediator proteins ERK1/2-CEBPB may be a key inflammatory pathway that links phagocytosis of wear

particles to inflammatory gene expression in osteoprogenitor cells (98).

Osteoblasts and wear particles

Normal bone formation by osteoblasts is essential for implant survival. Disruption of osteoblast function
by wear particles was hypothesized to be an important factor influencing the balance in bone remodelling and
thereby decreasing the survival of implants due to aseptic loosening. Several authors have reported an inhibitory
effect of Ti particles on osteoblast function by various mechanisms: suppression of gene expression of collagen
type 1 (99), triggering apoptosis (99) and alterations of adhesion (100) with a consecutive decrease in cell
viability (99,101). Moreover, different particle types and surfaces were tested, identifying cobalt-based and
rough-surface particles as the most cytotoxic compositions and, inversely, zirconium oxide (ZrO,) particles as the
most innocuous (99,101). Exposing osteoblasts to UHMWPE particles in vitro decreases their osteogenic activity
(mineralization, proliferation, alkaline phosphatase activity, and osteocalcin production) mediated by an increase

in RANKL expression and induction of a catabolic phenotype (39,75).
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MOUSE MODELS AVAILABLES FOR THE STUDY OF PERIPROSTHETIC OSTEOLYSIS

Different species have been used to test biological and biomechanical parameters, two aspects closely
related to aseptic implant loosening (102). These include sheep (10) dogs (103), rabbits (11), rats (104) and
mice (13,105). The use of large animals has obvious advantages, especially if the desired outcome is the global
understanding of the behaviour of the implant in the host. However, the cost of maintenance and the need for
multiple therapeutic interventions in a large animal do not make these options the most used as a primary in
vivo approach. For this reason, mouse models appear to be the most effective alternative, due to the low cost of
maintenance, the facility in reaching sufficient numbers of individuals to strengthen statistical results and the
diverse options in genetic or immune features available (13,106). Mouse models have been exploited with two
major aims: the reproduction of a human clinical phenotype (modelling) and the development of therapeutic
assays.

To model particle-induced osteolysis in vivo, it is necessary to establish a causal effect between the
particles and inflammatory osteolysis and to unveil the mechanisms involved, identifying their critical markers.
The first aim has been well achieved in mice, demonstrating that the UHWMPE-induced formation of
granulomas and subsequent development of osteolysis is highly dependent on the size and shape of the particles
(35). Moreover, Wooley et al. suggested an important role for UHMWPE particle size, introducing the concept
of a “critical particle size” (<20 um) required to induce significant reactions in vivo (107). The desired second
aim of unveiling the mechanism of particle-induced osteolysis is based on a classical paradigm: macrophage-
mediated inflammatory responses and increased osteoclastogenesis lead to an imbalance between bone
formation and resorption (102). In this sense, in the past decade the biological interactions between particulate
debris and immune response have been better understood. Goodman suggests a differential immune response
according to the biomaterial involved (9). While polymers (UHMWPE and PMMA) seem to trigger an
unspecific response, metals (Cr-Co and Ti) are thought to trigger a type IV hypersensitivity reaction. The
cellular effectors in the non-specific (polymeric) response appear to be mainly macrophages and fibroblasts,
with a secondary modulator role for lymphocytes. By contrast, during the specific response, T lymphocytes

may play a major role in the maintenance of chronic inflammation, however their exact role in implant-
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loosening is still unknown (9). Consequently, understanding the exact role of macrophages and lymphocytes is
the key to understanding the immune modulation induced by particles.

Several animal models have demonstrated an activation of macrophages in response to a variety of wear
debris particles. Goodman et al. reported a foreign body giant cell reaction and prosthetic loosening that
generated elevated levels of PGE2 in rabbits (108). Spector et al. showed that macrophages produced elevated
levels of PGE2 and IL-1 in a canine osteolytic model (109). These findings were also confirmed in rat models
(110). Furthermore, new advances in in vivo imaging have served to confirm macrophage trafficking and have
revealed the role of MCP-1 in macrophage recruitment in the presence of UHMWPE wear particles in vivo
(111), as well as the role of transcription factor NF-kxB in UHMWPE particle-induced osteolysis (112). The
immunomodulatory role of the sphingosine-1-phosphate (S1P) system regulating the release of pro-
inflammatory cytokines and T cell activation have been reported in a mouse collagen-induced arthritis model
(113) suggesting a potential role in particle-induced osteolysis.

Interestingly, a paradoxical role of estrogens in mice has recently been proposed. While a classic bone
protective function has been attributed to estrogens in humans, a contrary effect has been shown in mice, where
estrogen deprivation is associated with a protective effect in a particle-induced osteolysis model (93). These
findings support a pro-inflammatory and pro-osteolytic effect of estrogens in periprosthetic tissues in mice,
probably mediated by estrogen receptors expressed by periprosthetic macrophages (93,114). Furthermore, an
immunomodulatory effect of IL-4 on periprosthetic macrophages activated by UHMWPE particles has also
been observed. IL-4 produced by activated macrophages seems to exert immunomodulatory activity through the
polarization of macrophages from the pro-inflammatory sub-population (M1) to the anti-inflammatory (M2)
phenotype (79,93).

The development of immunologically-compromised mouse models has served to sustain the concept
of the involvement of the immune response in particle-induced osteolysis (53,70,115). Lymphocytes and
macrophages are considered the main cellular targets in this process. Taki et al. reported a similar osteolytic
response to polyethylene or Ti particles in a Pfp/Rag2 double knock-out calvaria model of lymphocyte-

deficient mice (116). These results suggest that lymphocytes are not implicated in the osteolytic mechanism.
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Consistent with these findings, Purdue et al. reported a similar capacity to develop granuloma and osteolysis
under polymeric stimulus in lymphocyte-deficient mice (4). However, a lymphocytic infiltrate has been
observed around metal-on-metal arthroplasties and this is correlated with poor clinical implant performance (4).
Taken together, these results suggest that lymphocytes may be implicated in a metal-specific response, but not
in a polymeric non-specific response. Finally, Ren et al. highlighted the key role of macrophages in the
UHWMPE particle-response in nude mice, showing the systemic trafficking of reporter macrophages and
localized osteolysis after polymeric particle stimulation (117). Despite these important advances, further studies
in osteoimmunology are necessary to clarify their real importance.

Local osteoclastic bone resorption is influenced by different cytokines in in vivo models. Among these,
TNF-a seems to play a main role since it directly stimulates osteoclast formation, differentiation and activity
(95). However, the essential cytokine network proteins controlling the recruitment of functional osteoclasts in
wear particle-induced osteolysis in vivo seem to be the proteins of the RANK/RANKL system (118).
UHMWPE particles induce inflammation, but not osteoclastic bone resorption in RANK™ mice (118).
However, other routes for osteolysis activation have been reported. Yao et al. and Nakashima et al. unveiled the
capacity of macrophages and fibroblasts activated by wear particles to directly initiate the resorption mediated
by MMP-1, MMP-2 and MMP-9 (119,120).

The identification of relevant inflammatory and osteolytic markers in mice includes biomarkers that can
be found in clinical and in vitro studies as well. Among those are the cells of the immune response,
osteoprogenitor cells, pro-inflammatory (IL-1, IL-6, TNF-a, PGE2 and others) and pro-osteoclastic cytokines
(RANK, RANKL, IL-1 and TNF-a), pro-osteolytic factors such as MMP-2 and MMP-9 (121) and
neuropeptides (calcitonine and Calcitonin gene related peptide a-CGRP]) (122) or vascular signals (vascular

endothelial growth factor [VEGF]) (123).
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The air pouch model

Wooley et al. developed a model to study the cellular reaction and expression of cytokines after the
introduction of metals (Co-Cr, Ti-6Al-4V) and polymeric biomaterials (UHMWPE and PMMA) within
subcutaneous spaces previously created, named “air pouches” (124). Ren et al. modified this model by co-
implanting bone sections from syngeneic mice and particles into the air pouches (105) (Figure 28). These
studies showed macrophage infiltration and production of pro-inflammatory cytokines in the bone inside the air
pouch, which then underwent resorption (105).

The air pouch model has served as an initial “proof of concept” in the targeting of anti-
inflammatory or anti-resorptive events related to particle-induced osteolysis. However, this model fails with
respect to the reproducibility of the normal anatomic condition, because the bone is implanted in an ectopic site
without its usual physiological environment, including blood supply, vascular, nervous and hormone control.
These factors may be key aspects in the development of particle-induced osteolysis, considering the role of
vascular and nervous peptides and soluble factors (hormones, cytokines and growth factors) involved in the

control of bone homeostasis.

The calvaria model

In the calvaria model, a 1x1 cm area of calvaria is exposed by a midline sagittal incision with
careful conservation of the periosteum, and particles are then placed on this surface (125) (Figure 28). This
model has served as an important tool for understanding the mechanisms involved in inflammatory bone
resorption in a physiological bone site (126). Merkel et al. showed that Ti particles lead to inflammation,
osteoclast formation and bone resorption and proposed a key role for TNF-a in periprosthetic osteolysis after
blocking the action of TNF-a by deletion of genes encoding its receptors (p5S5TNF and p75TNF) (125,126).

Other mediators such as IL-1 and IL-10, as well as cyclo-oxygenase (COX) 1, COX2, and PGEZ2, have been
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studied with this model. The injection of IL-1 stimulated bone resorption, demonstrating the responsiveness of
the calvaria model to this inflammatory mediator (127). The anti-inflammatory cytokine IL-10 has been shown
to suppress wear debris-induced osteolysis (128). In the same vein, this model has been useful for proving the
modulatory effect of IL-4 on the macrophage phenotype (129) in an innovative model of percutaneous injection
of polyethylene particles on calvaria (130). Finally, COX2-deficient mice showed significantly less bone
resorption induced by titanium particles than wild-type and COX1™ mice (131). Recently, this model has been
used to detect the presence of TLR-2 and TLR-4 in osteolytic zones induced by polyethylene (132). Otherwise,
this model has served as proof of the concept for different therapeutic strategies in particle-induced osteolysis.
Furthermore, an innovative and useful approach for this model has been reported, testing the reliability of the
early diagnosis of bone loss after particle implantation by a nanopolymer (133).

In general, the main benefits of this model are the ability to test the host response in an orthotopic bone
site, the possibility for splitting the calvarium and performing serial analyses, the rapidity of the development of
osteolysis (about 7 days), the relatively low cost, the ability to screen a large number of experimental variables
and the possibility for using small animal imaging to quantify bone loss. This model has made possible the use
of transgenic strains in which the role of specific genes can be assessed for a better understanding of the
pathophysiology and preclinical treatment of periprosthetic osteolysis. However, disadvantages are related to
the fact that the calvarium consists of flat bones with membranous bone formation, rather than the
endochondral ossification seen in long bones. Moreover, this model exhibits an acute (rather than chronic)
effect and a lack of biomechanical factors related to osteolysis associated with wear debris, such as the presence

of a load bearing implant, oscillatory fluid pressures and mechanical forces.
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Figure 28. Air pouches (A) and calvaria (B) mouse model. (134)

Intramedullary implant models

A third generation of model was proposed by Warme (2004) and then modified and improved by
Wooley et al. and Goodman et al. (13,106,135-137). All of these models coincide in a) the ability to analyze
endochondral long bone behaviour in experimental conditions, b) the presence of intra-medullary load-bearing
implants and c) the possibility for assessing the long-term effects of particles in the periprosthetic bone micro-
environment. These models can be analyzed according to the anatomical site involved (femur or tibia) and the
frequency of particle implantation:

The proximal tibia hemiarthroplasty model. The hemiarthroplasty model proposed by Yang in 2007
consists of a stainless steel or titanium rod inserted in an intra-medullar manner in the proximal tibia epiphysis
(Figure 29). Mice receive intra-operative and later monthly infusions of titanium particles. This model
corresponds to long-term knee implant failure (24 weeks) and makes it possible to characterize the
biomechanical aspects such as the position of the implant, migration of the intra-medullary pin (by micro-

computed tomography) as well as stability and traction resistance (pullout test). Furthermore, pathological
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features can be studied, e.g. the effects of titanium particles on the expression of pro-inflammatory and
osteoclastogenic cytokines (IL-1, TNF-a, IL-6 and RANKL) in periprosthetic tissue (106). Moreover, Shi et al.
(137) described a significant infiltration of macrophages in the periprosthetic tissue accompanied by an increase
in osteoclasts and Howship's lacunae and a decrease in new bone formation using this model. Early results from
these experiments are promising and have confirmed that particles around the implants induce a pro-
inflammatory response in periprosthetic tissues, and that the pro-inflammatory cytokines IL-1 and TNF-a are
involved (106).

