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RESUME EN FRANCAIS

Grace aux avancées dans les domaines de I'immugpldg la chirurgie et des soins et suivis
post-greffes, la survie des greffes d’organes anétfement améliorée. Cependant, le rejet
d’allogreffe reste un probleme majeur en transpléon d’organe. Le rejet d’allogreffe est classé
en deux catégories : le rejet dépendant des celllilet le rejet dépendant des anticorps, en
sachant que ces deux mécanismes sont souventésssber le patient. Bien que la majorité des
rejets réponde aux traitements actuels, une priopanbn-négligeable des rejets est réfractaire a
toutes combinaisons de médicaments et la pertereftoy reste inévitable a long-terme. De
plus, les immunosuppresseurs actuels ont de nomieféets indésirables. Dans ce contexte, le
but de nos recherches est de trouver de nouveadicangents efficaces pour la prévention et le

traitement des rejets d’allogreffe.

Ma thése se divise en deux parties. Dans la premigous avons étudié I'efficacité du
Bortézomib, le prototype des inhibiteurs de pratéas dans la prévention du rejet aigu et dans
le traitement du rejet chronique dépendant des@mps dans un modele d’allogreffe cardiaque
chez le rat. Nous avons aussi rapporté nos exp@sesur I'utilisation du Bortézomib pour
traiter le rejet dépendant des anticorps chez qeslgatients transplantés rénaux. Dans la
deuxiéme partie de ce travail, nous avons démdidfiécacité du blocage du récepteur de
I'interleukine-7 par un anticorps monoclonal daagfolongation de la survie du greffon dans
des modeles d’allogreffe de peau et d'illots particpéas chez la souris. L'effet du blocage du
récepteur de linterleukine-7 en transplantation les principalement a une diminution du
nombre de toutes les sous-populations de lymphscyteériphériques ainsi que dans les

organes lymphoides.

PARTIE 1: INHIBITION DU PROTEASOME EN TRANSPLANTATION
D’ORGANE

INTRODUCTION

1. Rejet d'allogreffe — Classification, mécanismes étaitement :

La classification actuelle du rejet d’allogreffeodjane est basée sur des réunions organisées a
Banff au Canada tous les 2-3 ans entre les spgemlimondiaux en transplantation et en
anatomopathologie, d’ou vient le nom de «clasdificeBanff» (Solez et al, 1993, Racusen et al,
1999, Racusen et al, 2003, Solez et al, 2007, Sblak 2008, Sis et al, 2010). Ici nous limitons
notre discussion a la classification de Banff dietre’allogreffe rénale, ce qui est de loin la
greffe d’organe la plus réalisée. Selon cette iflagson, le rejet du greffon rénal se divise en



Résumé en frangais

deux catégories : le rejet dépendant des cellules [€ rejet dépendant des anticorps. Chaque

catégorie se divise encore en rejet aigu et rajetnique.

Le rejet dépendant des cellules T est initié pasigmal 1, c’'est a dire I'interaction entre les
récepteurs des cellules T (TCR) et les moléculescauplexe majeur d’histocompatibilité

(CMH) sur les cellules présentatrices d’antigerf&surtant, I'activation des lymphocytes T a
besoin d’'un deuxieme signal, c’est la costimulaticde principalement par I'interaction entre les
molécules CD80 et CD86 sur les cellules B et laémake CD28 sur les cellules T (Poirier et al,
2010). Apres reconnaissance, les cellules T s‘aatjyproliferent et secrétent des cytokines et
chémokines permettant ainsi le recrutement desaiyimphocytes et monocytes. Ceci conduit a
une infiltration massive des cellules mononucléegamant la destruction du greffon sans

traitement efficace.

Les mécanismes d’action du rejet dépendant desoaps sont moins bien connus. De
nombreuses études cliniques ont corrélé la présdraicorps spécifigues anti-CMH du
donneur a la diminution de la survie du greffon fNimgton et al, 2003, Terasaki et al, 2004,
Hourmant et al, 2005, Mizutani et al, 2005, Ma@let2007, Terasaki et al, 2007, Lachmann et
al, 2009, Everly et al, 2010, Cooper et al, 20EL).parallele, les expériences dans les modeles
d’animaux ont aussi montré que les anticorps aMHCdu donneur peuvent induire par eux-
mémes des lésions typiques du rejet dépendantrdiesras (Uehara et al, 2007, Jindra et al,
2008, Hirohashi et al, 2010).

La plupart des immunosuppresseurs actuels agissentes lymphocytes T, peu parmi eux
peuvent cibler les cellules B et/ou les anticotpstraitement du rejet dépendant des anticorps
est basé aujourd’hui sur les trois thérapies : l&srpaphérése pour éliminer rapidement les
anticorps anti-donneur, le Rituximab ou anticorpsnotlonal anti-CD20 pour dépléter les
lymphocytes B, et les immunoglobulines intraveiresudont I'effet est complexe, affectant les
réponses immunitaires cellulaire et humorale. Céget) certains patients ne répondent pas a

ces traitements.

De nouveaux anticorps monoclonaux comme l'ocrelabinet I'ofatumumab (anti-CD20) ou
I'epratuzumab (anti-CD22) ont ainsi été dévelopafs d’optimiser la capacité déplétante sur
les cellules B. Une autre piste est de ciblerdeseiurs de survie et de différentiation des cedlule
B comme BAFF (B-cell activating factor) et APRIL faoliferation-inducing ligand) avec les
deux nouveaux meédicaments biologiques : belimunaaiticorps monoclonal anti-BAFF) et
atacicept ou TACI-lg (TACI : transmembrane activadad calcium modulator and cyclophilin

ligand interactor, un des récepteurs de BAFF et AP&/incenti et al, 2010). Cependant, aucun

12
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de ces médicaments n’a l'effet sur les plasmocyésscellules qui sécretent les anticorps. La
seule classe de médicaments qui peut induire kmgotes plasmocytes et ainsi diminuer la
formation des alloanticorps est celle des inhilsgedu protéasome, ce qui sera le sujet de la

premiere partie de ma these.
2. La voie ubiquitine-protéasome :

Une balance stricte entre la synthése et la dégoaddes protéines est cruciale pour la survie
des cellules et de I'organisme. La dégradationptlettines intracellulaires est assurée en grande
partie par la voie ubiquitine-protéasome. Ainsi, dgx Nobel de chimie en 2004 a été
conjointement attribué a trois scientifiques : Aafiechanover, Avram Hershko et Irwin Rose
pour leur découverte de [l'ubiquitinylation des pgines et son rdle dans la protéolyse

intracellulaires.

L’ubiquitine est une protéine hautement consergéeposée de 76 acides aminés avec 7 résidus
lysine et la glycine en position carboxy termin&lebiquitine est attachée a la protéine cible via
une liaison entre sa glycine C-terminale et undiésysine sur la protéine cible. Une chaine de
polyubiquitine est alors assemblée via les liaisdirsopeptide entre un résidu lysine en position
29 ou 48 d’'une molécule et la glycine C-terminalend autre molécule d’'ubiquitine afin de

former une bande hydrophobe qui est déterminanielfiteraction avec le protéasome.

Le protéasome 26S est une organelle intracytoptasmen forme de baril composée d’'un
complexe régulateur 19S et d’'un cceur catalytique. 2@ cceur catalytique est formé de quatre
anneaux, deux anneaux externes contenant chacums7ugités alpha, numérotéesodé aa-7

et deux anneaux internes contenant chacun 7 soiésupeta, numérotées del a p-7.
L’activité enzymatique du protéasome réside daois sous-unités betep:1, -2 etp-5, avec
des activités protéolytiques de type caspase,itrgp chymotrypsine, respectivement. Dans les
cellules du systéme immunitaire, ces trois sougtarfl-1, p-2 et B-5 du protéasome sont
remplacées par trois sous-unités de I'immunoprotéa$-1i, f-2i et p-5i, respectivement pour
augmenter [l'activité catalytique. La fonction laupl connue du protéasome et de
immunoprotéasome dans le systeme immunitairdaegénération des peptides qui seront liés
aux molécules du CMH de classe | pour la présemtatiantigene aux cellules T CD8 (Strehl et
al, 2005).

3. Inhibition du protéasome :

Comme la protéolyse est essentielle pour le mégabeldes cellules, I'inhibition du protéasome
perturbe différentes fonctions cellulaires et pmser la mort de la cellule.

13
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L’inhibition du protéasome induit 'apoptose paugenécanismes principaux.

Le premier mécanisme est 'inactivation de la \a@esignalisation du facteur NéB . NF«B est

un facteur de transcription composé de 5 sousainiRelA (p65), RelB, c-Rel, NkB1 (p50 et
son précurseur pl05) et NdB2 (p52 et son précurseur p100) (Jost et al, 2CD&3. sous-unités
sont maintenues sous la forme dimérique dans leplagme et sont liees avec des protéines
inhibitrices du facteur NF«B, IkB. L’activation d’ NF«B par la voie classique ou alterne doit
passer par une phosphorylation «@Bl par kB kinase (IKK), kB phosphorylé est ensuite
ubiquitinylé et dégradé par le protéasome, libéNikikB dimérique (le plus souvent p65/p50
hétérodimere) qui va entrer dans le noyau poulemita transcription des genes cibles.
L'inhibition du protéasome empéche la dégradatidbrB] NK-xB reste alors fixé a sa molécule
chaperonnexB dans le cytoplasme et ne peut pas entrer damsyl®u pour exercer sa fonction.
Certains types de cellules telles que les plasmescyont dépendants de la voie de signalisation
d’NK-kB pour leur survie et sont par conséquent plusilsiens I'apoptose induite par

I'inhibition du protéasome.

Le deuxieme mécanisme et probablement le plus i@pbest 'augmentation du stresse du
réticulum endoplasmique lié a I'accumulation det@res mal repliées dans le réticulum.
[endoplasmic reticulum stress (ERS) et unfoldedgimoresponse (UPR)]. Quand il y a une
accumulation des protéines mal repliées dans ieuhétn endoplasmique comme dans le cas de
I'hnypoxie ou lors d’une infection virale, la voieRR est activée. L'aactivation de cette voie
entraine I'augmentation de I'expression des mokxcudhaperones pour faciliter le repliement
des protéines, I'augmentation de la dégradationpieteines mal repliées dans le réticulum
endoplasmique via un processus qui s'appelle ERADdd¢plasmic reticulum-associated
degradation) et le ralentissement de la syntheswmudeelles protéines (Szegezdi et al, 2009). La
voie UPR a pour but de restaurer 'homéostasie aintenir la vie cellulaire. Cependant,
l'inhibition du protéasome cause une sur-accunmutatide protéines mal repliées dans le
réticumum entrainant le débordement de la voie WPRaugmentation de I'expression des
protéines proapoptotiques comme Bim (Bcl-2-inténgactediator of cell death), TRAIL (tumor
necrosis factor-related apoptosis inducing ligagtd) RAF2 (TNF receptor-associated factor 2).
La phase finale est l'activation des caspasesmgluii la mort cellulaire. Les plasmocytes qui
synthétisent des milliers de molécules d'immunoglioies par seconde sont dépendants de la
voie UPR pour leur survie, ce qui explique leurssigilité a I'inhibition du protéasome.

14
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4. Inhibiteurs du protéasome dans I’'hémato-oncologie :

Peu aprés sa découverte dans les années 80, gagmote a été reconnu comme une cible
thérapeutique potentielle. Plusieurs inhibiteurspdotéasome dont le Bortézomib (Velcade®,
Millennium Pharmaceuticals) ont été synthétisésestés dans différents types de cancer. Le
Bortézomib ou l'acide boronique inhibe sélectivemdiactivité enzymatique de type
chymotrypsine de la sous-unif® du protéasome. Le Bortézomib a été approuvé g&DIA
pour le traitement du myélome multiple en 2005 &ahal, 2006) et du lymphome a cellule du
manteau en 2010 (Goy et al, 2010). Le Bortézonahssi été testé dans le traitement des autres

types de cancer mais les résultats n’ont pas €gueageants.

Suite au succes de Bortézomib, des inhibiteurs chiépasome de seconde génération de
structures chimiques différentes ont été dévelapP@speut citer parmi eux le carfilzomib, le
marizomib et le MN9708. Ces nouveaux inhibiteurgpdatéasome pourraient étre plus efficace
et moins toxique et sont actuellement testés dasgsisais cliniques de phase | ou |l.

5. Inhibition du protéasome dans 'immunologie et trarsplantation :

En plus de ses applications confirmées dans I'h@matologie, les inhibiteurs du protéasome
ont aussi été étudiés dans le domaine d'immunaldgeeBortézomib inhibe la fonction de
plusieurs types de cellules du systeme immunitdoef les lymphocytes T (Berges et al, 2009),
les lymphocytes B (Cascio et al, 2008), les cedlulendritiques (Zinser et al, 2009) et les
plasmocytes (Lang et al, 2010).

Plusieurs études ont montré l'efficacité du Bortaio et de certains autres inhibiteurs du
protéasome dans différents modeles animaux de maladtoimmunes comme la polyarthrite
rhumatoide (Palombella et al, 1998, Muchamuel eR@09), le lupus érythémateux disséminé
(Neubert et al, 2008), la glomérulonéphrite asso@ax ANCA (anti-neutrophil cytoplasmic

antibodies) (Bontscho et al, 2011), I'encéphalitutoimmune expérimentale (Fissolo et al,

2008), la myasthénie gravis (Gomez et al, 20119 eoblite expérimentale (Basler et al, 2010).

Concernant la transplantation d’organe, deux études montré que l'acide boronique
prolongeait la survie du greffon dans des modéetegrdffe cardiaque (Lu et al, 2001) et d'llots
pancréatiques (Wu et al, 2004). Cependant, les msnas d’action du Bortézomib n’ont pas été

étudiés en détail.

Récemment, le Bortézomib a été utilisé dans Iéetra@nt du rejet dépendant des anticorps chez
guelques malades greffés rénaux avec des résatintgadictoires. Everly et al ont traité six

patients avec du Bortézomib en combinaison avec plasmaphérese, [Iinjection
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d'immunoglobulines par voie intraveineuse et leuRinab et sont arrivés a stopper le rejet et
diminuer les anticorps spécifiques du donneur ngalgrfait que deux de ces six patients ont
finalement perdu leur greffon rénal moins d’'un awéa la greffe (Everly et al, 2008). Au
contraire, Sberro-Soussan et al ont utilisé le &mtnib en monothérapie chez quatre malades
souffrant de rejet sous-aigu dépendant des ansicetpn’ont montré aucune réduction des

anticorps anti-donneurs (Sberro-Soussan et al,)2009

Dans ce contexte, nos études contribuent a claléigle du Bortézomib dans le traitement et la
prévention du rejet d’allogreffes dans un modélenahet chez quelques malades transplantés

rénaux.

PARTIE EXPERIMENTALE

1. Reésultats :

Les résultats de nos études ont été publiés dansatticles dans Kidney International 2010 et

Clinical Transplant 2009 (voir article 1 page ..adicle 2 page ..., respectivement).
2. Discussion et perspectives :

Dans l'article 1, dans un modéle de greffe cardéaciuez le rat, nous avons démontré pour la
premiere fois que le Bortézomib en monothérapiempérit de réduire la formation des
anticorps spécifiques anti-donneur et atténuerrertsignes histologiques de rejet chronique.
Un autre groupe a montré aussi I'efficacité du Bootnib dans un modéle de greffe rénale avec
rejet chronique chez le rat en combinaison aveaddimus (Vogelbacher et al, 2010).

Dans l'article 2, nous avons rapporté nos expéegravec le traitement du rejet dépendant des
anticorps par Bortézomib chez trois patients geefnaux, dont deux ont subi un rejet aigu et
un a subi un rejet chronique. Seul une patientéfraot de rejet aigu a répondu au traitement
avec une diminution des anticorps anti-donneur red¢ amélioration de la fonction rénale.

Actuellement, plusieurs équipes de transplantatems le monde ont essayé le Bortézomib chez
leurs malades. En général, les patients souffrentefets aigus répondent mieux que ceux
souffrant de rejets chroniques, et les patients aggts aigus qui surviennent moins de 6 mois
apres la greffe répondent mieux que les patiertsgmtant des rejets aigus plus tardifs (Everly,
2009). Dans tous les cas, le Bortézomib doit ébmaliné avec d’autres thérapies ciblant les
cellules B et les anticorps comme le Rituximab, glasmaphérése et I'administration

d'immunoglobulines intraveineuses pour optimisar sfficacité.

Dans I'avenir, nous souhaitons poursuivre nos &tede les mécanismes d’action des inhibiteurs

du protéasome (notamment de deuxieme génératios) diss modeles animaux ainsi que dans
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les essais cliniques afin de trouver des nouveliésapies applicables dans le rejet dépendant

des anticorps. En paralléle, nous avons envisageértgets de recherche suivants :

Inhibiteurs du protéasome de deuxieme génératiars dies modeles de transplantation
d’organe Nous discutons avec plusieurs sociétes pharmgaest afin d’obtenir leurs

nouveaux inhibiteurs du protéasome et les testars daos modeles de greffes
allogéniques chez le rat et la souris. Certainsveaux inhibiteurs du protéasome

pourraient avoir un meilleur ratio efficacité-toité

Radioimmunothérapie ciblant les plasmocytes dalsnadedéeles de transplantation chez
la souris Nous coopérons avec I'équipe du Pr Chérel atltiitsde Biologie a Nantes
pour tester un anticorps monoclonal anti-CD138 a&is marqué avec du Bismuth-213
radioactif afin de tuer les plasmocytes et aingiiduer les anticorps anti-donneur.

Le Bortézomib en combinaison avec la plasmaphéresadministration
d'immunoglobulines intraveineuses (1VIg) et la ny&ihednisolone dans le traitement du
rejet chronique dépendant des anticorps chez ldggemqa transplantés rénauxCette
étude sera réalisée via le réseau Centaure avearteipation de trois centres de
transplantation Lyon, Nantes et Necker Paris ed s®ordonnée par Dr Snanoud] a
I'Hbpital Necker, Paris. Les patients souffrant rd’uejet chronique dépendant des
anticorps diagnostiqué selon la classification Baefont randomisés en deux groupes.
Le groupe 1 recevra un ajustement du traitememrdiinosuppression de maintenance
avec du tacrolimus, de I'acide mycophenolique eladerednisone. Le groupe 2 recevra
le méme ajustement du traitement dimmunosuppressie maintenance auquel
s’ajouteront le bortézomib, la plasmaphérése \lég ¢t la méthylprednisolone en IV. 50
patients seront recrutés dans chaque groupe pefdans. Les criteres d’évaluation
primaire seront une réduction des anticorps anthdar d’au moins 50% et une
stabilisation des lésions histologiques. Nous esperque cette étude permettra de
clarifier le réle du Bortézomib dans le traitemeht rejet chronique dépendant des

anticorps.

Le Belimumab pour la diminution des anticorps aldirneur produits de novo chez les
patients transplantés rénawte Belimumab (Benlysta®, Glaxo-SmithKline) est un
anticorps monoclonal dirigé contre le facteur BA&pprouvé récemment par la FDA
dans le traitement du lupus érythémateux dissérBAEF (B-cell activating factor) est

nécessaire pour la différentiation et I'activatidas lymphocytes B. L’anticorps anti-

BAFF diminue le taux des auto-anticorps chez lesep lupiques et pourrait aussi
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diminuer les anticorps anti-donneur chez les ptigreffés. Cette étude sera un essai de
phase Il avec la participation des centres de ptantation de Nantes, Angers et Tours et
sera coordonnées par le Pr Dantal a Nantes. Tpatients greffés rénaux présentant des
anticorps anti-donneur produits de novo serontoamsés en deux groupes. Le premier
groupe recevra un ajustement du traitement d'imrauppression de maintenance avec
du tacrolimus, de l'acide mycophénolique et de tadpisone. Le deuxiéme groupe
recevra le méme ajustement du traitement d’'immyma®ssion de maintenance plus
belimumab pendant 6 mois. Le critere d’évaluatisimpire sera une réduction des
anticorps anti-donneur d’au moins 50%. Le criterévaluation secondaire sera
I’évolution histologique. Si le résultat est pdsitiette étude ouvrira une nouvelle voie de
traitement pour le rejet chronique dépendant désa@ps.

PARTIE 2: INHIBITION DU RECEPTEUR DE L’INTERLEUKINE-7 EN
TRANSPLANTATION D’ORGANE

Tandis que la premiere partie de ma these congarineipalement le rejet dépendant des
anticorps, la deuxiéme partie de ma these est coresaa I'étude d’'une nouvelle voie

thérapeutique ciblant principalement les lymphogyle Méme si les anticorps anti-donneur
attirent de plus en plus I'attention des cherchetides cliniciens travaillant dans le domaine de
la transplantation d’organes, ce sont les lymplescyit qui jouent le role crucial dans le rejet
d’allogreffe. L'interleukine-7 (IL-7) est connue rmmne le facteur de croissance le plus important
des lymphocytes T. En inhibant le récepteur detdileukine-7 (IL-7R) par un anticorps

monoclonal avec ou sans combinaison avec d'autrBeogos lympho-déplétants, nous avons
induit une lymphopénie et ainsi prolongé la suduegreffon dans des modéles d’allogreffe chez

la souris.
1. L’interaction IL-7/IL-7R est essentielle pour la lymphopoiése :

L’IL-7 et son récepteur ont été découverts au dalmg années 90 (Goodwin et al, 1989,
Goodwin et al, 1990). L'IL-7 est produit principaient par les cellules stromales du thymus et
de la moelle osseuse (Komschlies et al, 1995, Kial, 2011). Le récepteur de I'lL-7 est présent
sur les cellules T, pré-B et dendritiques (Rochratal, 2009). Il est composé de deux chaines,
la chaines gammad) est commune a plusieurs cytokines : IL-2, IUi47, IL-9, IL-15 et IL-

21, tandis la chaine alpha (IL-dRest utilisée par le récepteur de I'lL-7 et de PS{thymic
stromal lymphopoietin). Ces deux chaines n’ont giastivités enzymatiques en elles-mémes,
mais sont liées aux deux Janus kinases JAK1 et JAd§pectivement. L’interaction de I'lL-7 et

son récepteur entraine une phosphorylation de ees kinases, ce qui a son tour entrainent une
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phosphorylation des STATSs (signal transducers atigiadors of transcription) qui entrent dans

le noyau cellulaire pour réguler I'expression desas.