The distal femoral implant model with single implantation of particles. Proposed by Warme et al., this
model consists of the inclusion of an intra-medullary metallic load implant in the distal femoral epiphysis
associated with an intra-operative single peri-implantation of particles (135) (Figure 29). Several authors
describe the long-term effects (2, 10, 20 and 26 weeks) of a single dose of titanium (12,136) or UHMWPE
particles (138). Using this model, IL-1 has been suggested as a modulator in the formation of the periprosthetic
membrane (12). Furthermore, a single dose of UHMWPE particles showed a long term effect in up-regulating
pro-inflammatory factors (IL-1, MCP-1, IL-6 and TNF-a) derived from mononuclear cells, suggesting that this
mechanism may stabilize the chronic inflammatory state in periprosthetic tissues (138). However, this
conclusion would seem unlikely since inflammation and formation of the membrane are likely to be required
steps leading up to resorption.

The distal femoral implant with continuous intra-medullary infusion. Although distal femoral
implants and tibia hemiarthroplasty with discontinuous or single implantation of particles have the advantage of
being loaded implant models, they fail in providing a continuous release of particles of clinically relevant size,
shape and volume. To remedy this, Goodman’s group proposed another model in 2008 (13). Based on the in
vitro and ex vivo validation of particle-release using an Alzet® pump (139,140), Ma et al. demonstrated that
this model can ensure the constant presence of particles released from a subcutaneous osmotic pump in the
femoral intra-medullary cavity, mimicking the human condition (13) (Figure 29). They successfully infused
UHWMPE particles into the intra-medullary femoral cavity during 4 weeks. The model was characterized by

micro-architectural and immunohistochemical analyses showing a reduction in bone volume. Ren et al.

67



suggested that macrophages are systemically recruited from the circulation and migrate to the implanted
medullar cavity within 2 to 3 weeks (117). These cells may stimulate local osteolysis and up-regulate known
bone-remodelling markers. An interruption of this migration is proposed as a potential therapeutic approach

(117).
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Figure 29.Intramedullary implant models. (134)

(A) Single implantation of particles in the proximal tibia hemiarthroplasty model (a) and in the distal femoral implant (b) and (B) continuous
intra-medullary infusion in the distal femoral implant model

Certainly, intra-medullary implanted mouse models constitute a closer approach to the human situation
than air pouch and calvaria models. However, the surgical manipulation of the epiphysis with the implant
insertion in the carved channel may increase the risk of pathological fracture, giving a potential bias in the

findings.
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AIMS OF THE THESIS
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Epidemiologic and registry studies were a good means of retrospectively resuming long-term
behaviour in a large number of implanted patients and of identifying the risk or protective factors associated
with the performance of the different implant alternatives. Regarding the behaviour of different bearing couples
of a single brand THA obtained from the National Joint Registry for England and Wales, significantly higher
rates of surgical revision were observed in: a) hard bearings (metal-on-metal and ceramic-on-ceramic) rather
than metal-on-polyethylene, b) smaller femoral stems and c) obese patients (body mass index [BMI] > 30)
(141). Otherwise, Smith et al., report that the risk of surgical revision for metallic hemiarthroplasties (HRAS)
increases with the smaller size femoral-head in patients of both sex, becoming comparable with the reference
system (28 mm cemented metal-on-polyethylene stemmed THA). On the contrary, a gender difference was
observed in implant survival: while large size femoral heads in men had a survival rate similar to that of the
reference system, all kinds of femoral head HRAs in women showed poorer survival than the reference
(142,143).

Clinical reports recognize osteolysis induced by wear debris as the main cause of aseptic failure leading
to revision surgery (144). Currently, pro-inflammatory cytokines (tumour necrosis factor alpha [TNF-a],
interleukin 1 [IL-1], interleukin 6 [IL-6], interleukin 12 [IL-12] and interleukin 23 [IL-23]), anti-inflammatory
cytokines (interleukin 10 [IL-10]), pro-resorptive cytokines (receptor activator of nuclear factor kB [RANK]
and receptor activator of nuclear factor kB ligand [RANKLY]), anti-resorptive cytokines (osteoprotegerine
[OPG] and IFN-y), chemokines (MCP-1 and,MIP-1), PGE2, colony stimulating factors (M-CSF and
granulocyte-macrophage colony-stimulating factor [GM-MSCF]), signalling sphingolipids (S1P), growth
factors (platelet-derived growth factor alpha [PDGF-a], transformer growth factor alpha [TGF-a] and beta
[TGF-B]), enzymes (ciclooxygenase-2 [COX-2] and matrix metalloproteinases [MMPs]), hormones,
glucocorticoids and immune complex, have been described in the human response to wear debris (4,35,145).
While preclinical studies have shown that targeting the osteoclasts (bisphosphonates) or cytokines involved in
bone remodelling (blocking the pro-inflammatory or increasing the anti-inflammatory) results in significant
inhibition of bone loss suggesting a good clinical response, the prospective clinical trials failed to confirm this

hypothesis in the long-term (7). On the other hand, the inter-individual variability in implant survival after THA
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has been associated with single nucleotide polymorphisms (SNPs) of proteins, receptors, intracellular
mediators, pro-inflammatory cytokines and enzymes (146). Single-centre studies report that genes coding for
stimulatory Gas subunit (GNAS1), a ubiquitously expressed cAMP-dependent G protein, TNF-238 A allele,
TNF-o promoter transition, IL-6, MMP-1, MMP-2, TGF-B, OPG and mannose-binding lectin (MBL) were
overexpressed in patients with aseptic loosening (146). These findings may facilitate the pre-operative
identification of patients with a predisposition for periprosthetic osteolysis. In brief, despite the knowledge
available concerning the symptomatic aspects and a potential genetic predisposition for implant loosening, there
remains a lack of understanding of the natural history of the disease. Overall, the efficacy of new drugs or the
performance of optimized biomaterials needs to be confirmed in further randomized clinical studies including
longer follow-ups and relevant outcomes (7).

Preclinical study has been the most prolific strategy to deep in the understanding of the cell and
molecular basis of particle-induced osteolysis and to test potential innovatives therapies. While multiple models
have been developed, only air pouch and calvaria mouse models have been used regularly to perform

therapeutic tests. Potential clinical applications are summarized Table 2, Table 3 and Table 4.
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Author Model Therapeutic intervention Strategy
Schwarz, 2000 [71] Calvaria, Ti Pentoxifylline (anti TNF-a) and TNF-a inhibition in activated macrophages and
alendronate. antiresorptive effect in mature osteoclasts

Childs, 2001 [90] Calvaria, Ti Etanercept Osteoclast depletion via TNF-a blockade

Zhang, 2001 [74] Calvaria, Ti Celecoxib (Selective COX-2 inhibitor) Blockade of cross talk with pro-inflammatory
cytokines and Inhibition of prostaglandin
production

Carmody, 2002 [73] Calvaria, Ti vIL-10 (AdvIL-10) Antiinflammatory, inhibition of
osteoclasdtogenesis and osteolysis via gene
trasfer of IL-10

Childs, 2002 [91] Calvaria, Ti Recombinant RANK-Fc Osteoclast depletion via RANK blockade (RANK-

Von Knoch, 2005 [92]

Von Knoch, 2005 [93]

Zhang, 2007 [94]

Landgraeber, 2009 [95]
Kauther, 2011 [96]
Rao, 2012 [97]

Nich, 2013 [37]

Kauther, 2013 [67]

Yamanaka, 2013 [98]

Burton, 2013 [40]

Calvaria, UHMWPE

Calvaria, UHMWPE

Calvaria, PMMA/UHMWPE

Calvaria, UHMWPE
Calvaria, UHMWPE
Calvaria, UHMWPE

Calvaria, UHMWPE

Aged calvaria, UHMWPE

Calvaria, PMMA

Calvaria, PMMA

Zoledronic acid (Zol) and Simvaststin

Recombinant Fc-OPG

Doxycycline (DOX)

Anti apoptotic
Calcitonin substitution
IL-4

ERaKO or ER pan-antagonist

Neuropeptides such as Calcitonin/a-

CGRP

MAPK/INK inhibitor  and calcineurin/

NFAT inhibitor cyclosporine-A

Caspase-1 deficient mice

Fc)

Antiresorptives via intra-cellular mevalonate
pathway blockade in mature osteoclasts
Osteoclastogenesis inhibition via exogenous
OPG (OPG:Fc)

Inhibition of osteoclastogenesis, pro apoptotic
of mature osteoclasts and inhibition of MMP

Macrophage and osteoblastic anti apoptosis
Inhibition of osteoclasts activity
Modulation of macrophage polarization (M1/M2)

Macrophage response mediated by estrogen
receptors (ER)
RANKL-inhibition in aged cal-/cal- model

Blockade of JNK and NFAT pathways

Blockade of caspase-1 (effector of the NALP3

inflammasome)

Table 2. In vivo assays using calvaria model with clinical perspectives. (134)
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Author Model Therapeutic intervention Strategy

Yang S, 2002 [81] Air pouches, IL-1Ra, viral IL-10 Blockade of IL-1 by gene therapy to prevent

Yang SY, 2004 [82] UHMWPE or retard the inflammatory response

Yang S, 2002 [83] Air pouches, Viruses encoding human OPG Inhibition of osteoclastogenesis by gene
UHMWPE gene (rAAV-hOPG) transfer targeting OPG

Ren, 2006 [84] Air pouches, Erythromycin Reduction of cytokine production and
UHMWPE osteoclast differentiation

Ren, 2007/Ren, 2011  Air pouches, VEGF antibody and a VEGF Inhibition of inflammatory and

[68,85] UHMWPE receptor Il inhibitor osteoclastogenic response by blockade of

specific monocyte/macrophage receptor
Zhang, 2011 [86] Air pouches, Ti  Locally delivered lentivirus- VEGF gene silencing
mediated VEGF miRNA

Wang, 2012 [87] Air pouches, Local administration of Downregulating osteoclastogenesis through

UHMWPE adenovirus expressing siRNA-  the RANKL-OPG pathway
targeting BMPR-IB
Chen, 2012 [88] Air pouches, Ti  Tetracycline MMP-9 inhibition and downregulation of
RANK/RANKL

Dai, 2012 [89] Air pouches, VEGF antibody (Bevacizumab) Inhibition of inflammatory responses and
metal osteolysis

Chen, 2012 [27] Air pouches, Ti  p38 MAPK inhibitor Downregulation of osteoclastogenesis

Table 3. In vivo assays using air-pouches model. (134)
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Therapeutic

Author Model intervention Strategy
Proximal tibia hemiarthroplasty Wear debris-induced prosthesis
Yang, 2007 model /discontinous injection of instability and osteolysis/feasibility
Ti of in vivo gene transfer
Shi. 2007 Proximal tibia hemiarthroplasty Macrophage infiltrate/osteoclasts/
' model /injection of PMMA inhibition of new bone formation
Warme, 2004 Distal femora model /single Particle-induced intramedullary

injection of Ti

Distal femora model /single

inflammation (IL-1/TNF-a )

IL-1 as an important modulator in

Epstein, 2005 injection of Ti IL-rl-KO mice the local inflammatory response
Mononuclear cells perpetuate a
Epstein. 2005 Distal femora model /single chronic inflammatory response by
P ’ injection of UHMWPE expression of IL6/TNF-a/IL1b and
MCP-1
Bragg, 2008 'D_lsta_l femorg model /single IL-1R1KO mice Mul_tl-factorlal role for IL-1in the
injection of Ti proinflammatory cascade
Ma. 2008 Distal femora model /continous Continuous infusion of particles to
’ infusion UHMWPE the murine bone-implant interface
UHMWPE stimulate the systemic
Ren. 2011 Distal femora model /continous migration of remotely injected

infusion UHMWPE

macrophages and local net bone

resorption

Table 4. In vivo assays using intramedullary mouse models. (134)

Considering that epidemiological, registry, clinical and preclinical studies match in the inter-individual
variability of implant survival after THAs, the lack of understanding of the full molecular basis of
periprosthetic osteolysis and the need to develop new therapeutic approaches to transfer to clinical protocols,
we propose a multilevel study to further the current knowledge of the biology of the periprosthetic niche
including (Figure 30):

e Study 1: A human approach, to characterize the cellular profile of retrieved periprosthetic
membranes.

e Study 2: The assessment of an innovative in vivo approach using the interference of the RNA
(sSiRNA) technology targeting RANK in a mouse model of particle-induced osteolysis

e Study 3: An in vitro approach to describe the early interactions between the human macrophages

and nanoparticles of polyethylene.
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MATERIAL AND METHODS
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STUDY 1

This descriptive clinico-histologic study was carried out with the approval of the ethic committee of

University Hospital of Nantes and the Faculty of Medicine of University of Nantes.

Tissue collection samples

Synovium were collected during primary total joint replacements from seven patients and used as a
control group. Fourth female and three male, average ages of 67.7+10.2 years old, all with a diagnosis of hip or
knee osteoarthritis (OA) composed this group. Periprosthetic pseudomembranes were collected during revision
joint replacements from seven patients, fourth female and three male, average age of 69.1+14.8 years old with
clinico-radiographic and microbiological evidences of aseptic osteolysis around cotylo-femoral components, for
total hip arthroplasty (THA), or femoro-tibial, for total knee arthroplasty (TKA) implants and with a mean of
implant survival of 112.1+59.8 months. All revised patients received a metal-on-polyethylene total joint

replacement.