Le knockout du gene de I'lL-7 (von Freeden-Jefftyak 1995) ou de I'IL-7R (Peschon et al,
1994) ainsi que le blocage de I'lL-7 (Bhatia etl#195) ou de I'lL-7R (Sudo et al, 1993) par des
anticorps monoclonaux chez la souris induisentlym@hopénie affectant les cellules T, B, mais
pas les cellules NK. Chez 'homme, la mutationaleHaine alpha du récepteur de I'lL-7 est une
des causes du déficit immunitaire combiné sévet€ %P (severe combined immunodeficiency
ou SCID en anglais) (Macchi et al, 1995). Les nisaans atteints des mutations de I'lLe/8nt
une lymphopénie sévere affectant les cellules Adisaque le nombre des cellules B et NK est
normal ou augmenté. Ces enfants ont besoin d’'usféegie moelle le plus t6t possible, faute de
quoi ils risquent de succomber a des infectiongtitypes. L'interleukine-7 est donc une

cytokine non-redondante pour la lymphopoiése na@mal

Plusieurs études utilisant des souris lymphopémsigque montré que I'lL-7 est aussi nécessaire
pour I'hnoméostasie des lymphocytes T CD4 et CD8awét mémoires (Schluns et al, 2000, Tan
et al, 2002). De facon intéressants, I'lLe/Bu CD127 n’est pas exprimé ou exprimé a un faible
niveau par les cellules T régulatrices CD4+CD25+PQX CD127 est donc le marqueur

extracellulaire utilisé plus spécifiguement quenarqueur intracellulaire FOXP3 pour isoler des
cellules T régulatrices dans les études fonctidesdLiu et al, 2006, Seddiki et al, 2006, Michel

et al, 2008). Plus important encore, si on a uicargs déplétant anti-IL-7&8 on peut dépléter

les cellules T effectrices en respectant les @il régulatrices.
2. IL-7 et IL-7R comme cible thérapeutique :

Etant donnant le réle crucial de I'lL-7 dans la |ylmopoiése, I'lL-7 recombinant humaine (rhiL-

7) est actuellement développé afin d’augmenteals des lymphocytes chez les patients HIV
ou les patients lymphopéniques secondairement &hingothérapie pour cancers. Deux études
de phase | chez les patients atteints des canéiestaires ont montré que I'rhlL-7 augmente
significativement le nombre des lymphocytes T CD£B8 (Sportés et al, 2008, Rosenberg et
al, 2006). Une étude de phase I/ll chez les patidfiH positifs a aussi montré que I'rhlL-7

augmente significativement le nombre de lymphocyt€3D4 (Levy et al, 2009). Une étude de

phase Il est en cours.

A l'inverse, l'inhibition de I'IlL-7 ou de I'lL-7R aété testée aussi dans plusieurs modeles
animaux. Le blocage du récepteur de I'lL-7 attéfiaeémie et prolonge la survie dans un
modele d’anémie hémolytique auto-immune chez laisdqtloyer et al, 2007). L’inhibition de

I'IL-7 ou de I'lL-7R améliore les scores clinigueians un modéle d’encéphalite auto-immune
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expérimentale chez la souris via I'induction dgbdptose des cellules;I7 (Liu et al, 2010). Le
blocage du récepteur de I'lL-7 par un anticorps-Bn7Ro a faible dose réduit le taux de
mortalité et de morbidité liée a la maladie du fgnefcontre I'h6te dans un modeéle de greffe de

moelle chez la souris (Chung et al, 2007).

En transplantation d’organe, une seule étude anmhdgtficacité d’'un anticorps polyclonal anti-
IL-7 en combinaison avec un blocage de costimuiatlans la prolongation de la survie du
greffon dans un modéle de greffe cardiaque chenlais (Wang et al, 2006). Dans cette partie
de ma these, nous avons étudié l'efficacité d’umcarps bloquant anti-IL-7& (clone A7R34)
utilisé seul ou en combinaison avec des anticoggéthnts anti-CD4 et anti-CD8 dans des

modeles d’allogreffe chez la souris.

PARTIE EXPERIMENTALE

1. Résultats:

Les résultats de notre étude sont présentés saue fdun article en préparation. Brievement,
nous avons trouvé que le blocage du récepteurlidd lpar un anticorps anti-IL-7d&R (clone
A7R34) donné a partir du jour de la greffe ne pngk pas la survie des ilots pancréatiques chez
les souris présentant un diabéte induit par lgp&im®tocine. Par contre, quand le traitement est
commence trois semaines avant la greffe et contimsgu’a jour 90 post-greffe, nous avons
induit une survie du greffon a long terme au-dedal80 jours. Ensuite, nous avons montré que
les souris traitées par l'anticorps anti-ILo/Raprés une déplétion des cellules T par une
combinaison de I'anticorps anti-CD4 et anti-CD8 garétent une survie de la greffe de peau
significativement prolongée par rapport aux so@ysnt recu seulement une déplétion des
cellules T par la méme combinaison d’anti-CD4 dt-@D8. Le modele d’allogreffe de peau est
plus « strigent » que le modéle de greffe dilokez les souris diabétiques induits par la
streptozotocine. Les mécanismes principaux du becdu récepteur de I'IlL-7 dans la
prolongation de la survie du greffon sont la dintiom du nombre de presque toutes les sous-
populations de lymphocytes, T, T CD4, T CD8, B ehd@moires définis comme CD4@D62L°

et 'augmentation relative du pourcentage des ledld’ régulatrices CD4+CD25+FOXP3+.
Dans ces deux modeles d’allogreffe, les sourigéai avec I'anti-IL-7R ont produit moins

d’anticorps anti-donneur que souris contréles.
2. Perspectives :

Nous allons étudier les mécanismes de cette pratamgde survie du grefon en culture mixe

lymphocytaire, Elispot, et étudier I'effet du tréers des cellules T régulatrice dans ces modéles.

20



Résumé en frangais

Nous avons également commenceé a tester le ménexpl®ide blocage du récepteur de I'lL-7R
aprés une déplétion de cellules T dans un modélgrefée d'ilots chez les souris NOD (non

obese diabetic). Ce modéle est aussi un modelengest » puisque les Tilots greffés sont
attaqués a la fois par l'allo-immunité et I'autoAmanité, une situation plus proche de celle de

'’lhomme.

Nous sommes coopérons avec l'industrie pour dépelopn anticorps monoclonal anti-IL-dR
humaine et allons le tester dans un modele d'afégrchez les primates non-humains. Si son
efficacité est confirmée, cet anticorps pourraitvrouune nouvelle voie thérapeutique en

transplantation d’organe.
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PREFACE

Human as well as animals are armed with an immuwstes allowing them to combat

innumerable types of infection and cancer that theyy encounter during life. The human

immune system comprises an innate immune systeramadaptive immune system. The innate
immune system has a cellular component includinginijagranulocytes, monocytes,

macrophages, and natural killer cells as well haraoral component including the complement
system and various inflammatory mediators. The ta@apmmune system likewise also has a
cellular component including T lymphocytes, B lyropktes, and plasma cells as well as a
humoral component composed of antibodies. Innateunity provides a strong, immediate, but
non-specific reaction to infections, giving the d&rfor the adaptive immune system to mount a
specific immune response that helps to eliminag gathogens more effectively and confers
long-term protection against these pathogens tiramghune memory. Dendritic cells (and to a
lesser extent macrophages) are professional anpigesenting cells that link the innate to the

adaptive immune system.

One of the principal mechanisms of action of thaptidle immune system is the recognition and
subsequent elimination of foreign or non-self agtig; which consist of two main types: the first
one includes proteins, polysaccharides, and glgitsi of microbiological pathogens, and the
second one consists of major and minor histocoriiti antigens (MHC and mHAg,

respectively). Whereas the recognition of microbgatal antigens is essential for immune
defense, the recognition of MHC and mHAgs, or atlmiunity is the major hurdle to organ

transplantation, leading to graft rejection.

Although innate immunity also has an important rohee adaptive immune system is central to
the pathogenesis of allograft rejection. Allognadfection is currently classified into two main
categories: T-cell mediated or antibody-mediategecton (AMR), although these two
mechanisms usually coexist in the same patient. t Mdsthe therapies used in organ
transplantation target T cells, only few of themn ahrectly decrease alloantibody formation.
Moreover, current immunosuppressive drugs have itapbside effects, and rejection may still
occur or be refractory to treatment leading to tgfaifure despite the combination of currently
available drugs. Therefore, the aim of our studpind new drugs that target each of these two

main mechanisms of graft rejection.

The first part of my thesis is dedicated to thedgtof bortezomib, a prototype of proteasome
inhibitors, a novel class of drugs which has besadumainly in the treatment of multiple

myeloma. Bortezomib, besides its proapoptotic &ffen myelomatous plasma cells, can also
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target non-malignant plasma cells, leading to aredse in alloantibody formation, which is

essential for the treatment of antibody-mediatgetctmn.

In the second part of my thesis, we explored a ti@rapeutic pathway to target T cells through
the blockade of the interleukin-7 receptor (IL-7R¥ing a monoclonal antibody. Since
interleukin-7 is critical for normal lymphopoiesi,-7R blockade will profoundly affect T cell

homeostasis in a way that may be potentially bera¢fior allograft survival.

Although the two parts of my thesis seem unrelatethe first glance, | think that they address
two major and coexisting mechanisms of allograjgaton: the antibody-mediated and T cell-
mediated rejection. Both mechanisms must be takienaccount in order to effectively treat or

prevent these two types of rejection to assurdtardeng-term graft survival.
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Proteasome inhibition in organ transplantaiton

INTRODUCTION

1. Allograft rejection:

Organ transplantation is the only treatment foigmais with end-stage heart or liver failure and
the treatment of choice for patients with end-stegeal failure. The development of novel

effective immunosuppressive therapies over the feastdecades has improved both the short-
term and long-term outcome of transplant patieleertheless, allograft rejection still remains

the principal concern in solid organ transplantatio
1.1. Classification of allograft rejection:

Recent advances in renal pathology and transpiamiuinology have provided us with a detailed
and internationally accepted classification of temograft rejection which is known as the
Banff classification. This classification origindtefrom a meeting of a group of renal
pathologists and transplant physicians held in Badé&nada in 1991 (Solez et al, 1993). The
classification has been welcome by the transplawhneunity and clinically validated in
numerous studies. Subsequent meetings were heBamif every two years to refine the
classification (Racusen et al, 1999, Racusen éx08l3, Solez et al, 2007, Solez et al, 2008, Sis
et al, 2010).

Although Banff classifications also exist for liyeardiac, and pancreatic allograft pathology, we
will limit our subsequent discussion to kidney splantation, which is by far the most common
type of organ transplantation. According to thea Banff classification (Sis et al, 2010), renal

allograft rejections are divided into T-cell-meddtand antibody-mediated, although these two

categories are not mutually exclusive.

Acute T-cell mediated rejectios characterized by significant interstitial infdtion of more
than 25% of parenchyma associated with foci of matge(grade IA) or severe (grade IB)
tubulitis. It is also characterized by mild to moate (grade 11A) or severe (grade 1IB) intimal
arteritis. Rejection is most severe (grade Ill) whiere are transmural arteritis and/or arterial
fibrinoid change and necrosis of medial smooth neusells with accompanying lymphocytic

infiltration.

Chronic active T-cell mediated rejectiols diagnosed when there is a chronic allograft
arteriopathy defined by arterial intimal fibrosisgthvmononuclear cell infiltration in fibrosis and

formation of neo-intima.

Acute antibody-mediated rejectiols diagnosed by a triad of (1) presence of citouda
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antidonor antibodies, (2) peritubular capillary Gaigbosition, and (3) morphologic evidence of
acute tissue injury, such as acute tubular nec(@si®)-like minimal inflammation (grade 1),
capillary and/or glomerular inflammation and/oraimboses (grade Il), and transmural arteritis
(grade III).

Chronic active antibody-mediated rejectios characterized by a triad of (1) presence of
circulating antidonor antibodies, (2) peritubulapdlary C4d deposition, and (3) morphologic
evidence of chronic tissue injury, such as glonardbuble contours and/or peritubular capillary
basement membrane multilayering and/or interstifilatosis/tubular atrophy and/or fibrous

intimal thickening in arteries.