Histology and immunohistochemistry

Harvested synovium and pseudomembranes were fixed in 4% buffered formaldehyde and then
decalcified with 4.13% EDTA and 0.2% paraformaldehyde in phosphate buffered saline (PBS) for 96 hrs. using
the KOS microwave histostation (Milestone, Kalamazoo, MI, http://www.milestonemed.com). After that, the
samples were embedding in paraffin, 10 slides (3-um-thick sections) were prepared from each sample. All
slides were primarily stained with Haematoxylin & Eosin (H&E) to detect their cellularity. Tartrate-resistant
acid phosphatase (TRAP) staining was performed to identify osteoclast-like cells in retrieved tissues by 1-hour
incubation in a 1 mg/mL naphthol AS-TR phosphate, 60 mmol/L N,Ndimethylformamide, 100 mmol/L sodium
tartrate, and 1 mg/ mL Fast red TR salt solution (all from Sigma Chemical Co.) and counterstained with
haematoxylin. Primary anti-human CD68, CD3, CD4, CD8, CD117 monoclonal antibodies (Abcam,

Cambridge, MA, http://www.abcam.com) were used for immunodetection of human macrophages, T cells and
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it sub-populations (pan detection of T cells, human T helper/inducer cells — cross reacts with

monocyte/macrophage and human T cytotoxic/suppressor cells), B cells and mast cells, respectively.

Histological images were acquired by the digital slide scanner NanoZoomer 2.0-RS (Hamamatsu,

Japan) and then exported as a 10X field by viewing software NDP.view2 (Hamamatsu, Japan).

STUDY 2

siRNAs

All siRNAs were ordered from Eurogentec (Angers, France) with 3’ overhanging dTdT and with
annealed sense and reverse strands. Three primer sequence sense strands: 5’-GUGGAAAUAAGGAGUCCUC-
3’, 5>-CAGUAACUCCACGUUCAUC-3’, and 5’-CUUCAAGGGUGACAUCAUCGU-3" were designed to
target Homo sapiens RANK mRNA (NM_003839) at start positions 811, 1622 and 1661 and named RANK-811,
-1622, and -1661 siRNA respectively. The antisense strands of those three designed RANK siRNAs also present
perfect complementarity with Mus musculus Rank mRNA (NM_009399.2) at start positions 804, 1576 and
1616, respectively Furthermore, a SiIRNA duplex (sense strand 5’-UUCUCCGAACGUGUCACGU-3") which
did not show significant homology with any mouse mRNA sequence according to BLAST database searches,
was used as a negative control and designated as Ct-siRNA. A previously validated siRNA (LucF-siRNA sense

strand 5’-CUUACGCUGAGUACUUCGA-3") was used in vivo as an innocuous SiRNA (147).

While the three sequences of RANK-directed siRNAs were assessed in RANK-expressing human cells
(HEK 293 RANK (+)), only two of them (siRNA RANK-811 and -1661 siRNA) were selected for assessment in

murine cells (RAW) based on their efficacy in decreasing the RANK signal.
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Cells

RANK-expressing HEK 293 cells

Human Embryonic Kidney 293 (HEK 293) cells which over expressed stably the human Receptor
Activator of Nuclear factor k B (RANK; official name Tumour Necrosis Factor Receptor Superfamily, Member
11a) (148), were cultured in Dulbecco/Vogt modified Eagle's minimal essential medium (DMEM) (Lonza,

Switzerland) supplemented with 10% foetal calf serum (FCS) (Lonza, Switzerland).

RAW 264.7 and pre-osteoclast murine cells

Murine RAW 264.7 monocytic cells (American Type Culture Collection, Promochem, Molsheim,
France) were differentiated into pre-osteoclasts as previously described (149). Briefly, they were cultured in
phenol red-free a-MEM (Invitrogen, Eragny, France) supplemented with 10% FCS (Perbio, Erembodegem,
Belgium) and 1% non-essential amino acids (Invitrogen). To induce pre-osteoclast formation, RAW 264.7 cells
were cultured for 5 days in the presence of 100 ng/mL of human RANKL (R&D Sytem, UK). All experiments

were performed in triplicate at least three times.

Particles of polyethylene

Pure polyethylene (PE) particles (Ceridust 3610™, Clariant, Gersthofen, Germany) were purchased.
Particle morphology was assessed by surface-electronic-microscopy (SEM) (Jeol, model 6400F). Particle size
and distribution were determined by 5 consecutive measures in a Coulter Counter ™ (Beckman Coulter Inc,
US) with a mean size of 7.23 um and with a distribution of d10=1.15, d25 = 3.94, d50 = 7.14, d75 = 10.28 and
d90 = 13.05 (Figure 31). To eliminate endotoxins, the particles were washed in ethanol and then dried (114)

and then aliquoted in singles and sterile eppendorf vials for manipulation in the surgical room.
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Figure 31. PE particle morphology by SEM (A) and size distribution by DLS (B).

SiRNA transfection with INTERFERin™

All siRNAs were transfected using Opti-MEM® (Invitrogen, Eragny, France) and 2 pL of
INTERFERiIin™ per well (Ozyme, Saint Quentin Yvelines, France) in triplicate. RANK-expressing HEK 293
cells (30,000 cells per well, in 24-well plates) and RAW 264.7 monocytic cells (45,000 cells per well in 96-well

plates) were transfected with 1 nM siRNA or 10 nM siRNA, respectively.

Detection of RANK by flow cytometry.

Following siRNA transfection, RANK-expressing HEK 293 cells were incubated sequentially with 0.1
mg/mL anti-human RANK/TNFRSF11A antibody targeting human RANK (R&D Systems, UK) and a
secondary fluorescent antibody (antibody Alexa Fluor488-rabbit anti-goat A11078). Fluoresence at cell surface
was analyzed by flow cytometry (FC500 Beckman Coulter, Inc. Brea, CA, US). Flow cytometry results are
expressed as a % of RANK inhibition with 0% corresponding to the median fluorescence intensity of cells
transfected with Ct-siRNA. Nonspecific fluorescence was adjusted using isotype control (Rabbit 1gG Control,

R&D Systems).

80



Assessment of Rank expression by quantitative real time PCR (RT-PCR)

Total RNA was extracted from RAW 264.7 cells 48 h after siRNA transfection using NucleoSpin RNA
Il (Mechevey-Nagel). The first strand of complementary DNA was synthesized at 37 °C for 1 h from 5 ug of
total RNA in a 50 pl mix containing RT buffer, 0.5 pug of random primers, 0.5 mM dNTP mix, 20 U RNaseOUT
and 400 U murine moloney leukaemia virus-reverse transcriptase (all from Invitrogen). The real-time PCR
contained 10 ng reverse-transcribed total RNA, 300 nM forward and reverse primers and 5 ul 2 x SYBR green
buffer (Bio-Rad, Marnes la Coquette, France) in a final volume of 10 ul. Polymerase chain reactions were
carried out in triplicate from several RNA extractions, in 96-well plates using the Chromo4 System (Bio-Rad).
The listed oligonucleotides were used to amplify the Mus musculus receptor activator of nuclear factor kappa-B
(Rank, 5’-TGCAGCTCTTCCATGACACTG-3’ and 5’-CAGCCACTACTACCACAGAGATG-3?),
Cytochrome c-1 (Cyc 1, 5>-TGTGCTACACGGAGGAAGAA-3’ and 5’-CATCATCATTAGGGCCATCC-3’)
and 60S  ribosomal protein L19  (Rpll9, 5-TCGTTGCCGGAAAAACAC-3° and 5’-
AGGTCACCTTCTCAGGCATC-3") were used as housekeeping genes. Analyses were performed using the

Vandesompele method (150).

Implantation of polyethylene particles in mouse calvaria

The mice (Elevages Janvier, Le Genest Saint Isle, France) were housed in pathogen-free conditions at
the Experimental Therapy Unit (Faculty of Medicine, Nantes) in accordance with the institutional guidelines of
the French Ethical Committee (CEEA PdL 06 ethical committee, authorization number: 1280.01) and under the
supervision of the authorized investigators. All surgical procedures were also performed according to
international ethical guidelines for animal care (authorization number: 2012-198). C57BL/6 male mice (Janvier,
Le Genest-Saint Isle, France) aged 10 weeks were surgically implanted using the adapted mouse calvaria model
(151) with 20 mg of dried PE particles. Briefly, under general anaesthesia (2-3 % Isofluorane in 100 % oxygen
at flow rate of 1L/min), a 0.5 x 0.5-cm? area of periosteum was exposed by a middle sagittal incision in
previously shaved and aseptic head skin (Betadine, France). The dried polyethylene powder was uniformly
spread over the periosteum with a sterile surgical spoon. The surgical approach was carefully closed with 5-0
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non-absorbable sutures. A subcutaneous injection of Buprenorphine (Buprecar 0,1 mg/Kg) was performed after
the surgical procedure (Palier 1 protocol). One group of mice underwent the same surgical procedure but

without the polyethylene particle implantation (Sham group).

Zoledronic acid treatment
Zoledronic acid (ZOL) kindly provided by Novartis Pharma (Basel, Switzerland) was prepared in PBS

and injected s.c. at 50 ug/kg twice a week (day 2 and day 5 after particle implantation).

Local injections of formulated siRNAs

For in vivo injections, siRNAs were premixed with an equal quantity of a Deoxyribonucleic acid
(DNA) cargo in 150 mM NaCl as described (152) and mixed with an equivalent volume of cationic liposome
DMAPAP/DOPE at a ratio of 6 nmol of cationic lipid per microgram of nucleic acid as previously described
(153). The lipoplexes were formed at room temperature for at least 30 minutes. Injections of 100 pl of
lipoplexes containing 2.5, 5 or 10 pg of siRNAs were used in vivo.

PE particle-implanted mice were randomly divided into four groups which received injections of
either 2.5 pg LucF-siRNA (PE — 2.5 pg LucF-siRNA group n=3) or 2.5 or 5 or 10 pug of RANK-811 siRNA.
Groups of mice were respectively named PE 2.5 pug RANK-811 siRNA, (n=3), PE -5 ug RANK-811 siRNA
(n=5) and PE - 10 pg RANK-811 siRNA group (n=5). Each mouse in the PE particle-implanted groups received
one injection of the designated lipoplex solutions in the calvaria site at days 1, 4 and 7 after surgery, while mice
in the Sham group (no particles, n=3) received 100 pL of saline solution in the same site. The injection site was
determined intermediate to the full cephalocaudal length of the sutured surgical approach and 2 mm laterally to
the right of it. The inclination of the 26-gauge needle was oblique pointing medially until a soft contact with the
bone surface. A continuous and slow pressure injection, to avoid the reflow of injected solution, was performed.

All animals were sacrificed by cervical dislocation following isofluorane anaesthesia at day 9 after the surgical

82



procedure. We extended our standard protocol (7 days) by 2 days in order to achieve the administration of three

doses of the proposed therapy.

Micro-computed tomography assessment

The analysis of bone microarchitecture was performed using the high-resolution X-ray micro-computed
tomography (micro-CT) system for small-animal imaging SkyScan-1076 (SkyScan, Kontich, Belgium).
Analyses were performed at necropsy (day 9). All calvarias were scanned using the same parameters (pixel size
9 um, 50 kV, 0.5-mm Al filter and 0.8 degree of rotation step). Three-dimensional reconstructions and
quantification of bone parameters were performed in a cylindrical volume of interest (VOI) (ratio 0.5 mm,
height 1.143 mm, VOI=0.89 mm?; Figure 2A) using ANT and CTvol software (Skyscan). The assessment of
the bone volume density was measured by the fraction of the VOI (i.e. the Total Volume TV) that is occupied

by mineralized bone (Bone Volume BV) (BV/TV) expressed as a percentage (%).

Histology analysis

Harvested calvarias were fixed in 4% buffered formaldehyde and decalcified with 4.13% EDTA and
0.2% paraformaldehyde in phosphate buffered saline (PBS) for 96 hrs. using the KOS microwave histostation
(Milestone, Kalamazoo, MI, http://www.milestonemed.com) before embedding in paraffin. 6 coronal 4-mm-
thick sections were obtained from 3 levels of middle calvaria (each one separated by 300 um). All slides were
stained for tartrate-resistant acid phosphatase (TRAP) to identify osteoclasts by 1-hour incubation in a 1 mg/mL
naphthol AS-TR phosphate, 60 mmol/L N,Ndimethylformamide, 100 mmol/L sodium tartrate, and 1 mg/ mL

Fast red TR salt solution (all from Sigma Chemical Co.) and counterstained with haematoxylin.