Several points in this classification need to laittéd. First of all, although the terms acute and
chronic may denote a temporal relationship to time tof transplant, it is not always the case.
Although acute rejection occurs most often in ing few months post-transplant, it can happen
years after transplantation. Conversely, histol@igms of chronic rejection can be detected as
early as a few months post-transplantation. Segoridcell mediated and antibody-mediated

rejection can coexist in the same patient. Thirthg, term hyperacute rejection is not mentioned
in the newer Banff classifications, although it wased in the older versions. Hyperacute
rejection is associated with preformed anti-donawAHantibodies (Patel et al, 1969). It occurs

within minutes to a few days post-transplant andhiaracterized by severe transmural arteritis,
widespread glomerular capillary thrombosis, anthenmost severe form, renal cortical necrosis.
Graft loss is almost inevitable despite treatmé&irtunately, these preformed antibodies can
readily be detected by lymphocytotoxicity crossrhatcwhich are performed routinely before

transplant, as a result, hyperacute rejection bec@re nowadays. Finally, chronic rejection is

one of the main causes, but not the only causatefgraft loss. Other etiologic factors, including

hypertension, calcineurin inhibitor toxicity, chionobstruction, bacterial pyelonephritis, and

viral interstitial nephritis should be carefully uigght when reading renal transplant biopsies
(Solez et al, 2007).

1.2. Mechanisms of allograft rejection:

Although the innate immune system including comm@etm Toll-like receptors, and NK cells
also plays important roles (LaRosa et al, 200#®, atlaptive immune system including T cells

and antibodies is central in the pathogenesisloft rejection.
1.2.1. T cell-mediated rejection:

The interaction between T-cell receptors (TCR) omrells and MHC molecules on antigen-

presenting cells (APC) delivers the first signalimitiate allorecognition. T cells recognize
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alloantigens through three pathways: the direchyay, whereby recipient T cells recognize
intact allogenic MHC-peptide complexes expresseddoypor APC, the indirect pathway,

whereby T cells recognize peptides derived frorogahic MHC proteins presented by self APC,
and the semidirect pathway, whereby recipient deadeells (DC) acquire intact allogenic

MHC-peptide complexes from donor cells and preskeem to recipient T cells (Safinia et al,
2010).

Besides the TCR-MHC interaction, T cell activatimyuires second signals, or costimulatory
signals, which are generated mainly by the intesacbetween CD80 (B7-1) or CD86 (B7-2)
expressed on APCs and CD28 or CTLA-4 (cytotoxigyghocyte antigen-4) displayed on T
cells. The binding of CD80 or CD86 to CD28 stimakal cells, whereas the binding of these B7
molecules to CTLA-4 delivers an inhibitory signRbfrier et al, 2010).

Following alloantigen recognition, T cells beconwivated, proliferate, and differentiate into
subtypes with characteristic cytokine profiles (Kaell et al, 2010). Type 1 helper T cells
(Th1), which mainly secrete IFN-and IL-2, induce cellular immune response, tygeper T
cells (Th2), which mainly secrete IL-4, 5 and 18duce humoral immune response. The third
type of helper T cells, type 17 helper T cells (ThWwhich is characterized by the secretion of
IL-17, 21, and 22 also play a role in allografieajon (Heidt et al, 2010). On the other hand, a
fraction of T cells differentiate to regulatory €lls, which are characterized by the expression
the transcription factor FOXP3 (folkhead box P3)¢rete IL-10 and TGPB; and can limit

rejection response (Li et al, 2010).

In acute T cell-mediated renal allograft rejectidncells use adhesion molecules, including
leukocyte-function-associated antigen 1 (LFA-1atach to the endothelium and migrate across
the peritubular capillaries to enter the graft. fGuafiltrating T cells have been cloned and
shown to be able to recognize donor-specific HLAauooles (Moreau et al, 1986, Bonneville et
al, 1988, Soulillou et al, 1990). In the graft, dlls secrete tumor necrosis factor (TNFnd,
express Fas ligand (FasL), and release cytotodoules containing granzyme B and perforin,
all these molecules can induce apoptosis of tulmdls. In addition, the secretion of numerous
chemokines such as chemokine (C-C motif) ligan€C€L2), CCL3, 4, 5, and chemokine (C-
X3-C motif) ligand 1 (CX3CL1) in the graft underggi rejection attracts more mononuclear

cells which increase inflammation and destroy tradtgf left untreated (Cornell et al, 2008).
1.2.2. Antibody-mediated rejectian

The association between the appearance of donoifisgntibody (DSA) and refractory kidney

allograft rejection has been known long time agou{fBou et al, 1978). However, antibody-
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mediated rejection has been widely recognized distanct clinicopathologic entity only in the
past decade (Racusen et al, 2003). The diagnosistiiody-mediated rejection is facilitated by
two major advances in technology. The first onehis immunohistological detection of C4d
complement fragment in peritubular capillaries giered by Feucht and confirmed by other
groups (Feucht et al, 1993, Colvin, 2007). C4dfimgment of C4b, an activating product of the
classic complement pathway. C4d has no known fandiy itself, but it remains bound to tissue
after immunoglobulin and C1 have been released semdes as an evidence of the previous
fixation of anti donor antibodies onto the capilaendothelium. The second one is the
development of sensitive methods for the detectibrirculating anti donor HLA antibodies,

especially the luminex technology (Mizutani et2007, Tait et al, 2010).

Numerous clinical observational studies have shtwvenassociation between the formation of
donor specific antibodies and poor graft outcomerfiington et al, 2003, Terasaki et al, 2004,
Hourmant et al, 2005, Mizutani et al, 2005, Ma@let2007, Terasaki et al, 2007, Lachmann et
al, 2009, Everly et al, 2010, Cooper et al, 20Iiparallel, several experimental studies attempt
to answer the question whether and through whaharesms alloantibodies per se can cause

allograft rejection.

Anti-HLA class | can activate endothelial exocytosesulting in the release of von Willebrand
Factor (VWF) and P-selectin which in turn promatakiocyte recruitement and cause vascular
inflammation (Yamakuchi et al, 2007). HLA classiddtion on endothelial cells also induce
cytoskeleton rearrangement and cellular proliferatthrough activation of the GTP-binding
protein RhoA (Coupel et al, 2004). Anti-HLA classahtibodies induce proliferation of
endothelial cells and vascular smooth muscle cgdstwo major pathways: the mammalian
target of rapamycin (mTOR) pathway and the mitogetivated protein kinase (MAPK)
signaling pathway (Li et al, 2009). In experimentabdels in which cardiac allograft is
transplanted to recombinant activating gene-1 kaotkRAG1-/-) mice, the passive transfer of
anti-HLA class | alloantibodies can cause typieslidns of antibody-mediated rejection such as
capillary dilatation with intracapillary macrophageC4d deposition, and chronic transplant
arteriopathy (Uehara et al, 2007, Jindra et al,82irohashi et al, 2010). Since RAG1-/-
knockout mice are devoid of both T cells and Bs;dhese studies demonstrate that anti-HLA

class | antibodies per se can cause allografttrejec

However, little is known about the role of anti-HL&ass |l antibodies in the pathogenesis of
antibody-mediated rejection. Anti-human HLA DR &woilies failed to trigger apoptosis of
vascular endothelial cells, whereas anti-HLA clésBgation induced cell death in antigen-

presenting cells (Le Bas-Bernardet et al, 2004).
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2. Treatment of antibody-mediated rejection (AMR):

Most of the immunosuppressive drugs currently usedinical organ transplantation target T
cells (Halloran, 2004, Taylor et al, 2007). For myde, calcineurin inhibitors including
cyclosporine and tacrolimus block the dephosphtioriaand nuclear translocation of nuclear
factor of activated T-cells (NF-AT), thereby intifdi cell cytokine gene transcription and T cell
activation. Mammalian target of rapamycin (MTORibitors including sirolimus and
everolimus affect the phosphatidylinositol 3-kingB¢é3K) signaling pathway which is required
for cell-cycle progression, thereby inhibiting THgaroliferation. Anti-IL-2 receptor monoclonal
antibodies (basiliximab or daclizumab) inhibit THcactivation. Thymoglobulin, the polyclonal
antiserum against human thymocytes, as well as QKR8 murine monoclonal antibody
directed against human CD3 depletes T cells anded as induction therapy or in the treatment
of severe acute rejection. Another depleting mamall antibody used in induction therapy, the
anti-CD52 alemtuzumab (Campath-1H) profoundly disleT cells, although B cells and
monocytes are also partially depleted becausedtseyexpress CD52. Only mycophenolic acid
(MPA) can decrease antibody formation becausehibits the proliferation of both T and B
lymphocytes through inhibition of inosine monophosie dehydrogenase (IMPDH), an enzyme
required for the de novo synthesis of guanosineendés other cells can reuse purines from the
turnover of nucleic acids through the salvage paghuymphocytes are critically dependent on

the de novo synthesis of purines for their protifem (Jain et al, 2004).

Unfortunately, antibody-mediated rejection (AMR) rislatively unresponsive to treatments
targeting T cells. Although the process of B-celitigen recognition, proliferation, and
differentiation into antibody-secreting plasma sekquires the interaction with helper T cells,
profound T cell lymphopenia following induction thpy by T cell depletion therapy by
alemtuzumab could not completely prevent the oetwoe of acute AMR (Knechtle et al, 2003,
Flechner et al, 2005, Willicombe et al, 2011).

2.1. Current treatment of AMR:

There are only a few therapies that direct againsbodies and/or B cells: (1) plasmapheresis or
plasma exchange that rapidly removes circulatingaatibodies, (2) rituximab, a monoclonal
anti-CD20 antibody that depletes B cells (Pescod@6), and (3) intravenous immunoglobulin
(IVlg), whose immune-modulatory actions are compbmd affect both humoral and cell-

mediated immunity (Jordan et al, 2009).

Several case-series studies showed the benefiteateof 1VIg, plasmapheresis, and rituximab

alone or in combination in the treatment of acudM\(Rocha et al, 2003, Becker et al, 2004).
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In a recent comparative study, combination theraiply plasmapheresis plus high dose IVIg and
rituximab was shown to be superior to high dosegl¥lone in terms of DSA removal and
kidney graft survival (Lefaucheur et al, 2009). Amer study also showed that treatment with
rituximab plus plasmapheresis was associated wigtteb kidney graft survival than

plasmapheresis alone (Kaposztas et al, 2009)cintfee current therapy of acute AMR relies on
the combination of these three treatment modaliied the choice of a specific regimen is

center-dependent.

IVIg alone (Glotz et al, 2002, Jordan et al, 2008)n combination with rituximab (Vo et al,
2008, Vo et al, 2010) was also used as desensitizéiherapy for patients awaiting renal
transplantation but having preformed alloantibodse®l positive crossmatches to multiple
potential donors. These treatments decreased #body levels and allowed renal
transplantation although acute rejection occurredg to 50% of patients (Vo et al, 2008) and

graft loss at 2 year post-transplant was up to {8écet al, 2010).

Another approach for patients with preformed DSAthe use prophylactic therapy directed
against antibodies/B cells at the time of renahgpdantation. A recent study compared two
prophylactic therapies, one combining IVIg, rituwal) and plasmapheresis, and the other using
only IVIg given at the time of transplant in patierwith preformed DSA. All patients also
received quadritherapy including induction with iigglobulin or basiliximab and maintenant
Immunosuppression with tacrolimus or cyclosporiNedral), mycophenolate mofetil (MMF),
and corticosteroid. Although the acute AMR ratesengot different between the two treatment
groups, the combined therapy with IVIg/rituximalagiapheresis was associated with a lower
rate of chronic AMR, a greater reduction of DSAda higher glomerular filtration rate (GFR)

at 1 year post-transplant (Loupy et al, 2010).

Recently, in a large single-center study, Montgomedral used a desensitization therapy with
plasmapheresis and low-dose IVIg for patients hanailable live-donor kidneys but having
either positive crossmatch or negative crossmatthpbsitive DSA on multiplex bead assay.
This treatment allowed live-donor kidney transpddioin in 211 of 215 patients. Patients
undergoing live-donor kidney transplantation aftds desensitization therapy had much better
estimated patient survival compared to two cargfalatched control groups of patients, one
group remained always on dialysis and the otheumroontinued dialysis and underwent
transplantation whenever HLA-compatible kidneys evavailable. This is the first large study
that demonstrates patient survival benefit of desieation therapy, although longer followup is
necessary to confirm these results since haft efpttients in the cohort were followed up for

less than 3 years (Montgomery et al, 2011).
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2.2. Novel therapies for AMR:

Although the current treatment for acute AMR isgally effective, a non-negligible proportion
of patients with acute AMR do not respond to treattmand patients having had desensitization
or acute AMR have reduced long-term graft survigampared to unsensitized patients or
patients who have not experienced AMR episodes Bafebt al, 2011). More importantly, there
is virtually no effective treatment for chronic AMRlespite anecdotal reports of successful
treatment of chronic AMR by rituximab combined wittlg (Billing et al, 2008, Fehr et al,
2009). As a result, novel therapies directed agd@nsells and alloantibodies are being actively

sought.
2.2.1. New B-cell depleting monoclonal antibodies:

Since rituximab is a chimeric monoclonal antibodyAp), new humanized anti-CD20 mAbs
such as ocrelizumab, ofatumumab, and AME-133 ardewurdevelopment and tested in
preclinical models and early clinical studies foe ttreatment of lymphoma and systemic lupus
erythematosus (SLE). These humanized mAbs haver lomaunogenicity and higher potency
in depleting B cells as compared with rituximaltfasy can more strongly activate the antibody-
dependent cytotoxicity (ADCC) and complement degemdcytotoxicity (CDC) pathways.

These new agents may be useful for the treatmefdi® (Vincenti et al, 2010).

Another B cell surface marker, CD22 remains ex@ess B cells as they mature and become
committed to antibody secretion whereas CD20 haapgieared. Therefore, epratuzumab, a
humanized mAb anti-CD22 may be a more effectivatsyyy than using anti-CD20 mAbs
(Traczewski et al, 2011).

2.2.2. Therapies targeting B-cell survival factors:

Other potential targets for controlling humoral inmity include the B-cell activating factors
(BAFF), also known as B-lymphocyte stimulator (By&d a proliferation-inducing ligand

(APRIL). BAFF and APRIL belong to the tumor necsfactor (TNF) ligand family and act as
antiapoptotic factors which are critical for thensual and maturation of the B-cell lineage
(Bossen et al, 2006, Tangye et al, 2006, Mackawgl,eR009). BAFF signals through three
receptors present on B cells: the BAFF receptor KBAR), the B-cell maturation protein

(BCMA), and the transmembrane activator and calcionodulator and cyclophilin ligand

interactor (TACI). APRIL signals through the lattero. The downstream effect is the activation
of nuclear factor kappa b (N€B) which then stimulates activation and differetidia of B cells.

There are currently two biologics that target th&FB/APRIL signaling pathway. The first one
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is belimumab, a humanized anti-BAFF mAb that bltdek binding of BAFF to its receptors on B
cells. Belimumab has recently been approved by F@Ahe treatment of SLE after a successful
phase Ill clinical trial (Navarra et al, 2011). Agse Il trial of belimumab in the desensitization
of patients with preformed alloantibodies awaitikgdney transplantation is under way
(ClinicalTrials.gov). The second one is atacicgp@T ACI-lg fusion protein that inhibits B-cell
stimulation by blocking both BAFF and APRIL ligandsACI-lg acts mainly on B cells at later
stages of differentiation but does not affect B-pebgenitors in the bone marrow. In a phase Ib
trial, atacicept treatment reduced B cell numbet anmunoglobulin levels in SLE patients
(Pena-Rossi et al, 2009). This drug may be a piomegent in the desensitization and treatment

of AMR but currently there is no undergoing clifit@al in transplant patients.
2.2.3. Inhibition of complement activation:

Since complement activation is an important medmanin AMR, targeting the complement
system may have a role in the treatment of AMR.liEgmab, a humanized anti-C5 mAb used
in the treatment of paroxysmal nocturnal hemogloban (PNH) (Hillmen et al, 2006) and
atypical hemolylic uremic syndrome (Noris et alp2phas been shown to reduce the incidence
of AMR in the first month following kidney transpltation in patients with preformed high-titer
DSA (Stegall et al, 2010). However, 6 of the 1Gtee patients later developed chronic AMR
(Cornell et al, 2010) suggesting that the effecteofilizumab is short-term and it should be
combined with treatment that lowers DSA levels.

2.2.4. Proteasome inhibition — a novel therapy that targgilasma cells:

The major setback of all the aforementioned treatmis that none of them affects plasma cells,
which are the antibody-producing cells. The anti20@nd anti-CD22 antibodies deplete B cells
but not plasma cells because CD20 and CD22 no toagpress when B cells terminally
differentiate to plasma cells. Similarly, targetitige BAFF signaling pathway does not deplete
plasma cells because BAFF is necessary for thevalief murine but not human plasma cells
(Tangye et al, 2006).

Recently, bortezomib, which belongs to a novel<lalsdrugs — the proteasome inhibitors — has
emerged as a potential therapeutic agent for AMRI((l et al, 2008). Bortezomib has been
approved for the treatment of multiple myeloma anohdeed a major advance in the treatment
of this disease. Through inhibition of cellular o degradation by proteasome, bortezomib
induces apoptosis not only of myelomatous plasniig, deut also of normal plasma cells and

thereby abrogates alloantibody production.
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| am interested in this new class of drugs and lieexe@ted more than half of my PhD research
studying the role of bortezomib in the treatmenaadite and chronic AMR in animal models as
well as in kidney transplant patients.

In order to explain the rational for the choicepobteasome inhibition as a potential target in
organ transplantation, in the following sectionsyill discuss in detail the basic knowledge
about the ubiquitin-proteasome system, the devedopmproteasome inhibitors and their clinical
use in cancer treatment as well as their precliraca pilot clinical use in immunology and

transplantation. Then | will present and discuss tmg published papers on the role of the
proteasome inhibitor bortezomib in organ trans@iion in rat models (article 1) and in kidney

transplant patients (article 2).
3. The ubiquitin-proteasome system:

3.1. Overview:

All cells and organisms require a regulated baldmeteveen protein synthesis and degradation
for the maintenance of life. After the discoverylyfosome in the 1950s, this organelle was once
believed to be responsible for all cellular protelagradation within the body. However,
lysosomal inhibitors were found to be ineffective preventing basal protein breakdown.
Subsequently, the ubiquitin-proteasome pathway feaad to be a tightly regulated system
which is responsible for the degradation of theamty of intracellular proteins permitting the
adaptation of cells to different physiologic comahts. Indeed, the Nobel Prize in Chemistry
2004 was awarded jointly to Aaron Ciechanover, Avrblershko and Irwin Rose “for the

discovery of ubiquitin-mediated protein degradation

Degradation of intracellular proteins occurs in fledowing situations: 1) Proteins are not

synthesized correctly, for example, misincorporatid an amino acid can produce proteins with
folding defects, which should be quickly recognizetd destroyed. 2) Environmental agents
such as heat and oxidation can damage proteinshvghiould be repaired or degraded. 3) Many
short-live functional proteins such as cyclinsnseription factors, and enzymes are no longer
required although they are not damaged. The tirdefyradation of these functional proteins is

essential to maintain cellular homeostasis.

In order to accomplish these important functioredlscare armed with the ubiquitin-proteasome
system which is a pathway for degrading proteing \&ivery high degree of specificity. To be

degraded, the protein must first be tagged witlguitin, or ubiquitinated.
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3.1.1. Ubiquitin:

Ubiquitin, as indicated by its name, is ubiquitansall eukaryotic cells. Indeed, it is one of the
most conserved proteins ever known since humanyaadt ubiquitin share 96% sequence
identity. It is a small, highly compact protein taiming 76 amino acids with 7 lysine residues,
several small hydrophobic patches on the surfawaahighly reactive carboxy terminus (Figure
1). The ubiquitination of target protein requiresk® enzymes. 1) E1: ubiquitin-activating
enzyme that binds 2 ubiquitins via a thioester bdf2t ubiquitin-conjugating enzyme which
mediates the transfer of ubiquitin from E1 to EBE3: ubiquitin-protein ligase which binds the
ubiquitin to the protein substrate via an isopeptind between the carboxy-terminal glycine
(glycine-76) and a lysine side-chain on the tapyetein (substrate). However, the attachment of
a single ubiquitin will not promote protein degrtida. The target protein must be attached to a
chain of multiple ubiquitin molecules in order t@ hlegraded. The multiubiquitin chain is
assembled via an isopeptide bond between a lysisidue on one ubiquitin to the carboxy-
terminal glycine of another ubiquitin. Although &amolecule of ubiquitin has 7 lysine residues,
a chain of ubiquitin that promote protein degramlaitan only be assembled using lysine-29 and
lysine-48. The reason is that a chain of ubiquassembled in that way leads to the alignment of
the small hydrophobic patches on each ubiquitifoto an extended hydrophobic stripe, which
is the primary determinant for promoting interantwith the proteasome (Figure 2A and 2B).

Highly compact
structure — fist with
extended thumb

7 lysine residues on
the surface

A highly reactive
carboxy terminus
1s accessible

UBIQUITIN

Figure 1: Tertiary structure of ubiquitin. Ubiquitin is a highly compact protein composed 6f &nino acids

including 7 lysine residues and a highly reactiagboxy terminus.
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Ubiquitin
Conjugating Ubiquitin Protein determinant for promoting interaction with the proteasome
Enzyme Ligase

Figure 2 : (A) Ubiquitination of target proteins. The ubiquitination of target protein requires 3 leayzymes: E1:
ubiquitin-activating enzyme, E2: ubiquitin-conjuigat enzyme, and E3: ubiquitin-protein ligase. Tamgét protein
must be attached to a chain of multiple ubiquitioleaules in order to be degrad€d) Formation of an extended
hydrophobic stripe. A chain of ubiquitin that promote protein degradatcan only be assembled using lysine-29
and lysine-48 leading to the alignment of the srhgtirophobic patches on each ubiquitin to form atermded

hydrophobic stripe, which promotes interaction wvtite proteasome.
3.1.2. Proteasome:

The proteasome is a large, multiprotein, hollowrayiical particle present in both the cytoplasm
and the nucleus of all eukaryotic cells and accodot approximately 1 to 2% of cell mass
(Voges et al, 1999). The most common form of preteze is the 26S proteasome, composed of
two functional components: a 20S central catalgticiplex and an outer 19S regulatory subunit.
The aforementioned multiubiquitinated protein Wbk recognized by a receptor on the 19S
complex. The multiubiquitin chain is then releasadreuse and the target protein is unfolded in

order to be able to enter the hollow 20 S catalytie and be ready for degradation.