For immunohistochemistry detection, histological sections were treated with citrate buffer at pH=6 for
antigen unmasking and with goat serum 5%, BSA 1% diluted in 1XTBST pH=7.6 for blocking of non-

antibody-specific sites. The immunostaining for F4-80 was realized using rabbit monoclonal anti-F4-80
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antibody (1/150 overnight at 4°C; Abcam, Cambridge, MA, http://www.abcam.com) and goat anti-rabbit
biotinylated (Dako, Glostrup, Denmark) as a secondary antibody. The immunostaining for Alkaline
Phosphatase (ALP) was performed using rabbit monoclonal anti-ALP antibody and goat anti-rabbit biotinylated
(Dako, Glostrup, Denmark) as a secondary antibody. Following incubation with a Streptavidine/Peroxidase kit

(17200, Dako), antibody detection was made with a liquid DAB-Substrate Chromogen system (Dako).

Histological images were acquired by the digital slide scanner NanoZoomer 2.0-RS (Hamamatsu,
Japan) and then exported as a 10X field by viewing software NDP.view2 (Hamamatsu, Japan). The region of
interest (ROI) corresponds to a rectangular area (1.7 mmz, 1.74 mm wide and 980 mm high, 1913 x 582 pixels)
centred in the middle sagittal suture and comprising the full thickness of the parietal bones. Quantification of
relative osteoclast surface (TRAP-positive area) in the defined ROl was assessed by a macro of ImageJ

software (NIH, Bethesda, MD).

RNA extraction from calvaria tissue and quantitative real-time polymerase chain reaction

Total RNA was extracted from implanted calvaria in one sample of each group using homogenizer Ika
Ultra-Thurax T 25 (Janke and Kunkel) and TRIzol reagent (Invitrogen). Synthesis of the first strand of
complementary DNA and the polymerase chain reaction were carried out in triplicate using the same protocol
as described above. The listed oligonucleotides were used to amplify Mus musculus Cathepsin K (CathK, 5°-
GGAGGCGGCTATATGACCA-3’ and 5’-GATCTATGTCCTCACCGAACG-3’), Interleukin-1 (ll-1b, 5°-
TTGACGGACCCCAAAAGAT-3" and 5-GATGTGCTGCTGCGAGATT-3"), Interleukin-6 (II-6, 5°-
TAGTCCTTCCTACCCCAATTTCC-3* and 5’-TTGGTCCTTAGCCACTCCTTC-3’) and Tumour necrosis
factor alpha (Tnf-a, 5’-GGGTGATCGGTCCCCAAAGGGA-3’ and 5’-

TGGTTTGCTACGACGTGGGCTAC-3).
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Statistical analysis

All analyses were performed using GraphPad InStat Version 3.02 software (GraphPad Software, La Jolla, CA,
USA). In vitro experimentation and micro-CT results were analyzed with the unpaired non-parametric Mann-
Whitney U test using two-tailed p values. The histological results were analyzed with ANOVA and an unpaired

two-tailed t-test. Results are given as mean + SD, considering a p value <0.05.

STUDY 3

Cell culture

The CD14" human monocyte/macrophage were purified from peripheral blood mononuclear cells
(PBMCs) obtained from healthy donors (EFS, Etablissement Francais du Sang) by positive selection using the
MACS system (Miltenyi Biotech, Bergisch Gladbach, Germany) and then seeded in 6-well plate and cultured
for 3 days in 2 ml of minimum essential medium alpha (MEM-a, Lonza, Belgium) supplemented with 10%
Fetal Bovine Serum (FBS, Ozyme, France) and 1% of antibiotics (conditioned media). Adherent monocytes
were differentiated into MO macrophages by culturing them for 7 days in conditioned media supplemented with

25 ng/mL of human macrophage colony stimulating factor (nM-CSF, R&D systems, Minneapolis, MN, USA),

Fluorescent nanoparticles of polyethylene:

Fluorescent nanoparticles of polyethylene (fPE) were synthetized according the protocol of Faucon A.,
et al. (2013) (154) and kindly provided by Pr. Elena Ishow (CEISAM, Faculty of Science, University of

Nantes).

Name:

(E)-icosyl 3-(4-(bis(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)amino)phenyl)-2-cyanoacrylate (X)
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Chemical structure (Figure 32):

Figure 32. Chemical structure of fluorescent PE (fPE).

Transmission electron microscopy (TEM):

Nanoparticle morphology was investigated by transmission electron microscopy (TEM, Hitachi HF2000-FEG

(100 kV)). Solutions of nanoparticles were deposited onto holey carbon-coated copper grids (300 mesh).

Size distribution by dynamic light scattering (DLS):

The hydrodynamic diameter and dispersivity of the nanoparticles were determined by dynamic light scattering
(DLS) by means of a nanoparticle size analyzer Zetasizer Nano ZS ZEN 3600 (Malvern Instruments) equipped
with a 4 mW He-Ne laser, operating at 633 nm, and a photomultiplier detector collecting backscattered light at
an angle of 175°. Measurements were carried out at 20 °C on aqueous solutions of NPs. For each sample,
intensity measurements were carried out in a multi-acquisition mode implying automatically adjusted
correlograms, and averaged measurements on 3 acquisitions. Nanoparticle mean sizes and distribution widths
were obtained by fitting each correlogram with a Cumulants algorithm.

Spectral measurement of nanoparticles:
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UV-visible absorption spectra were recorded using a Varian Model Cary 5E spectrophotometer, using
an integrating sphere DRA 2500. Emission spectra were obtained using Jobin-Yvon. Inc spectrofluorimeter

(Fluorolog 2).
Fixed-cell imaging semi-quantification - flow cytometry

The detection of mean fluorescence intensity (MFI) of polyethylene nanoparticles uptake by CD14"
monocyte/macrophages using flow cytometer (FC500 Beckman Coulter, Inc. Brea, CA, US) after fixation
(Paraformaldehide 4%). The results were expressed as the relative MFI fold-change, corresponding to the ratio:
MFI of the polyethylene fluorescent nanoparticles uptake by the macrophages of each condition / MFI of the

control isotype.
Live-cell imaging - Confocal microscopy

The acquisitions were performed using a confocal microscopy (Nikon Al RSi, Nikon, France). Images
were obtained from the fluorescence emitted by nanoparticles (ex: 488 nm; em: 580 nm), AlexaFluor546 and

Hoechst 33258. The analysis of images was performed using the software Fiji (NIH, USA).
Time-lapse video microscopy:

Cells were cultured in 8 well culture plate (u-Slide 8 well, Ibidi, Germany) and then transferred and
maintained into the culture chamber of confocal microscope (Leica DMI 6000B) by 72 hrs. The images were

acquired using light background and fluorescence by 40x lens.
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STUDY 1: Cellular profilling of human retrieved pseudomembranes
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Introduction

Periprosthetic osteolysis has been associated with the accumulation of wear debris at the implant-bone
interface, leading to implant loosening (3). Analysis of the periprosthetic membranes removed during revision
surgery has led to the characterisation of the particulate and cellular infiltrate observed once the disease is
initiated (155). Histological analysis has documented a fibrous granulomatous reaction that is consistent with a
foreign-body inflammatory response (35). Many studies have confirmed the predominance of wear debris from
UHMWPE in periprosthetic tissues (156,157). (157)(156) Cellular profiling has highlighted the role played by
macrophages in the inflammatory response (79). Cytokine profiling has confirmed the elevated expression of
IL-1, IL-6 and TNF-a, RANK, RANK ligand (RANKL) and osteoprotegerin (OPG) in human
pseudomembranes (155,158,159). Furthermore, the involvement of specific matrix MMPs and tissue-inhibitors
of MMPs (TIMPs), which are endogenous inhibitors of MMP activity, have been associated with aseptic
loosening (121,160,161).

Moreover, the periprosthetic niche may include heterogeneous cell types, including fibroblasts, stromal
cells, mast cells and endothelial cells, which could play a little-known role in the mechanisms of periprosthetic
osteolysis (162). Beginning a few years ago, a new component was proposed as a relevant actor in the
periprosthetic niche: the immune system (9). The balance among pro- and anti-inflammatory chemokines,
cytokines and cells modulated the local microenvironment, leading to catabolic or anabolic features (79).
Additionally, the persistence of a chronic inflammatory state can activate the acquired immune response
mediated by the specific molecular interactions between macrophages and lymphocytes (9). Characterising the
inflammatory cells in human retrieved pseudomembranes constitutes an interesting opportunity to deepen our
knowledge of the pathophysiology of periprosthetic osteolysis to propose potential targets for preventive
therapy. The aim of this study is to describe the inflammatory cell types present in human retrieved tissues from

patients who have undergone surgical revision of loosened prostheses due to periprosthetic osteolysis.
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Results

Clinical data

Epidemiological data of patients underwent a revision of implants are summarized in Table 5. Imaging features

of selected patients are presented in Figure 33, Figure 34 and Figure 35.

Age

48

66

72

49

83

75

84

Sex

M

94

90

29

162

96

216

98

Survival (months) Implant revised

Hip revised with chrome cobalt head and
polyethylene cup

Hip revised for metal on polyethylene
wear

Hip revised with modular system and
ceramic on ceramic couple

Hip revised for metal on polyethylene
wear

Hip revised by pseudotumour associated
with loose of metal on metal couple

Hip revised with loose of femoral
cemented stem

Knee revised with loose of femoro-tibial
components

Table 5. Information of patients who received a revision surgery.
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Figure 33. Right metal-on-polyethylene THA revised by acetabular and femoral osteolysis (black arrows) after 94 months of survival in 48-years-
old male patient.

Figure 34. Antero-posterior view of X-Ray (left side) and axial view of computed tomography (right side) of right metal-on-metal THA revised by
pseudotumour with extensive osteolysis in medial cortical femora (black arrows) after 96 months of survival in 83-year-old male patient.
Pathological fracture was observed in lateral cortical femora (white arrow).
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Figure 35. Left metal-on-polyethylene TKA revised by tibial osteolysis (black arrows) after 98 months of survival in 84-years-old female patient.

Immunohistochemistry

Histological examination showed that the pseudomembranes exhibit a peripheral fibrous layer
surrounding a central stroma compared with primary synovium (Figure 36). A highly vascularised and cell-
infiltrated fibrous tissue comprised this central stroma. Multinucleated giant cells engulfing polyethylene (PE)
and metallic particles constituted the predominant cell infiltrate. Lymphoid cells were recognised in
perivascular sites throughout the pseudomembranes. T (CD3*, CD4" and CD8") and B (CD20") cells were
identified forming a perivascular syncytium. Mast cells (CD117%) were also detected scattered in some of the
pseudomembranes. In the case of a pseudotumour lesion associated with a pair of metal-on-metal implants, we

observed an extensive necrosis of the pseudomembrane with few recognisable cellular elements (Figure 37).
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Figure 36. Selected images
retrieved
pseudomembranes from
compared with controls.

A remarkably perivascular
infiltrate was observed
Furthermore, a less dense
infiltrate was observed
multinucleated phagocytic
Some samples exhibited
scattered in the fibrous
middle).

Figure 37. Extensive
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composed of PE exclusively in the knee-revised tissue or both PE and metallic debris in the remaining samples.
Moreover, the PE debris exhibited a wide range of sizes and shapes. While some of the particles were 100 to
200 pm, others were approximately 6 um or less (Figure 38A and Figure 38B). Concerning the shape of the PE
particulates, some were polyhedral, and others were elongated. In contrast, the metallic particulate exhibited a
more homogenous morphology (in size and rounded shape) than did the former, and they were scattered in the

fibrous stroma and or localised to the adventitia of blood vessels (Figure 38D).

Multinucleated giants cells had engulfed the PE and metallic particulate (Figure 38C). These cells were
recognised as a CD68" and TRAP" (Figure 39), confirming their monocyte/macrophage phenotype. Moreover,
we observed T Iymphocytes (CD3", CD4" and CD8") in close contact with multinucleated
monocyte/macrophage cells surrounding large PE particles (Figure 39). However, lymphocytes were not

observed around the multinucleated cells that phagocytised metallic debris.

Figure 38. Wear debris in periprosthetic tissues.

Multinucleated cells phagocytize large (A) and small PE (B) particles. Metallic debris were internalized by multinuclear cells (C) and they are also
detected in perivascular site, surrounding the adventitia (D). Haematoxylin & Eosin staining.
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Figure 39. Immunohistochemistry and TRAP staining in multinucleated and T cells.

CD68" and TRAP” monocyte/macrophage cells surround a particle of polyethylene. T lymphocytes were recognized in close contact with them.

Discussion

The mean implant survival time of 112.1+59.8 months is a short lifespan for a prosthetic device.
However, this finding could be explained by the interindividual variability: first, some data come from patients
who had undergone a second surgical revision, and moreover, the cause of their revision was variable (i.e.,
pseudotumour with associated fracture, dislocation of the prosthetic femoral head or pain). Furthermore, the
morphological heterogeneity (nature, size and shape) of the wear particulates observed in retrieved
pseudomembranes could be explained by their origin in the prosthetic device. Thus, while PE (and metallic)
particles were released from the articular (bearing surfaces), metallic particles could be released from the non-
articular components by impingement (e.g.: cam-effect) in dislocated prosthesis (163) or fretting phenomenon

in modular designs (e.g., the head-neck or neck-body tapers) (164).

Our biological findings confirm the cause-and-effect relationship between the release of wear
particulates from loosed orthopaedic implants and the triggering of the cellular response in human
periprosthetic tissues. In our study, this relationship was well characterised by the detection of an extensive
number of cell-surface antigens demonstrating two main cell populations: myeloid (monocytes/macrophages
and mast cells using anti-CD68 and anti-CD117 antibodies, respectively) and lymphoid cells (T lymphocytes

using anti-CD3, -4, -8 antibodies and B lymphocytes using anti-CD20 monoclonal antibodies).
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The immunodetection of CD68" and TRAP™ multinucleated cells engulfing large and/or small particles
of PE and/or metal, classically named “foreign body cells”, confirms the involvement of the first-line cell
effectors of innate immunity: macrophages. These cells are classically described as phagocytes that protect the
host from external pathogens (165). The presence of monocytes/macrophages in periprosthetic

pseudomembranes has also been confirmed by other studies (79,166).

Another important role attributed to the monocyte/macrophages lineage is to act as an antigen
presenting cell (APC), linking the non-specific inflammatory response to specific adaptive immune responses
(165). In our study, we showed morphological evidence of the close contact between CD68"
monocytes/macrophages and T cells, suggesting cross-talk between the lineages. Indeed, we recognised
stronger staining for CD3 and CD4 than for CD8, suggesting the activation of a T helper-mediated response
over a cytotoxic response. In a similar manner, we recognised a perivascular lymphocytic infiltrate with more
CD3" and CD4" cells than CD8" cells. Interestingly, strong immunostaining for B perivascular cells was also
observed at the same site. These findings suggest the triggering of an adaptive cellular and humoral response
triggered by macrophages engulfing large PE particles. However, the presence of B cells in periprosthetic
tissues has been reported in pseudotumuoral and lymphocyte-dominated lesions associated with metal-on-metal

implants (46,167) without any associated PE debris. Further studies will be necessary to confirm these findings.

A role for mast cells in the inflammatory response to particulate debris has also been proposed (167).
However, we did not observe specific activation of mast cells in the retrieved tissues. We instead observed

exceptional immunostaining for CD117 without a specific location.

The extensive necrosis observed in a pseudomembrane retrieved from a patient with a hip pseudotumour
associated with a metal-on-metal implant pair is in agreement with other reports, suggesting an adverse reaction
to metal debris (ARMD) (168) or possibly an aseptic lymphocyte-dominated vasculitis-associated lesion
(ALVAL) (46,167). However, we could not identify any of the cell types due to the necrosis in the retrieved

tissues.
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STUDY 2: Local administration of siRNA-targeting RANK in a polyethylene-particle-
induced osteolysis mouse model

Introduction

During the periprosthetic osteolysis process, wear particles released from bearing surfaces result in a
local inflammatory response challenged by proinflammatory macrophages (M1) which produce IL-1 and TNF-
a (169). The largest particles (>20 um) act as damage-associated molecular pattern molecules (DAMPS) and are
sensed by macrophagic Toll-Like-Receptors (TLRs) (88,170), leading to the activation of an innate
inflammatory immune response like a ‘foreign body reaction” (9,115). The smallest particles (<20 um),
however, and released ions are uptaken, activating the NALP3 inflammasome leading to the adaptive immune
response (9,94,115,170). Both immune pathways activate the transcription factors (NF-KB and NF-IL6),

increasing synthesis of the Receptor Activator of Nuclear factor Kappa-B Ligand (RANKL) and pro-
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inflammatory cytokines (IL-1f, IL-6, TNF-a) (90,162). These cytokines have been recognized as the main
molecules responsible for maintaining the periprosthetic inflammatory environment and for increased

osteoclastogenesis (162).

Inhibition of the RANKL-RANK axis was an efficient therapeutic approach for decreasing osteoclast
differentiation/activation. The anti-osteoclastogenic drug-based therapies such as bisphosphonates and the anti-
RANKL monoclonal antibody (Denosumab™), have evolved from experimental models of osteolytic bone
diseases (171-174) to clinical uses (175-177). Furthermore, new inhibitors, such as the small peptide designed
to target a specific region of the RANK membrane (148), are currently in pre-clinical development. The
prevention of bone loss by blocking the RANK-RANKL axis was reported in two experimental models of
particle-induced osteolysis using: a) a recombinant protein of RANK (RANK:Fc) (178) and b) zoledronic acid

(179). Despite these encouraging pre-clinical results, they have still not been transferred to clinical use (180).

Small interference ribonucleic acid (sSiRNA) regulates the synthesis of proteins by means of a specific
gene silencing mechanism (181-183). The use of siRNA-based therapy is a specific and biocompatible
approach that has led to significant advances in cancer, age-related macular degeneration and viral diseases
(184). Two key aspects need to be considered in this strategy: the identification of clinically relevant targets and
the use of efficient delivery vectors. Targeting of the key RANKL-RANK axis was first reported in vitro in
murine cells by Wang et al (2010 and 2012) and Ma et al (2012) with effective inhibition of Rank expression,
osteoclast differentiation and osteolysis using Rank-siRNAs and Rank-shRNAs, respectively, which target the
mouse Rank transcript (185-187). The systemic delivery of therapeutic sSiRNAs using biological and synthetic
vectors was reported in bone disease-experimental models, including: bone-metastatic cancer (targeting
Luciferase and delivered by atelocollagen) (188) and rheumatoid arthritis (targeting Tnf-a, 11-14, 11-6 and 11-18
and delivered by the cationic liposome DMAPAP/DOPE (189,190). In the field of particle-induced osteolysis,
SiRNA targeting of the type | bone morphogenetic protein receptor transcript (BMPR-IB) systemically delivered
by a recombinant adenoviral vector (191) was reported. However, the nature of aseptic loosening by wear
debris seems to be a confined condition that requires a local intervention. In this sense, the local delivery of

siRNA is a logical strategy for bypassing the anatomical barriers and optimizing its biotransformation during its
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trafficking. In this sense, the local delivery of Rankl-siRNA by the cationic liposome DMAPAP/DOPE in a
murine model of osteosarcoma (147) and a local lentiviral delivery of f710-siRNA, targeting a subunit of the
PI3K/AKT pathway in a particle-induced osteolysis model, have been reported (192). Despite the current state
of the art in experimental therapy of particle-osteolysis with siRNA-based technology, there are no scientific
reports targeting the key RANKL-RANK axis by local delivery using a synthetic vector in an in vivo model.
We hypothesized that sSiIRNA targeting RANK, locally delivered by a cationic liposome might be an effective
approach for locally inhibiting osteoclastogenesis in vivo. The aim of our study was to unveil the therapeutic
effect of three doses of siRNA targeting both human RANK and mouse Rank transcripts (RANK-811 siRNA) in

a mouse model of polyethylene (PE) particle-induced osteolysis.

Results

Design and in vitro validation of formulated siRNAs targeting RANK

We first evaluated the in vitro gene-silencing efficacy of three custom designed siRNAs whose sense
strand presented a perfect identity with both human and mouse receptor activators of nuclear factor kappa-B
transcripts (designated RANK and Rank, respectively). These siRNAs were transfected into HEK 293 cells
which over-express RANK (RANK-HEK cells) and in a murine RAW 264.7 cell line which expresses Rank
constitutively. RANK expression was assessed at the proteomic level by flow cytometry (Figure 40A), while
Rank expression was measured at the transcriptional level by qRT-PCR (Figure 40C). Of the three siRNA,
RANK-811 and -1661 siRNAs significantly decreased the fluorescence intensity due to RANK detection at the
membrane of the RANK-HEK cells compared to cells transfected with control siRNA (Figure 40A et Figure
40B; 48.7 % and 38 % RANK inhibition, respectively). In contrast, the transfection of RANK-1622 siRNAs in
RANK-HEK cells did not decrease RANK detection. The two efficient sSiRNAs were transfected in murine pre-
osteoclasts derived from RAW 264.7 cells and both RANK-811 and -1661 siRNAs made possible a significant

decrease of Rank mRNA relative expression compared to the control siRNA (Figure 40C).
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Figure 40. In vitro validation of siRNAs against RANK expression in RANK-expressing 293 HEK cells and in murine RAW 264.7 cells.

(A) RANK detection was analyzed by flow cytometry (shaded peaks) at the RANK-expressing 293 HEK cell surface following transfection with
indicated siRNAs. Median fluorescence intensity is indicated. Fluorescence of the isotype control is shown as unshaded peaks. (B) Flow cytometry
results are expressed as a % of RANK inhibition with 0% corresponding to the median fluorescence intensity of cells transfected with Ct-siRNA. (C)
Rank mRNA relative expression in murine RAW cell line following transfection of RANK-811 and -1661 siRNAs. Significant decrease compared to
cells transfected with control siRNAs is indicated (*p<0.05).

Mouse model of inflammation and osteolysis induced by wear particles

In our modified mouse model of wear-induced osteolysis, PE particles induced bone lesions that were
detected by micro-CT at day 7 (PE-NaCl group in Figure 41A). The quantification of bone parameters revealed
a significant decrease in calvaria bone volume density for the PE-implanted group compared to the non-
implanted group (Sham group) (Figure 41C). Histological analysis demonstrated the presence of PE particles
(black arrow in zoomed window of Figure 41B) and osteoclast activation (TRAP" cells in PE-NaCl group in
Figure 41B) after 7 days of particle implantation. As well as the osteolytic changes, the increased inflammatory
signs around the implanted particles were greater at day 7 than those detected at days 14 and 21 (data not

shown), as shown by the thickness of the inflammatory membrane in PE-implanted group compared to Sham
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group (black asterisks in left and right panels in Figure 41B above). Similarly, at day 14 and even more at day
21, reparative changes had led to a significant decrease in TRAP™ cells and to a thinning of the inflammatory
layer over PE-implanted calvaria (data not shown). These findings were concordant with other studies

(132,193).

As expected and demonstrating the relevance of this model, a treatment with two doses of 50 pg/kg of
zoledronic acid (ZOL), one of the most potent nitrogen bisphosphonates, markedly reduced the bone loss
induced by PE particles (group PE-ZOL in Figure 41A, Figure 41B). This inhibitory effect was associated with
a strong and significant increases in calvaria bone volume density (group PE-ZOL in Figure 41A and Figure

41C) and decrease in TRAP" osteoclast numbers at day 7 (group PE-ZOL and histogram in Figure 41B).
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Figure 41. Zoledronic acid showed a protective effect on the PE particle - induced osteolysis in vivo.

Implanted PE particles over the periosteum of calvaria for 7 days induced middle sagittal osteolysis and thickening of the inflammatory membrane
(black arrow polarized light in zoomed window and black asterisk in group PE-NaCl of B above) compared with the Sham group (black asterisk). 50
ug/Kg of Zoledronic acid decreased the number of activated osteoclasts (group PE-ZOL and histogram of B), preventing the bone loss assessed by
micro-CT (group PE-ZOL of A) and maintaining the inflammatory changes (asterisk in group PE-ZOL of B). VOI, volume of interest; PE, polyethylene;
ZOL, zoledronic acid; BV/TV, bone volume/tissue volume. (*p<0.05) and (**p<0.01).

RANK-811 sSiRNA prevents the bone loss induced by implanted PE particles by inhibiting

osteoclastogenesis and osteoclast activation

In the light of the unveiled potent in vitro efficacy of RANK-811 siRNA on human and murine
RANK/Rank expression, we next assessed the effect of this sSiRNA in vivo at day 9 in our modified mouse
model of PE-induced osteolysis as inflammatory and osteolytic lesions were maximal at this time. Micro-
computed tomography of the calvaria showed that the inner cortical of the calvaria was preserved from
osteolysis in the groups treated with 5 or 10 pg of RANK-811 siRNAs, while bone loss of the inner cortical was

observed for groups treated with control siRNAs or with 2.5 pug of RANK-811 siRNAs (Figure 42A). However,
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bone quantification revealed a significant reduction in the bone loss only for the PE-implanted group that
received 10 pg of RANK-811 siRNAs per injection (Figure 42B) (p<0.05). Indeed a similar bone loss induced
by PE particles was observed for the mouse groups that were treated with 2.5 pg of LucF-siRNAs, or with 2.5

Mg and 5 pg of RANK-811 siRNAs compared to the Sham group (Figure 42B).

Interestingly, TRAP staining on histological sections revealed that RANK-811 siRNAs induced dose-
dependent inhibitory activity on osteoclast differentiation. The TRAP-positive cell area was effectively reduced
by 70% for 2.5 pg RANK-811 siRNA injections (p<0.01) and by 90% for 5 and 10 pg RANK-811 siRNA
injections (p<0.001) (Figure 43B). Moreover, the osteoclasts detected in the groups injected with 5 or 10 pg of
RANK-811 siRNAs seem to be smaller than those of the group injected with 2.5 pg LucF- or RANK-811

SiRNAs (Figure 43A).