The 20S complex is composed of four heptamericepraings assembled like four doughnuts
comprising two identical outex-rings and two identical inngi-rings, each containing seven
subunits,al-07 andp1-p7, respectively. The nomenclature of tlreand B-subunits is rather
complicated because each subunit can be calleddbglifierent names with confusing numerical
system (Table 1) (Nandi et al, 2006).
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Table 1 : Nomenclature of 20S constitutive proteasoe subunits in mammals

Subunit | Alternative names Subunit Alternative names
al PSMAG6/lota/LMP11 Bl PSMB6/Y/delta/LMP19
a2 PSMA2/C3/LMP8 B2 PSMB7/Z/LMP9

a3 PSMA4/C9/LMP14 B3 PSMB3/C10/LMP5

ad PSMA7/C6/XAPC7/LMP16 B4 PSMB2/C7/LMP6

a5 PSMA5/Zeta/LMP1 B5 PSMB5/X/MB1/LMP17
a6 PSMA1/C2/LMP13 36 PSMB1/C5/LMP15

al PSMA3/C8/LMP18 B7 PSMB4/N3/beta/LMP3

PSMAL, 2, 3, etc..: proteasome subunit alpha type-1, 2, 3, etc...
PSMB1, 2, 3, etc..: proteasome subunit beta type-1, 2, 3, etc...

LMP1, 2, 3, etc..: low-molecular mass polypeptide-1, 2, 3, etc...

The a-subunits form a selective barrier between thelyitachamber and the cytoplasm. They
are the sites for the binding of various regulatpayticles and selectively permit the entry and
exit of substrates. On the hangtsubunits harbor the catalytic sites. In fact thetgolytic
activities of proteasome reside only on thfesubunits,f1, 2, andp5 with caspase-like
(cleavage after acidic amino acids), trypsin-likde&vage after basic amino acids), and
chymotrypsin-like (cleavage after hydrophobic amawads) activities, respectively. Thus, inside
the catalytic chambers, the target protein is sumded by six protease-active sites (three on each
B-subunit ring). Proteins processed by proteasomereatuced to small polypeptides 3 to 22

residues in length (Nussbaum et al, 1998).

Proteolysis by the 26S proteasome is an essenétdhuolic process, and complete blockade of
proteasome activities results in the death of @ail$ organisms. Proteasome has been shown to
be responsible for the degradation of various fonel proteins such as cyclins, transcription

factors, and enzymes.

Table 2 presents some examples of important fumatiproteins which are degraded by the
proteasome. Many of them are cell-cycle regulafomyteins, as a result, proper proteasome
functioning is necessary for cell proliferation. @ contrary, proteasome inhibition sensitizes
cells to apoptosis. Moreover, by degradir® (inhibitor of NF«B), proteasome activates NF-
kB, and inhibition of proteasome results in abragatf NF«B activity. This is one of the key
mechanisms of action of proteasome inhibitors ailldoe discussed further in the sections that

follow.
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Table 2: Examples of important functional proteinsdegraded by the proteasome

Class of proteins Protein Protein function
Cyclir_ws and related | Cyclins A, B, D, E Cell-cycle progression
proteins Cyclin dependent kinase (CDK) inhibitors Regulation of cyclin activity
Tumor suppressor p53 Transcription factor
Oncogenes c-fos/c-jun, c-myc, N-myc Transcriptiactér
Inhibitory proteins kB Inhibitor of NF«B
p130 Inhibitor of E2F-1
Enzymes cdc25 phosphatase CDK1/cyclin B phosphatase
Tyrosine amino transferase (TAT) Tyrosine metabolism
Others Ki-67 Cell proliferation

From Adams, 20021xB: inhibitor of NF- kB, E2F: elongation factor 2, cdc25: cell divisionyxle 25

Another important function of proteasome is thecpssing of peptides for antigen presentation
by MHC class | (Rock et al, 1994). Whereas MHC <ldk mainly presents peptides of
exogenous origin processed by endosomal and lysdspnoteases, MHC class | mainly
presents peptides resulted from the proteolysisemlogenously synthesized proteins by
proteasome (Strehl et al, 2005, Li et al, 2005erkstingly, one of the main sources of peptides
for MHC class | antigen presentation comes fronmedife ribosomal products (DriPs). These
are newly synthesized defective proteins that &iquitinated and made ready for proteasome
degradation. Therefore, proteasome can at the Baraelear cells from these unwanted nascent
proteins and provide peptide antigens for MHC clgsesentation without having to wait until
the end of a protein’s life. However, the majortythe peptides generated by proteasome will
be further degraded by cytosol aminopeptidasesnglesamino acids in order to be reused for
protein synthesis. Only a small proportion of thpsptides are transported into the endoplasmic
reticulum (ER) by the transporter associated witkigen processing (TAP). Within the ER,
peptides are trimmed to the appropriate size ad 8@ amino acids by ER aminopeptidase-1
(ERAP-1) in order to bind to MHC class | moleculgéfe peptide-loaded MHC molecules are
then translocated via the Golgi apparatus to tilesoeface to present the antigen to CD8+ T

cells (Figure 3).
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Figure 3: Proteasome and immunoproteasome in proite degradation and MHC class | antigen presentation
(from Tang et al, 2009 Short-lived nascent proteins are ubiquitinated aegraded by proteasome to small
peptides which are transported into the endoplaseticulum (ER) by the transporter associated waitttigen
processing (TAP). Within the ER, a small proportafrihese peptides are trimmed to the appropriatect 8 to 10
amino acids by ER aminopeptidase-1 (ERAP-1) in otdebind to MHC class | molecules. The peptidedied
MHC molecules are then translocated via the Gagbgiagatus to the cell surface to present the antige®D8+ T
cells. In immune cells, IFN-produced during inflammation increases the symghafssimmunoproteasome subunits
and upregulates TAP, ERAP-1, and MHC expressiogeiier, these changes lead to enhanced antigeangatsn

by MHC molecule as a response to inflammatory dioms.

Proteasome composed of th#-o7 andB1-7 subunits exists in all cell types and are called
constitutive proteasome. On the other hand, irs adlthe immune system such as lymphocytes,
plasma cells, or dendritic cells, there is anofibem of proteasome called immunoproteasome,
which differs from constitutive proteasome in thiegalyticB-subunits. Thé1, p2, andf5 in

constitutive proteasome are replacedpy, p2i, andp5i, respectively, in immunoproteasome
(Table 3).

38



Proteasome inhibition in organ transplantaiton

Table 3: Examples of important functional proteinsdegraded by the proteasome

Constitutive proteasome Immunoproteasome
Subunit | Alternative names Subunit Alternative names
p1 PSMB6/Y/delta/LMP19 Bli PSMBY9/ /LMP2
p2 PSMB7/Z/LMP9 B2i PSMB10/ /LMP10/MECL1
g5 PSMB5/X/MB1/LMP17 B5i PSMBS8/ /LMP7

MECL1: multicatalytic endopeptidase complex-like 1

In immune cells, IFN¢r produced during inflammation increases the symhesf
Immunoproteasome, which is more potent than catistet proteasome. At the same time, IfFN-
upregulates TAP, ERAP-1, and MHC expression. Tagetthese changes lead to enhanced

antigen presentation by MHC molecule as a resptmsdglammatory conditions.
3.2. Proteasome inhibition:

As proteolysis by proteasome is fundamental for mhetabolism of cells and organisms,
proteasome inhibition affects many cell functionsl @an induce apoptosis. However, not all cell
types respond in the same way to proteasome imdnbiln general, cells that synthesize large
amount of proteins such as plasma cells (includmglomatous and normal plasma cells),
rapidly proliferating cells such as tumor cellsdactivated immune cells are more sensitive to
the proapoptotic effect of proteasome inhibitiomotBasome inhibition can induce apoptosis
through many pathways, among which there are twmmmaechanisms: inhibition of NkB
activation and induction of endoplasmic reticulutress (ERS) and terminal unfolded protein

response (UPR).
3.2.1. NF-«B signaling pathway:

NF-kB is not a single protein but a family of inducildlanscription factors. In mammals, the
NF-kB family consists of five subunits: RelA (p65), Bek-Rel, NFkB1 (p50 and its precursor
pl105), and NReB2 (p52 and its precursor p100) (Jost et al, 2@&@henlist et al, 2005). These
proteins share a 300 amino acid sequence in trerririal region, known as the Rel homology
domain, which mediates DNA binding, protein dimatian, and nuclear translocation. These
proteins form various homodimers and heterodimats ae kept inactive in the cytoplasm by
binding to inhibitory proteins, which include mainikBa, Ikp, Ixy, and kBe (inhibitor of NF-

kB a, B, v, andg), as well as the p105 and p100 precursors of pa(&2, respectively.

Activation of NF«B can occur through either the canonical or alt@ragathway (Figure 4).
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A) Activation of the Canonical NF-xB Pathway B) Activation of the Alternative NF-xB Pathway
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Figure 4. Canonical and alternative pathway of NKkB activation (from Jost et al, 2007JA) Activation of the

canonical NF-B pathway. A series of stimuli activate the canonical pathwafy NF«B activation through
TCR/BCR, TLRs, RANK, CD30, and CD40 (1). Activatl<K phosphorylatesiB proteins on 2 conserved serine
residues and inducegB polyubiquitinylation (2), which in turn inducebdir recognition by the proteasome and
causes successive proteolytic degradation (3)owoiy the kB degradation, the cytoplasmic NB- dimers are
released and translocate into the nucleus, where fganscription is activated (4B) Activation of the alternative
NF-kB pathway. The alternative pathway of NEB activation is engaged by a restricted set of-mwiface
receptors that belong to the TNF receptor supelyamicluding CD40, the lymphotoxifi receptor, and the BAFF
receptor (a). This pathway culminates in the atitiveof IKKa (b), which can directly phosphorylate MB2/p100

(c), inducing partial proteolysis of p100 to p52 twe proteasome (d). The p52 protéacks the inhibitory

ankyrin repeats and preferentially dimerizes witiBRto translocate into the nucleus (e).

The canonical pathway can be initiated by varidumidi, including proinflammatory cytokines
especially TNFe and IL-1, pathogen-associated molecular pattehad bind to Toll-like
receptors (TLRs), T-cell receptor (TCR) and B-aekteptor (BCR) signaling. The alternative
pathway is important in mature B cells and is attd through CD40, lymphotoxjhreceptor,
and BAFF (B-cell activating factor) receptor. Acttion of either pathway leads to
phosphorylation ofdB proteins by thewB-kinase (IKK). In the canonical pathway, the IKK
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complex is composed of two catalytic subunits tKgEKK1) and IKKB (IKK2) and a regulatory
subunit IKKy (or NEMO for NF«xB essential modifier). Activated IKK complex phospylates
kB proteins, phosphorylatedB is then ubiquitinated and degraded by proteasaeieasing
NF-kB dimer (most commonly the p65/p50 heterodimer)clhranslocates into the nucleus and
binds to NF«B binding motifs on DNA to induce transcriptiontafget genes. In the alternative
pathway, IKKa directly phosphorylates pl100, inducing the parpabteolysis of pl00 by
proteasome to p52, which preferentially dimerizathviRelB and migrates into the nucleus
(Palombella et al, 1994)

Proteasome inhibition abrogates NB-activation by precluding the degradation B Iproteins,
which remain bound to NkB proteins and retain them in the cytoplasm (Ada209€2). As NF-
kB activation induces the transcription of a larggiety of genes, including proinflammatory
cytokines (e.g. TNF, IL-1, IL-6), stress responseyenes (COX2, NO, 5-LO), cell adhesion
molecules (ICAM, VCAM, E-selectin), and anti-apojitoproteins (the Bcl-2 family), NikB
inactivation via proteasome inhibition affects fhactions and induces apoptosis of various cell
types. Several tumor cells, especially myelomatplasma cells are dependent on kB-
signaling for survival, explaining why these celise particularly sensitive to proteasome
inhibition.

3.2.2. Endoplasmic reticulum stress (ERS) and unfolded f@im respond (UPR):

The endoplasmic reticulum (ER) is an eukaryoticaarile composed of a complex membranous
network. The rough ER which has ribosomes attaahedts surface synthesizes proteins,
whereas smooth ER has various metabolic functioich sis lipid and steroids synthesis and
carbohydrate metabolism. The ER is the place whieeesecretory and membrane proteins
synthesized along the rough ER undergo folding pasks onto the Golgi apparatus for post-
translational modification. In order to accompligh protein folding functions, the ER has high

concentration of chaperone proteins which facditéte correct folding of nascent proteins.

Many chaperones are €alependent.

A wide variety of stimuli can cause disruption d® Eunctions, including expression of mutant
proteins which cannot be correctly folded, laclenérgy (resulting from hypoxia and/or glucose
deprivation), viral infection and &adepletion. The disruption of protein folding caipadeads

to the accumulation of unfolded and misfolded prstewithin the ER, causing endoplasmic
reticulum stress and activating the unfolded proteisponse (UPR). The UPR is mediated
through the activation of three transmembrane stsessors: pancreatic ER kinase (PKR)-like

ER kinase (PERK), activating transcription facto(ATF6), and inositol-requiring enzyme 1
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(IRE1). In resting cells, all three stress receptme maintained in an inactive state through their
association with the ER chaperone glucose-regulattetin of 78 kDa (GRP78). An increase in
the level of unfolded proteins within the ER rediseGRP78 to these proteins, liberating the ER

stress sensors and triggering the UPR (Figure 5).
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Figure 5: The unfolded protein responsdfrom Szegezdi et al, 200€n aggregation of unfolded proteins, GRP78
dissociates from the three endoplasmic reticuluR) (&ress receptors, pancreatic ER kinase (PKR)HR kinase
(PERK), activating transcription factor 6 (ATF6) darinositol-requiring enzyme 1 (IRE1), allowing thei
activation.The activation of the receptors occueguentially,with PERK being the first, rapidly foWed by
ATF6,whereas IRE1 is activated last.Activated PERKCcks general protein synthesis by phosphorylating
eukaryotic initiation factor @ (elF2x). This phosphorylation enables translation of AT##ich occurs through an
alternative, elF@-independent translation pathway.ATF4, being astéption factor, translocates to the nucleus
and induces the transcription of genes requireg$tore ER homeostasis.ATF6 is activated by limjissteolysis
after its translocation from the ER to the Golgpagatus.Active ATF6 is also a transcription fadad it regulates
the expression of ER chaperones and X box-bindiote 1 (XBP1), another transcription factor.Tdiawe its
active form, XBP1 must undergo mRNA splicing,whishcarried out by IRE1. Spliced XBP1 protein (sXBP1
translocates to the nucleus and controls the trgntien of chaperones, the co-chaperone and PERKitor
P58IPK, as well as genes involved in protein degtiad. This concerted action aims to restore ERctfan by
blocking further build-up of client proteins, enlséng the folding capacity and initiating degradatiof protein
aggregates.CHOP, C/EBP homologous protein.

The activation of the UPR leads to: 1) increasepre&ssion of chaperones to enhance protein
folding capacity, 2) enhanced degradation of maedlproteins within the ER through a process
called ER-associated degradation (ERAD), and 3jedased global protein synthesis (Healy et
al, 2009). These mechanisms together can restoteEfRostasis and maintain cell life.

The unfolded protein response is primarily a proasal response. However, if the prolonged
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and severe ER stress is not resolved, the UPRswilich to initiation of apoptosis. In fact,
certain components of the UPR are proapoptotic. éx@ample, CHOP (C/EBP homologous
protein), which is induced by all three arms of URfough XBP1l, ATF4, and ATF6
transcription factors, alters the balance betweensprvival and pro-apoptotic Bcl-2 family
members thus promoting apoptosis through the nutodhal pathway. CHOP causes
upregulation of Bim (Bcl-2-interacting mediator okll death), a pro-apoptotic BH3-only
member of the Bcl-2 protein family (Puthalakathadt 2007) and suppresses anti-apoptotic
proteins. CHOP also promotes the extrinsic apaptptithway through the upregulation of
TRAIL (tumor necrosis factor-related apoptosis icidg ligand) (Yamaguchi et al, 2004).
Another proapoptotic mechanism involves the reoraiit of TNF receptor-associated factor 2
(TRAF2), leading to activation of c-jun N-terminihase (JNK) which phosphorylates Bcl-2
proteins and enhances their proapoptotic pote(fiaégezdi et al, 2009). The final executive
phase of all these pathways is the activation efcdispase cascade leading to ER stress-induced

cell death.

Proteasome inhibition, by blocking the principal am@nism for cellular protein degradation,

causes the accumulation of misfolded proteins whidrwhelms the ER-associated degradation
(ERAD) leading to ER stress. As the ER stress iaduzy proteasome inhibition is severe and
unresolved, the induced unfolded protein respoapally switches to proapoptotic pathways

and terminates in cell death. Many cell types wisghthesize large amounts of proteins are
dependent on the UPR for proper functioning angigal, such as normal plasma cells, and to a
greater extent, myelomatous plasma cells or othereing tumor cells. For example, myeloma
cells produce thousands of antibody molecules peorsd; as a result, the UPR is already
activated to maintain ER homeostasis and furthest&ess induced by proteasome blockade will
rapidly induced cell death (Obeng et al, 2006).sTéxplains why these cells are particularly

sensitive to proteasome inhibition.
4. Proteasome inhibitors and cancer treatment:

Following its discovery in the early 1980s, protmas was recognized to be a potential
therapeutic target and proteasome inhibitors (Béglan to be developed. The most important
step is the creation in 1992 of a biotech compaayed MyoGenics by Alfred L. Goldberg and

his colleagues, who are also the pioneers in theodery of the ubiquitin-proteasome system.
Interestingly, the initial aim of MyoGenics, as icated by its name, was to develop Pls which
can be used to inhibit protein degradation in ordeprevent muscle wasting seen in various

disease states such as cancer cachexia. SeveraleRdsthus synthesized and distributed to
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academic institutions for further studies that hefpto understand the multiple functions of
proteasome in cell physiology. As often seen iersoe, the most successful outcome turns out
not to be the one initially expected. Cancers vgexan recognized to be the most potential target

for proteasome inhibition.
4.1. First generation proteasome inhibitor — bortezomib:

Among these early Pls, a molecule was synthesizd®95 and named MG-341 (MG stands for
MyoGenics), better known as PS-341 as the compamgtse changed to ProScript. PS-341,
which is now known as bortezomib (Velcade®, Millanm) was approved by FDA in 2003 for

the treatment of multiple myeloma (Bross et al,0@ is also the first Pl approved for clinical

use. The success story of bortezomib serves asxampée of the collaboration between

academic laboratories and scientists with pharnma@aduindustries.

Bortezomib is a boronic acid dipeptide derivativieichh has a high degree of selectivity for the
proteasome and does not inhibit many common preseds is a synthetic compound whose
molecular weight is 384.24 Da. Bortezomib seledyiwehibits the chymotrypsin-like activity of
proteasome and immunoproteasorfie and p5i, respectively), and this inhibition is slowly
reversible (Adams et al, 1999).

Initial screening using the National Cancer Ing#itsi (NCI) tumor cell lines showed that
bortezomib is active against a broad range of tuyes, including multiple myeloma cell lines.
Studies in xenograft models confirmed its effeddslgms et al, 1999, Teicher et al, 1999),
prompting several human phase | trials which et the tolerability of bortezomib (Adams,
2002). Two phase Il trials with good results ledhe accelerated approval by FDA in 2003 for
the treatment of multiple myeloma in patients wiaeédnreceived at least two prior therapies and
have demonstrated disease progression on thén&asiply (Bross et al, 2004). Soon after that, in
2005, FDA have granted regular approval for bont@boin the treatment of multiple myeloma
based on a successful phase Il clinical trial Bimgp more than 600 patients (Kane et al, 2006).
Many subsequent clinical trials have confirmedédffecacy of bortezomib as a frontline therapy
in newly diagnosed multiple myeloma. Bortezomibdzhsegimens have now become standard
therapy either as chemotherapy for patients ifgkgior transplantation or as induction therapy

before stem cell transplantation (Ludwig et al, @01

Recently, bortezomib has also been approved by feDge treatment of relapsed or refractory
mantle cell lymphoma (MCL), one of the B-cell lyngghas with the worst prognosis (Goy et al,
2010). Furthermore, some clinical trials have shawat bortezomib in combination with

rituximab is effective in the treatment of eitheewly diagnosed or relapsed/refractory
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Waldenstrém macroglobulinemia, a distinct B-cekaitder resulting from the accumulation,
predominantly in the bone marrow, of clonally rethigM-secreting lymphoplasmacytic cells
(Ghaobrial et al, 2010).

Besides hematologic malignancy, bortezomib has lbésm tested in phase Il clinical trials in
several types of advanced solid tumors such asnaitcell lung cancer (Scagliotti et al, 2010),
ovarian cancer (Aghajanian et al, 2009), urothétedt transitional cell carcinoma (Rosenberg et
al, 2008), and metastatic breast cancer (Engd| 20a7). Unfortunately, the results obtained so

far are not encouraging.
4.2. Second generation proteasome inhibitors:

Following bortezomib, second-generation Pls witlffedent chemical structures have been
developed and currently tested for clinical use.

Carfilzomib was developed based on the natural ymbdpoxomicin, a peptidyl epoxyketone
first isolated from an Actinomycetes strain (Hanadaal, 1992). Carfilzomib selectively and
irreversibly inhibits the chymotrypsin-like actiyitof proteasome and immunoproteasome
(Demo et al, 2007). Its activity has been showpratlinical models of multiple myeloma (Kuhn
et al, 2007) and Waldenstrom macroglobulinemia ¢8at al, 2011). A phase | dose escalation

study confirmed its tolerability (O’Connor et aQ@) and a phase Il trial is underway.

Two other molecules derived from epoxomicin havesoalbeen developed by Onyx
Pharmaceuticals (formerly Proteolix), the compamgt tproduces carfilzomib. The first one is
PR-047, an orally active Pl which also inhibits ttymotrypsin-like activity of proteasome and
immunoproteasome (Zhou et al, 2009). The seconchaned PR-957 is a selective inhibitor of
the chymotrypsin-like activity of thg5i subunit (or LMP7) of immunoproteasome, with
minimal activities against other catalytic subumtgherapeutic doses (Muchamuel et al, 2009).
However, this molecule has weak anticancer proggeriind is developed primarily for

immunologic diseases (Basler et al, 2010).

Another natural Pl named marizomib (NPI-0052, sslporamide A) is developed by a company
named Nereus Pharmaceuticals. Marizomib i§-lactoney-lactam isolated from the marine
Actinomycete Salinispora tropica(Feling et al, 2003). Marizomib inhibits all threatalytic
activities of proteasome and immunoproteasomec#spase-likepl andpli), trypsin-like 2
andp2i), and chymotrypsin-likep6 andp5i) enzymatic activities at therapeutic concenbiagi
Marizomib has been shown to be effective againstde variety of hematologic malignancies
including multiple myeloma, Waldenstrom macroglobeinia, lymphoma, and leukemia, as

well as solid tumors including colon, pancreatiag @rostate cancer in preclinical studies (Potts
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et al, 2011). Phase I clinical trials of marizoraile currently underway.