The inhibitory effect of RANK-811 siRNAs on osteoclastogenesis and osteoclast activity was also
suggested by the down expression of Rank (Right panel in Figure 43B middle). In addition to the inhibition of
osteoclastogenesis, RANK-811 siRNAs also decreased Cathepsin K expression (Right panel in Figure 43B
below), suggesting inhibition of the osteoclast activity. Overall, these data demonstrated that RANK-811 siRNA

represents an effective candidate for the treatment of wear debris-associated osteolysis.
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Figure 42. RANK siRNA-811 exhibits a significant protective effect against PE particle-induced osteolysis in vivo.

PE particles were implanted or not (Sham-NaCl) over the periosteum of calvaria for 9 days. Increasing doses (2.5, 5 and 10 pg) of RANK siRNA-811
were injected locally and bone loss intensity was followed compared to the control LucF siRNA. PE particles induced osteolysis and the efficacy of
RANK siRNA-811 was followed qualitatively by micro-CT scan (A) and quantitatively determined by the measure of the BV/TV (B). Bone preserved
areas were recognized in spongy bone as well as in external and inner corticals (black arrows). PE, polyethylene; BV/TV, bone volume/tissue

volume. (*p<0.05).
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Figure 43.RANK siRNA-811 inhibits in vivo the number of osteoclasts in a dose dependent manner.

PE particles were implanted or not (Sham-NaCl) over the periosteum site of calvaria for 9 days. Increasing doses (2.5, 5 and 10 pg) of RANK siRNA-
811 were injected locally and bone loss intensity was followed compared to the control LucF siRNA. Osteoclasts were detected by TRAP staining (A)
and their number was quantified by the TRAP" area/ROI area ratio (B above). Rank (B middle) and cathepsin K (B below) expression was
determined by qRT-PCR from calvaria tissue explants compared to the LucF siRNA. PE, polyethylene; ROI: Region of Interest; gRT-PCR, quantitative
reverse transcriptase PCR; (**p<0.01); (¥***p<0.001).

Local treatment with the formulated siRNA induces an anabolic bone response characterized by the total

renewal of osteoblastic cell lineage

PE-implanted mice exhibit a strong osteonecrotic and osteolytic lesions compared with non-implanted
mice (Sham group). In this study we confirmed the presence of numerous empty lacunae, without osteocytes
inside in the external cortex of the calvaria of PE-implanted mice (Figure 44A, zoomed window, above),

suggesting osteocyte death. On the contrary, we observed osteocytes in the cavities in the inner cortex of the

107



calvaria of all groups (Figure 44A, zoomed window, bottom). Moreover, we were surprised to recognize
osteoformative changes characterized by the formation of new trabeculas in the PE implanted and siRNA-
treated mice, suggesting a reparative response (Figure 44A and Figure 44B). We also detected an increase in
alkaline phosphatase (Figure 44A, zoomed window, bottom) and osterix (Figure 44B) immunostaining in the area

of interest in mice injected with RANK 811-siRNA compared with the Sham group.
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P
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Figure 44.RANK siRNA-811 induces the renewal of osteoblastic cell lineage after osteolytic/osteonecrotic stimulus induced by PE.

PE particles were implanted or not (Sham-NacCl) over the periosteum of calvaria for 9 days. Increasing doses (2.5; 5 and 10 ug) of RANK siRNA-811
were injected locally and bone formation was followed compared to the Sham group. ALP (A) and Osterix (B) immunostaining was used to detect
mature osteoblasts and pre-osteoblasts, respectively. Empty lacunaes were recognized in external cortical of calvaria (black arrows in A, zoomed
window, above). PE, polyethylene; ALP, alkaline phosphatase.
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RANK-811 siRNA reduced the inflammatory environment without depletion of macrophages

Because it is admitted that wear debris induces an inflammatory reaction (79,94), we assessed the
consequence of a Rank blockade on the inflammatory process. Histological analysis showed that the
implantation of PE particles resulted in a reaction characterized by the thickening of an inflammatory
membrane more invaded by cells compared with the non-implanted group. Of these infiltrating cells, F4/80*
macrophages were detected either in the Sham group (loosely distributed in the subcutaneous connective tissue)
as well as in the implanted groups (highly localized within the inflammatory membrane and surrounding the
implanted particles) (Figure 45A). Similarly, we observed the proinflammatory effect of PE particles by the
increased expression of proinflammatory cytokines genes (Tnf-a, 11-6 and 11-153) from the PE-LucF-siRNA
group compared with the Sham-NaCl group Figure 45B). We observed that the injections of 2.5 pg RANK-811
siRNAs decreased Tnf-a expression and slightly increased the expression of I1-14 compared to the LucF siRNA
injections. In contrast, the injections of 5 and 10 pg of RANK-811 siRNAs decreased the expression of Tnf-q,
11-6 and 1l-14 (Figure 45B). Interestingly and despite the down-regulation of proinflammatory genes associated
with the injection of the three doses of RANK-811 siRNA, they did not suppress the infiltration of macrophages

(Figure 45A).
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Figure 45.RANK siRNA-811 does not modulate the invading macrophages.

PE particles were implanted or not (Sham-NaCl) over the periosteum of calvaria for 9 days. Increasing doses (2.5, 5 and 10 pg) of RANK siRNA-811
were injected locally and inflammatory status was followed compared to the control LucF siRNA. Macrophages were identified by 4-80 in all groups
(implanted and sham) mice (A). RANK siRNA-811 decreases the expression of pro-inflammatory Tnf-a, /-6 and /I-18 cytokines (B). The relative
expression of Tnf-a, Il-6 and /I-8 was determined in explanted tissues by qRT-PCR. PE, polyethylene; qRT-PCR, quantitative reverse transcriptase
PCR; Tnf-a, tumour necrosis factor alpha; /i, interleukine.
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Discussion

Targeting the components of the triad OPG/RANKL/RANK by interference of RNA seems to be a
promising approach. Experimental studies blocking RANKL-RANK signalling by siRNAs targeting Mus
musculus Rank have already been reported in in vitro systems with an effective inhibition of Rank expression,
osteoclast differentiation and osteolysis (185-187). Furthermore, the effectiveness of siRNAs targeting of Rankl
to decrease the targeted transcript in in vitro culture of RANKL-expressing HEK 293 cells and in a murine
model of osteosarcoma has been reported (147,153). Our study provides strong evidence of the efficiency in
RANK in knock-down using three formulated cross-species sequences of siRNAs in both human RANK-
expressing HEK 293 cells and in murine RAW 264.7 cells in vitro. Then, once the down-regulation of RANK
and Rank was confirmed, we selected the most efficient sequence among the three evaluated (RANK-811

SiRNA with 48.7% of inhibition) to assess its effect on osteolysis in the animal model.

We first confirmed the pertinence of the calvaria mouse model used in our experiments with the
assessment of formulated siRNA. The challenge of calvaria with PE particles is the current standard for the
early assessment of particle-host tissue interactions and its response under new therapeutic agents in an
orthotopic bone site (93,129,179). We used commercial particles with a mean size of 7 um (data not shown),
considered phagocytables according the “particle critical size” concept (194). Furthermore, we confirmed the
internal validity of the model by the significant differences observed in all osteolytic parameters between the
implanted group (PE-siLucF) and the Sham group. Our study shows for the first time an effective inhibition of
particle-induced osteolysis in an in vivo model using a RANK-directed siRNA sequence. We observed a large
reduction in the number of TRAP™ activated cells (presumably osteoclasts) in the parasagittal area on implanted
calvarias using three different doses of RANK-811 siRNAs. Thus, we were able to propose a high sensitivity of
osteoclast precursors in the uptake of the injected lipoplex. The synthetic vector used in our experiments
(cationic liposome DMAPAP/DOPE + plasmid) has also shown considerable efficacy in the local delivery of
formulated Rankl-directed siRNA by intra-tumour injection in previous reports (147,153). Moreover, Khoury et

al. (2006 and 2008), reported a successful systemic delivery of siRNAs targeting proinflammatory cytokines
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(Tnf-g, 1I- 14, 11-6 and 11-18) in a mouse model of rheumatoid arthritis using the same siRNA formulation

(189,190).

While the doses of 5 and 10 pg of RANK-811 siRNAs significantly decreased the expression of Rank
and Cathepsin K, confirming the inhibition of osteoclastogenesis and osteolysis, we observed a contradictory
response with the dose of 2.5 ug: significant inhibition in the number of TRAP™ cells with high expression of
Rank and Cathepsin K. To explain this finding, we propose an imbalance between the amount of Rank
transcript and the weak dose of siRNA (2.5 pg). The volumetric assessment by micro-CT showed that 10 pg of
RANK-811 siRNA was capable of preventing bone loss compared with the implanted control (PE- LucF-
siRNA). We also observed a major effectiveness of lipoplex in the external cortical rather than in the inner
cortical of the calvaria. Thus, the diffusion of the injected volume to the inner cortical may be a difficulty from
the modified local anatomy (eroded surface of bone and trabecular spaces in the diploe), the inflammatory

reaction and/or the viscosity of the lipoplex.

Our findings were consistent with a direct anti-resorptive effect of RANK-811 siRNA demonstrated by
conclusive signs of inhibition of osteoclastogenesis, decrease in osteoclast activation and osteolysis. Moreover,
an observed similar bone protective effect using Zoledronic acid, a compound that targets pre-osteoclasts and
activated osteoclasts, supports our hypothesis. The findings observed in our study may be related to the
internalization of carboxyfluorescein-labeled siRNAs (FAM-siRNAs) delivered by the same cationic liposome
by monocyte/macrophages in a murine model of rheumatoid arthritis (190). The utility of FAM sequences to
detect its trafficking in bone tissue was also showed by Zhang et al. (2014) using SiRNA targeting osteogenic
lineages delivered by cationic liposomes attached to six repetitive sequences of amino acids, reporting the
colocalization with osteoblastic cells (195). Otherwise, the cationic liposome used in our study does not have an
inherent affinity for bone tissue, making this a limitation for it. However, we can suppose specific delivery of
our formulated RANK-siRNA in bone tissue using biomaterials for bone regeneration (187), peptides (196) or a
modified cationic liposome (195). Further studies are in progress to unveil the specific cell(s) that uptake RANK

811-siRNA and its intracellular sites of interaction.
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We observed the persistence of macrophages both in non-implanted (Sham) and in all RANK-811
SsiRNA-treated groups. While those observed in the Sham group exhibited a heterogeneous distribution in
connective tissue and could be associated with the inflammatory process after a surgical approach, those
observed in the RANK-811 siRNA treated groups were always closely related to the PE particles (presumably
phagocytosed by them). The potential immunoactivatory role of the lipoplex (197,198) (or some of its
components [cationic liposome or nucleic acids]) could explain this fact. Controversially, we did not observe
any qualitative differences (cellular infiltrate) in the fibro-inflammatory membrane of all implanted and siRNA-
treated groups in our current study compared with previous implanted and saline-treated groups (i.e.:
experiment of Zoledronic acid versus saline therapy as shown in Figure 2). Similarly, in a previous study, we
showed that the same construct used in an intra-osseous site did not activate the systemic immune response
(147). These contradictory data reinforce our hypothesis for the existence of non-identified cellular sources for
pro-inflammatory mediators (i.e.: osteoclast precursors, dendritic cells, lymphoid cells and/or stromal cells).

Interestingly, the unexpected bone formation observed in siRNA treated mice, suggests the
establishment of a local anabolic microenvironment. Thus, we propose a complete renewal of osteoblastic cell
lineage characterized by a sequence of localized osteolysis/osteonecrosis induced by PE particles, followed by a

bone formation pulse induced by the lipoplex.
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STUDY 3: Interaction of macrophages and PE particles at the periprosthetic interface: an
in vitro study
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Introduction

Macrophages are phagocytes that internalize and kill dangerous agents, thereby activating the innate and
adaptive immune responses via inflammatory responses and antigen presentation, respectively. Additionally, they
contribute to tissue homeostasis during catabolic processes by clearing apoptotic cells, cell bodies and debris
during the inflammatory response, tissue development or bone resorption. Phagocytes constitute an attractive
target to understand or treat human diseases mediated by an overactive immune response (199).

The plasma membrane is a dynamic structure to segregate and coordinate the homoeostasis of the intra-
and extracellular milieus through the entry or exit of molecules. While small molecules (amino acids, sugars and
ions) traverse the membrane through pumps or channels, macromolecules must be carried into the intracellular
space by membrane-bound vesicles derived by endocytosis (the invagination of the plasma membrane).
Endocytosis includes the uptake of solid and large particles (phagocytosis) or fluid compounds (pinocytosis).
Four different mechanisms have been recognised in the pinocytosis process: macropinocytosis, clathrin- or
caveolae-mediated endocytosis (CME) and clathrin- and caveolae-independent endocytosis (Figure 46). These
endocytic pathways are implicated in many physiological processes such as hormone-mediated signal

transduction, immune surveillance, antigen presentation and cellular homeostasis (165).
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Figure 46. Fourth mechanisms to explain the internalization process. (165)

e

Wear particles released from metal-on-UHMWPE low-friction arthroplasties constitute a key factor in
the inflammatory and osteolytic response at the periprosthetic interface that leads to the formation of

periprosthetic chronic inflammatory tissue and consequent osteolysis (4). After 13 years of the clinical use of
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highly cross-linked re-melted PE, an optimised PE, in bearing surfaces, the released wear debris and the wear
rates appear to have significantly diminished, thus improving the lifespan of the implants and the prognosis of
the patients after a total arthroplasty (8). Despite this encouraging report, the number of retrospective studies

concerning the long-term assessment of such implants is still low, and the level of clinical evidence is poor.

Classically, the size of debris has been correlated with the internalization capacity of macrophages
(4,75). While large particles (> 20 um) induce macrophage fusion and multinucleation, smaller particles
(ranging from 1 to 20 um) induce internalization by phagocytosis (70). However, 90% of the wear particles
generated in joint replacements are submicrometric (on the nanometric scale). Because they are too small to be
phagocytosed, the effect of PE nanoparticles remains unknown. Furthermore, the release of short-chain alkane
polymers from the breakdown of PE has been reported as an additional challenge for periprosthetic tissues
(200). Thus, PE nanoparticles appear to be relevant actors in the pathophysiology of the aseptic loosening of the

currently available bearing surfaces.

Recently, the nexus between the immune and osseous systems activated by products released from
bearing surfaces has been proposed to play a role in aseptic loosening, opening a new era in this field (9,75).
Our knowledge of the macrophage-particle interactions in the field of periprosthetic osteolysis has been
considerably improved in recent years by the optimisation of in vitro cellular models (79,200). The vast
majority of reports have focused on the relationship between the nature and size of the released particles and the
type of biological response induced; however, few reports have described the internalization, intracellular
trafficking and impact on cellular activation and survival of PE nanoparticles in human macrophages. The aim
of this report is to assess the internalization of formulated PE fluorescent nanoparticles by human CD14"

monocyte cells.
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Results

Characterization of polyethylene fluorescent nanoparticles

Transmission electron microscopy (TEM) (Figure 47):

Figure 47. TEM showed regular solid spheres of less than 200 nm in size.

Size distribution (DLS) (Figure 48):
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Figure 48. Mean diameter: 169 77 nm.

117



Spectral measurement of nanoparticles (Figure 49 and Figure 50):
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Figure 49. Absorption spectrum in water of fPE nanoparticles (max : 445 nm).
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Figure 50. Emission spectra of nanoparticles in water and free molecules in toluene (max : 580 and 555 nm).

CD14" monocytes/macrophages take up PE fluorescent nanoparticles in a dose- and time-dependent

manner.

To examine the uptake of PE fluorescent nanoparticles by cultured monocytes/macrophages, we
compared the effects of two ratios (2000 and 4000 nanoparticles per cell) after 24, 48 and 72 hrs. of stimulation
(Figure 51.A). No significant changes in the uptake of nanoparticles at a ratio of 2000 nanoparticles per cell
were observed after 24 hrs (2.3-fold), 48 hrs (2.2-fold) or 72 hrs (2.3-fold). Although the uptake at a ratio of

4000 nanoparticles per cell exhibited an increase in the relative mean fluorescent intensity (MFI) values
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compared with the uptake for the ratio of 2000 nanoparticles per cell, it maintained a similar pattern of uptake

at 24 hrs (3.2-fold), 48 hrs (3.4-fold) and 72 hrs. (3.7-fold) (Figure 51A).

We next assessed the effect of the PE fluorescent nanoparticles using a ratio of 4000 nanoparticles per
cell during the first 12 hrs. using the same methods. Interestingly, we observed a time-dependent response with
a progressive increase in the relative MFI compared with the first hour. We observed increasing uptake at 1 hr

(1.5-fold), 4 hrs (2.3-fold), 8 hrs (3.3-fold) and 12 hrs (5.1-fold) (Figure 51B).
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Figure 51. In vitro cultured CD14* monocyte/macrophages uptake the PE fluorescent nanoparticles in a dose and time-dependent manner at 48
hrs and within the first 12 hrs, respectively.

The macrophagic capacity of uptake the polyethylene fluorescent nanoparticles was assessed by the measure of relative mean fluorescent
intensity (MFI) from 1 to 72 hrs of stimulation using flow cytometry. A dose dependent response was observed at 48 hrs. No differences in relative
MFI was observed in the CD14" monocyte/macrophages between 24-48-72 hrs (A). Conversely, at 1, 4, 8 and 12 hrs following to the polyethylene
fluorescent nanoparticles stimulation, a 1.5, 2.3, 3.3 and 5.1 fold increase in the relative MFI of the polyethylene fluorescent nanoparticles were
observed in the CD14" monocyte/macrophages, respectively (B).

120



PE fluorescent nanoparticles were effectively internalized by CD14" monocytes/macrophages

While the increase in the MFI confirmed the uptake of PE fluorescent nanoparticles by CD14"
monocytes/macrophages under in vitro conditions, we were unable to differentiate between internalized and
adherent nanoparticles. In this regard, we assessed the internalization of nanoparticles at a ratio of 4000
nanoparticles per cell by CD14" monocytes/macrophages using stacked sections acquired by confocal
microscopy after 48 hrs of stimulation. We recognised two cell morphology patterns: a) adherent cells, which
were characterised by an elongated shape, and b) non-adherent cells, which were characterised by a rounded
shape and an empty cytosol (Figure 52A). We also observed that the PE fluorescent nanoparticles were detected
both inside and outside the cells. The internalized nanoparticles were organised in rounded bodies that were
heterogeneously distributed within the cell (cytoplasmic distribution) (Figure 52A, Figure 52B and Figure 52C).
Additionally, other nanoparticles were detected crossing the cell membrane (Figure 52B and Figure 52C).
Otherwise, the nanoparticles located outside the cells were recognised as having either compact and small or

large and rounded bodies (Figure 52D).
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Figure 52. The fluorescence of internalized polyethylene nanoparticle was detected in CD14* human monocytes/macrophages by confocal
microscopy after 48 hrs of stimulation.

Polyethylene fluorescent nanoparticles were detected as green round bodies heterogeneously distributed in the surface of adherent cells (A and
B) and also outside the cells (C and D). Some dead cells with a rounded shape and without fluorescent signal were recognized (A and D).
Orthogonal views confirm that polyethylene fluorescent nanoparticles were a cytoplasmic location. Also, some others fluorescent nanoparticles
cross the boundary of the cell, suggesting their expulsion. Interestingly, both the big round and small compact fluorescent bodies were detected
outside the cell (D).

Green, polyethylene nanoparticles fluorescence; Red, actine cellular cytoskeleton stained by Phaloydine and Blue, nuclear stained by Hoechst.

CD14" monocytes/macrophages died after releasing the PE fluorescent nanoparticles

To assess the dynamic behaviour of CD14" monocytes/macrophages after stimulation with PE
fluorescent nanoparticles, we performed time-lapse video-microscopy over 72 hrs (Figure 52 and video 1, 2 3
and 4). We confirmed the presence of the nanoparticles in the cytoplasm after 4 hrs of stimulation. Then, after
4.5 to 5.5 hrs of stimulation, we observed the intracellular trafficking and release of the particles into the
extracellular medium at 6 hrs. (Video 1). Later, we observed that some of the cells became rounded and non-

adherent, suggesting that they had died by 10 hrs after stimulation (Figure 52A and Video 2). Other cells
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remained alive and formed intracellular and extracellular vesicles, which was followed by the violent release of
the vesicles at 20 hrs. (Figure 52B and Video 3). Furthermore, between 48 and 72 hrs. we observed some active

cells that attacked some of the living cells and other cells that were carrying cellular debris (Video 4).

Figure 52. Some CD14" human monocytes/macrophages die after to internalize, traffic and to release polyethylene nanoparticles, becoming
cellular debris that perpetuate inflammatory vicious cycle in periprosthetic tissues.
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\Video 1
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Discussion

We confirmed that the PE fluorescent nanoparticles were taken up and internalized by CD14"
monocytes/macrophages in a time-dependent manner until 24 hrs after stimulation. No changes in the uptake
were observed at 24, 48 and 72 hrs, suggesting a depletion of the maximum cellular capture volume. Once
internalized, the nanoparticles appeared to be dissociated, packaged and then released into the extracellular

medium by 48 hrs, inducing dramatic changes in the cellular shape and inducing cell death.

The MFI method used to assess the particle uptake by flow cytometry has the benefit of simplicity and
reliability; however, it does not discriminate between adherent and internalized nanoparticles (201). To
overcome this drawback, we detected the fluorescent signal from internalized nanoparticles using confocal
microscopy. We confirmed their presence and organisation into heterogeneous rounded cytosolic bodies. We
also observed these structures crossing the cellular limits and even more structures outside the cells, suggesting
an active process of foreign body release by exocytosis. While some reports have not differentiated between
adherent and internalized nanoparticles (202,203), others have tried to elucidate this difference using right angle
scatter (RAS) correlated with cell granulometry (204), quenching (205,206) and physico-chemical elimination
of adherent nanoparticles (207). Otherwise, confirmation by optical methods has also been reported as the only
way to confirm the intracellular location of nanoparticles; however, this method does not allow for
quantification (207). We assessed the internalization of nanoparticles by combining quantitative and qualitative

approaches.

Macrophages constitute the first cellular barrier to recognise exogenous pathogen-associated-molecular-
patterns (PAMPs) and activate the innate and/or adaptive immune responses. Furthermore, the released
particles from orthopaedic surfaces can act as damage-associated molecular patterns (DAMPS), activating both
the macrophage Toll-like receptor (TLR) pathway and the nucleotide binding and oligomerisation domain
(NOD)-like receptor family (NLR), pyrin domain containing 3 (NALP3) inflammasome, an intracellular danger

signal (53,200). The activation of these intracellular pathways induces the activation of NF-«B and the cleavage

of immature forms of IL-1p and IL-18 into mature IL-1f and IL-18 by caspase-1. New insights into alternatives
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forms of programmed cell dead have been reported (208). Among them, pyroptosis, a caspase-1-dependent cell
death programme, constitutes an interesting phenomenon to explain the behaviour of phagocytes under

pathophysiological challenges and to compare with the better-known concept of apoptosis (208).

Our findings were consistent with the internalization and subsequent release of dissociated nanoparticles
into the extracellular medium by macrophages. Additionally, we observed morphological changes that
suggested cell death, including cellular fragmentation and detachment. However, we do not know the true
nature of this process or its molecular basis. Interestingly, both clinical and experimental in vitro and in vivo
evidence has confirmed the presence of caspase-1 and the release of IL-1B in the particle-macrophage

interaction model (53,200).
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GENERAL DISCUSSION
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MOUSE MODEL AND TRANSLATIONAL RESEARCH IN ASEPTIC LOOSENING

Despite the preclinical progress made, new insights gained using mouse models have not yet been
successfully translated to clinical practice. We analyse this failure with a critical view on the performance of the
models, the benefits gained from the emerging knowledge and the future challenges for mouse models in

particle-induced osteolysis.

Benefit-cost analysis.

The use of mouse models for the study of the pathophysiology of periprosthetic osteolysis has produced
vastly more benefits than costs. Benefits include their biological fidelity, effectiveness, reproducibility,
dynamism and the diversity of the genetic and molecular tools available. The biological fidelity of mouse
models is based upon their resemblance with the human periprosthetic environment, sharing the bone tissue
organization and physiological control of bone remodelling. Furthermore, this species has a reduced life cycle,
giving the advantage of a rapid development of pathological features. The effectiveness and reproducibility of
mouse models has been demonstrated repeatedly, predicting bone behaviour under different conditions (e.g.
drug therapy or surgical procedures). Furthermore, mouse models have proven to be dynamic, evolving from air
pouches to intra-medullary devices and proving useful for the assessment of the oldest as well as the latest
generation of biomaterials (i.e. wear from cross-linked polyethylene). The availability of genetically modified
or immunodeficient strains and the abundance of specific molecular tools have made possible the identification
of genes, pathways, cells or tissues involved in the pathology, improving our understanding of the mechanisms
of this disease.

Limitations include the bias of a partial reproduction of the real human condition. Given that mice are
small quadrupeds, mouse models cannot reproduce the "load bearing effect" of the implant, as there are no
devices available that mimic a total joint replacement in mice. Other disadvantages of mouse models are the

small animal size and the low amount of cancellous bone, making their surgical manipulation difficult.
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Relevance of mice models

We believe that there is no one animal model useful for all stages of research in this field. Periprosthetic
osteolysis is a multifactorial condition, with a close interplay between biomechanical and biological aspects.
Mouse models are the first step in in vivo research, indispensable for confirming previous in vitro findings;
however, we believe that they do not have the necessary performance to translate their advances directly into
clinical trials. There are still controversial issues, such as the genetic predisposition, immune and
endocrinological regulation of periprosthetic bone loss, pharmacological considerations in drug delivery as well
as the biomechanical aspects involved in loaded endochondral bone. These heterogeneous topics need to be

confirmed and tested in complementary larger and loaded models (e.g.: sheep or horse).

Achievements and future challenges

The use of mice has been useful for understanding the pathophysiology of particle-induced osteolysis,
testing therapeutic strategies and, recently, improving early diagnosis. First, there was the confirmation of a
“multifactorial condition” that depends on interplay between wear production, bone niche homeostasis and host
susceptibility. Concerning the wear aspects, it has been widely accepted that polymeric and metallic
micrometric particles within a critical size range are bioactive materials capable of triggering a biological
response. Moreover, the local chemo-cytokine-mediated homeostasis of periprosthetic bone has been better-
understood using mouse models. The central role of macrophages in primary inflammatory response has been
confirmed in mice, highlighting the role of chemokines (MCP-1 and S1P), PRRs (TLR pathway) sensing
danger signals, pro-inflammatory cytokines how mediators in the initiation of innate immune response.
Furthermore, the role of NALP3 inflammasome has recently been confirmed as a critical mediator for
orthopaedic wear-induced osteolysis in a mouse model. The uncovering of a key role for osteoclastogenesis and
osteoclast-mediated osteolysis has created a link between recent and general concepts of bone biology, such as
the role of the RANK/RANKL/OPG axis or the pro-osteolytic effect of cytokines TNF-o or IL-1 or, inversely,
the osteoprotective role of IL-10. The cross-talk established between osteoclasts, macrophages and
osteoblasts/stromal cells has progressively become a consensus in the field of periprosthetic osteolysis. In the

same vein, a systemic control of periprosthetic bone response, especially by the endocrine system, has been
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proposed. The involvement of calcitonin or estrogenic control of periprosthetic bone is an emergent and
interesting topic to explore.

Second, therapeutic progress made in mice includes the feasibility of systemic drug administration and
delivery. Third, an innovative and useful application for mice has been validated, making possible the early
diagnosis of inflammatory changes using a systemic nanovector.

Future challenges (Figure 53) for mouse models include improving understanding of the bioactivity of
nanometric particles derived from improved polyethylene, as well as the potential cytotoxic response to
metallic nanoparticles and ions. Furthermore, the endocrine regulation of the periprosthetic environment (by
calcitonin, estrogens or others) needs to be clarified. Genetic susceptibility may have high value and open up
the path for the development of new inter-individual prognostic markers. However, in order to exploit this

knowledge, a human genetic profile first needs to be established and then mimicked in mice.

The role of the immune response in periprosthetic tissues seems to be an extremely relevant chapter for
future research, considering the strong evidence that supports the involvement of macrophages and probably
lymphocytes. Understanding of the cellular and molecular mechanisms involved in the recruitment,
differentiation and activation of monocyte/macrophage cells seem to be a central axis of research in the
immunomodulation of bone response. Furthermore, pharmacological aspects related to drug delivery will make
it possible to clarify the equivalence of animal doses, frequency and route of administration by taking into
account human requirements. In this regard, nanotechnology may be a potentially useful tool for this field.
Finally, the current models of loaded intra-medullary implants developed in mice need to be tested under
controlled, preventive or curative protocols, using the same markers established in the calvaria model. This
aspect would give more validity to the results, considering the human-mouse homology of the intra-medullary

site.
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Figure 53. Translational challenges in orthopaedic aseptic loosening. (134)

. Pharmacological
issues

RANK-811 siRNA: A NEW THERAPY FOR ASEPTIC LOOSENING?

Once the primary and direct anti osteolytic effect of RANK-811 siRNA has been well described in our
study, we discuss another potential beneficial effect of this sequence. Considering that the dramatic inhibition
in the expression of proinflammatory cytokine in harvested tissues from mice treated with 5 and 10 pg of
RANK-811 siRNA, suggest that its primary targeted cells (probably RANK™ pre-osteoclasts and osteoclasts)
modulate those inflammatory cell sources (probably including RANK™ macrophages). Therefore, we propose a

second and indirect effect of RANK-811 siRNA, modulating the NF-KB and NF-IL6 pathways in inflammatory
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cells (monocyte/macrophages and may be lymphocytes). The central role of these transcription factors in the
orchestration of the vicious cycle inflammation-osteolysis in particle-challenged periprosthetic tissues has been
well documented (90). RANK-811 siRNA interrupts this influence, generating an anabolic periprosthetic niche,
propicious to the phenotypic re-polarization of macrophages, from a proinflammatory (M1) to an anti-
inflammatory (M2) and/or similarly to lymphocytes (Figure 54). This asseveration may be supported by the
immunomodulatory effect of IL-4 observed in in vitro activated macrophages harvested from periprosthetic

membranes and then confirmed in the PE-induced osteolysis calvaria mouse model (79,129).

TNF-a
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Vicious Cycle
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Figure 54. Proposed mechanism of action of formulated RANK-811 siRNA in the periprosthetic bone niche.

siRNA targeting RANK may inhibit reciprocally the cytokine signalling process induced by PE particle activation (RANKL, TNF& and IL-6 and IL-
1BEEEsIRNAs are internalized in early myeloid cells (macrophage precursors) and osteoclast precursors degrading mRNA encoding RANK.
Secondarily, a down regulation of intracellular pathways related to proinflammatory, pro-osteoclastogenic gene expression and cytokine synthesis
(regulated by the transcription factors Nf-KB and Nf-IL6) is also inhibited. Thus, the vicious cycle generated by paracrine signalling between
macrophages and osteoclasts is interrupted by intracellular control, leading to the creation of an anabolic periprosthetic bone niche. An indirect

immunomodulator effect was also proposed, with a macrophagic re-polarization from M1 to M2 macrophages that promoted bone repair (209).

MCP-1, Monocyte chemoattractant protein-1; MIP1- a, Macrophage inflammatory protein-1a.
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GENERAL COMMENTS

We want to highlight the identification of RANK as a relevant target in periprosthetic osteolysis. While
RANK’s ligand RANKL has classically been the most targeted cytokine in osteolytic diseases, we propose
strong evidence of the critical role that RANK plays in the orchestration of bone loss in periprosthetic tissues.
The fact of that RANK is expressed by both bone and immune cells may be an advantage in the particular case
of aseptic loosening due to the inflammatory nature of osteolysis. Another relevant aspect was the control of
bone loss through the local administration of short interfering RNA (siRNA). Clinical and preclinical data
support the idea that aseptic loosening remains a local disease. Thus, it would appear logical to propose a “local
therapy”, avoiding systemic distribution and the biotransformation of a siRNA. In this regard, the use of a
cationic liposome with an adjuvant plasmid appears to be a well-adapted method that allows for optimal
delivery and stability. The benefits of local administration and optimal local delivery need to be confirmed in

our current studies using 6-carboxyfluorescein (FAM) RANK-811 siRNA in the same model.

Though our study has shown an innovative approach in an animal model, we have also found matching
data between histologic and in vitro studies. The central role of monocytes/macrophages in the aseptic
loosening of implants was shown by the histology data from human pseudomembranes and by in vitro findings
from human cells cultured with PE particles. Both studies were similar in the detection of internalized particles
by human macrophages. While human retrieved tissues showed the presence of different morphologies of
CD68" cells (giant multinucleated cells) surrounding large and small wear particles, CD14" cells were capable
of internalizing nanoscale particles under in vitro conditions. Taken together, these findings confirm the
capacity of macrophages to internalize a wide range of particles. The detection of multinucleated giant cells
surrounding large particles (approximately 200 um) in the case of a knee revision support the concept of
“frustrated phagocytosis”. In contrast, we observed the internalization, intracellular trafficking and expulsion to
the extracellular space of nanoparticles, suggesting a high clearance of particles beginning at least 1 hour after

particle stimulation. These findings suggest a high adaptability of macrophages to the challenge with particles
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of heterogeneous composition and morphology. Further studies are in progress to elucidate the different
mechanisms of internalization, cell activation and cell survival stimulated with different sizes of PE particles

under experimental conditions.

Finally, we provided morphologic evidence of the nexus between the cells of the innate and acquired
immune responses. The close contact between macrophages and T or B lymphocytes support suspicions of the
triggering of histocompatibility mechanisms by the products released from prosthetic devices. These aspects
need to be confirmed by increasing the collection of human retrieved samples and correlating their findings

with clinical data to eventually establish behavioural patterns for the different types of prostheses.
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CONCLUSIONS AND PERSPECTIVES
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STUDY 1

We provide evidence that pseudomembranes retrieved from patients with loosened prostheses exhibit
different cellular features compared with the synovium retrieved from osteoarthritic patients. These differences
include histologic elements of the innate immune response such as an inflammatory reaction to wear particles
that is characterised by a highly vascularised stroma, a dense cell infiltrate including CD68" and TRAP-
monocytes/macrophages and, exceptionally, CD117" mast cells. Furthermore, we observed the activation of T

and B cells in perivascular sites, suggesting the activation of the acquired immune response.

The perspective of this study consists of increasing the number of subjects in the database by including
prospective clinical and histologic records to allow for the creation of a cohort of patients. Thus, it could be
possible to confirm the existence of specific cellular patterns in revised patients. Additionally, this prospective
study would allow us to correlate the clinical and cellular data to identify potential risk factors and inter-

individual risk factors that predispose patients to loosening of their articular implants.

STUDY 2

The local treatment with three doses of RANK-811 siRNA delivered by the cationic lipid
DMAPAP/DOPE in a PE particle-induced osteolytic mouse model preserved the bone volume with the dose of
10 pg. While 5 pg of RANK-811 siRNA dramatically decreased the osteoclastogenesis, osteolysis and
inflammation, the dose of 2.5 ug revealed contradictory effects, may be by immunoactivation of the lipoplex.
We have consistent micro-architectural, histological and molecular findings to support the effectiveness of a
siRNA-based approach locally delivered targeting RANK in the prevention of experimental osteolysis induced
by PE particles. Further studies will be necessary to specify the optimal conditions for sSiRNA administration,
the site of interaction and potential side effects. This study strengthens the concept for the usefulness of sSiRNA-
based therapy targeting RANK, an innovative and relevant actor in the pathophysiology of particle-induced

osteolysis. This approach could be potentially transferred to clinical uses.
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The perspectives of this study include:

e The detection of the cells that effectively uptake the RANK -811 siRNA using FAM sequences in
the same in vivo model.

e To optimize the internalization of siRNA sequence by the target cells, assessing alternatives
adjuvants molecules to plasmid. (i.e.: pegylated or similar molecules)

e To analyse de pharmacologic issues of RANK -811 siRNA in a small animal, such as the
stability, toxicity and biodistribution of the lipoplex.

e To evaluate this preclinical protocol in a large animal model, which involve the load bearing

effect.

STUDY 3

We conclude that PE fluorescent nanoparticles were internalized by macrophages within the first 24 hrs.
until a maximal depletion of their internalization capacity. The internalized nanoparticles induced the activation
of a macrophage death-signal that generated cellular debris and perpetuated the vicious cycle of inflammation.

These findings support the cellular basis of the inflammatory response observed in periprosthetic tissues.

Among the perspectives of this study, we include the following:

e Assessment of the viability of the macrophages at short (1-24 hrs) and middle intervals (48 hrs).

e To study the mechanism of internalization

e To study the effect of nanoparticle stimulus on the activation and phenotypic polarisation of
macrophages

e To compare the particle internalization, viability, activation and phenotypic polarisation of

macrophages stimulated with PE nano- and microparticles under in vitro conditions.
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RESUME et MOTS CLES

Microenvironnement et ostéolyse : application aux descellements aseptiques des implants
orthopédiques

Le remplacement d’une articulation par une prothése est I'une des procédures médicales les plus abouties
réalisées aujourd'hui, dont I’indication est en perpétuelle croissance. Néanmoins, entre 10-20% des patients
montrent des signes a long terme d'ostéolyse aseptique périprothétique induite par des particules d’usure
relarguées des couples de frottement. Ce qui conduit a un descellement de I'implant et & la nécessité d’un
changement de prothése (révision chirurgicale). Pour cette raison, la survie des implants articulaires a long
terme continue d'étre un défi majeur en orthopédie. Ainsi, une meilleure compréhension de la
physiopathologie de I'ostéolyse périprothétique induite par les particules est essentielle pour le
développement des nouvelles stratégies thérapeutiques.

Le présent rapport donne une vision générale des concepts actuels d’ostéoimmunologie des descellements
aseptiques d'implants orthopédiques. Dans la partie expérimentale, cette étude veut approfondir la
compréhension des mécanismes de l'ostéolyse en a) identifiant les populations cellulaires des membranes
périprothétiques humaines prélevées lors de révisions chirurgicales, b) reproduisant les changements
inflammatoires et ostéolytiques chez un modéle de calvaria de souris, puis en évaluant l'interférence de
I'ARN ciblant le récepteur activateur du facteur nucléaire Kappa B (RANK) comme une nouvelle approche
thérapeutique pour cette maladie et, enfin, c) en étudiant les interactions précoces entre les nanoparticules de
polyéthylene et les macrophages humains a un niveau cellulaire.

Mots Clés: Osteolysis, Polyéthyléne, Orthopédique, Remplacement articulaire totale, Biologie cellulaire,
RANK, Nanoparticules, Ostéoclastes.
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