Like other drugs used in cancer chemotherapy, Bl® Iside effects which affect many organ
systems, including the gastrointestinal (nausemjitwog, diarrhea, and anorexia), hematological
(thrombocytopenia, anemia, neutropenia), and negicdl systems (peripheral neuropathy), as
well as asthenia and pyrexia. These side effeete@nmon for all Pls. Peripheral neuropathy is
one of the most worrisome side effects becauseit not be reversible even after cessation of
Pls. Second generation PlIs such as carfilzomibraadzomib are claimed to have fewer side
effects than bortezomib, especially in terms ofigi@ral neuropathy, but more experiences are
needed to confirm this because these new Pls haee hsed in far fewer patients than

bortezomib.

Table 4 summarizes the profiles of Pls that areeliged for clinical uses. Figure 6 presents the
chemical structures of some of the commonly used Rir further discussion of all proteasome
inhibitors, including the ones that are used ireaesh only, please refer to a comprehensive
review (De Bettignies et al, 2010).

Table 4: Profiles and treatment regimens for proteaome inhibitors in clinical development

Proteasome| Struc- Pharmacodynamic profile Developt Route of Treatment
inhibitor/ tural ment stage| adminis- schedule
company class CT-L T-L C-L tration

Bortezomib | Peptide| Slowly Sustained | Approved v Day1,4,8,11

(Velcade®)/ | boronic | reversible MM/MCL | (active SC| (21-day cycle)

Millennium acid in MM)

Takeda
Carfilzomib/ | Peptide| Sustained Phase 2 \% Day
Onyx epoxy- 1,2,8,9,15,16

(Proteolix) | ketone (28-day cycle)

Marizomib B- Sustained Sustained Sustained Phase|1b Iv| Dayl, 8,15

(NPI-0052, | lactone (oral and | (28-day cycle)

salinospora-|  -y- SC Day1,4,8,11
mide A) lactam efficacy) (21-day cycle)

CEP-18770/| Peptide| Slowly Phase 1 v Day 1,4, 8,11
Cephalon | boronic| reversible (oral (21-day cycle)

acid efficacy)

MLN9708/ | Peptide| Reversible Phase 1 IV/oral Day 1,4,8,11
Millennium | boronic (21-day cycle)
Takeda acid Day 1, 8, 15

(28-day cycle)

ONX-0912 | Peptide| Sustained Phase 1 Oral Day 1,2,3,4|5

(PR-047)! | epoxy- (14-day cycle)
Onyx ketone
(Proteolix)

(Adapted from Potts et al, 2011
CT-L: chymotrysin-like, T-L: trypsin-like, C-T: caase-like, MM: multiple myeloma, MCL: mantle cell
lymphoma, IV: intravenous, SC: subcutaneous
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Figure 6 : Chemical structures of some representate proteasome inhibitors

5. Proteasome inhibition in immunology:

Besides their established applications in oncolgggieasome inhibitors have been shown to
affect the functions of various cell types of themune system, including T cells, dendritic cells,
B cells, and plasma cells. They have also beeadestvarious models of autoimmune diseases,
including arthritis, lupus, anti-neutrophil cytoptaic antibodies (ANCA)-associated
glomerulonephritis, experimental autoimmune enckihgdEAE), myasthenia gravis, colitis,

and contact hypersensitivity.
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5.1. Invitro effects of proteasome inhibition on different cell types of the immune

system:
5.1.1. T cells:

As proteasome is the principal machinery that diggacellular functional proteins, including
many cytokines, transcription factors, and cycliitsis not surprising that its activities are
required for T cell activation and proliferationh& proteasome inhibitor lactacystin has been
shown to repress the mitogen-induced T cell pnatien through blocking the &o-G;-phase
transition (Wang et al, 1998). Moreover, both lagiin and bortezomib induce apoptosis in
activated T cells, but not resting T cells. The haagsms of bortezomib-induced apoptosis in
activated T cells include activation of caspaser@ @aspase-3, degradation of bcl-2, and
activation of the mitochondrial pathway (Blanco &t 2006, Berges et al, 2009). Both
bortezomib and lactacystin decrease the expresdisaveral markers of T cell activation such
as CD25, CD69, and CD134, and reduce the produofiboth Th1 cytokines such as IFNand
IL-2 and Th2 cytokines such as IL-4 and IL-5 (Blanet al, 2006, Berges et al, 2008).
Interestingly, CD4+CD25+ regulatory T cells areistmt to the proapoptotic effects of
bortezomib, and long-term culture of CD4+ T-celltie presence of bortezomib promotes the

emergence of regulatory T cells (Blanco et al, 2009
5.1.2. Dendritic cells:

Bortezomib has been shown to impair several funstiof human monocyte-derived dendritic
cells (mDC) (Nencioni et al, 2006, Zinser et alp2p It prevents mDC maturation in response
to inflammatory signals as evidenced by the redugaegulation of DC maturation markers
such as CD80, CD86, CD40, CD83, and DC-SIGN. OénGD83 and DC-SIGN are the major
markers of DC maturation. DCs cultured in the pmeseof bortezomib produce less IL-12, the
principal immunostimulatory cytokine secreted by G¥D Bortezomib reduces the expression of
the chemokine receptor CCR7, resulting in reducegtatory capacity of DC in response to the
chemokine CCL19/MIB-B — the ligand for CCR7. mDCs exposed to bortezothéplay a
reduced endocytic capacity as shown by the FITGrdexuptake assay, associated with a
decrease in the expression of CD206 (macrophag@easarreceptor), which is required for the
endocytosis of macromolecular antigens. Finally,aagesult of the multiple aforementioned
effects, bortezomib markedly impairs the capacitip@s to stimulate allogeneic and autologous
T cells (Naujokat et al, 2007).

Besides the effects on monocyte-derived dendrélts cbortezomib has recently been shown to

suppress the survival and immunostimulatory fumgiof human plasmacytoid dendritic cells
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(pDC) (Hirai et al, 2011). pDCs differ from mDCs two major characteristics, the former
express TLR-2 and TLR-4 and produce IL-12, whethadatter express TLR-7 and TLR-9 and
produce IFNe. In fact, pDC is most susceptible to the killinffeets of bortezomib among
immune cells in blood. Bortezomib induced apoptasispDC by disturbing endoplasmic
reticulum (ER) homeostasis through the inhibitidrX8P-1 (X-box binding protein 1) splicing
to generate the active form of XBP-1, the transmipfactor required for ER stress response.
Bortezomib also strongly suppressed the produdfdi®N-a by pDC in response to TLR-7 and
TLR-9 ligands. As pDC is involved in the pathogaesex major autoimmune diseases such as
lupus and psoriasis, the suppressive effects otebomib on pDC may have clinical

implications.
5.1.3. B cells:

Similar to the case of T cells, activated B cetks more susceptible to the proapoptotic effects of
bortezomib than resting B cells (Cascio et al, 200&erestingly, T-cell dependent antibody
responses are impaired by bortezomib, whereasatthg E-cell independent antibody responses
remain unaffected (Lang et al, 2010). Using a mauselel, the authors have shown that the
antibody response to immunization with dinitropHe(®NP)- keyhole limpet hemocyanin
(KLH), a T-cell dependent antigen, was impairedbloytezomib treatment. On the other hand,
the early antibody response to immunization witlihydroxy-3-iodo-5-nitrophenol)acetyl (NIP)-
Ficoll, a T-cell independent antigen, was not redlic

5.1.4. Plasma cells:

Proteasome inhibitors not only target neoplastasipla cells, but they can also induce apoptosis
of normal antibody-secreting plasma cells. Using @fiorementioned mouse model, Lang et al
have shown that bortezomib treatment decreasegdhmntage of plasma cells in the bone
marrow and in the spleen (Lang et al, 2010). Morpartantly, the number of antibody secreting
cells which produce IgG specific for DNP-KLH — themunogen used in the model — was also

decreased.

Similar results have been obtained for normal humplasma cells. Perry et al isolated plasma
cells from bone marrow of kidney transplant reaipgeand cultured them in the presence of
rATG (rabbit antithymocyte globulin), rituximab, Iy (intravenous immunoglobulin), or
bortezomib (Perry et al, 2008). Although the fitstee agents are the most commonly used drugs
for the treatment of antibody-mediated rejectioramsplant patients, none of them were able to
induce apoptosis of plasma cells or to block amlybsecretion. On the contrary, bortezomib at

clinically obtainable concentrations induced apspt@f more than 60 percent of plasma cells
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and thereby blocked IgG secretion in vitro.

5.2. In vivo effects of proteasome inhibition in experinental models of autoimmune

diseases:

Most of proteasome inhibitors were developed amstetein models of hematologic and solid
organ cancers, which are up to the present time itten clinical applications. However, some

proteasome inhibitors have also been tested inwamodels of autoimmune diseases.
5.2.1. Rheumatoid arthritis:

Early in its development, bortezomib has been testea rat model of Streptococcal cell wall-
induced polyarthritis (Palombella et al, 1998). tlms model, arthritis is initiated by an
intraperitoneal injection of group A Streptococcall wall into female Lewis rat. Rats in this
model typically exhibit a peripheral and symmetridaiphasic polyarthritis with cycles of
exacerbated recurrence and remission. The dissasknically and histologically similar to
rheumatoid arthritis. Treatment with bortezomikeattated disease severity both clinically and
histologically. The anti-inflammatory effects of fezomib in this model were associated with
an inhibition of kBa degradation and NkB-dependent gene expression. This result has been
reproduced in other models of rheumatoid arthréigsh as collagen-induced arthritis in mouse
(Lee et al, 2009) and adjuvant-induced arthritigain(Yannaki et al, 2010).

Recently, PR-957, a novel selective inhibitor o& timmunoproteasome subuifbi, or low-
molecular mass polypeptide-7 (LMP-7) has been destetwo mouse models of rheumatoid
arthritis, namely the collagen antibody-inducedhstis (CAIA) and the collagen-induced
arthritis (CIA) (Muchamuel et al, 2009). In both dets, mice treated with PR-957 had less
severe disease as evidenced by a lower clinicakséess inflammatory infiltration and bone
erosion compared to vehicle-treated controls. Tl@cal and histological improvement was
associated with a decrease in the mRNA expressiorilammatory mediators in affected joints
such as TNFy, IL-1p, IL-6, ICAM-1 (intercellular adhesion molecule-1INOS (inducible nitric
oxide synthase), and Cox-2 (cyclooxygenase-2).rastangly, the clinical improvement was
better and autoantibody production was lower inentreated with PR-957 than those treated
with etanercept, a TNF inhibitor used clinicallypatients with rheumatoid arthritis. Finally, it is
noteworthy that PR-957 induced an anti-inflammat@gponse at doses less than one-tenth the
maximal tolerated dose (MTD), whereas nonselectiabitors such as bortezomib and
carfilzomib could do so only at the MTD.
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5.2.2. Systemic lupus erythematosus (SLE):

The beneficial effects of bortezomib on SLE haverbdemonstrated in the lupus-prone New
Zealand Black/White (NZB/W) F1 mouse, a widely-usedrine model of SLE (Neubert et al,
2008). Female NZB/W F1 mice have B cell hyperattiand produce multiple autoantibodies,
including anti-double-stranded DNA (anti-dsDNA) amither antinuclear antibodies. As a result,
they develop immune complex-mediated glomerulongphrresembling human lupus
glomerulonephritis and almost all of them die froemal failure before 12 months of age. In
these mice, long-lived plasma cells representgelfnaction of autoreactive antibody-producing
cells in the spleen. These cells are resistanydlmphosphamide, one of the principal drugs used
in the treatment of lupus nephritis in human. Imtcast, bortezomib depletes both short-lived
and long-lived plasma cells, and thereby abrogatgesantibody production. As a result, early
bortezomib treatment virtually prevented the lupks-disease in NZB/W F1 mice, as evidenced
by the diminution of anti-dsDNA titers, the absermfeglomerulonephritis, and a markedly
prolonged survival compared to the control grouptelLbortezomib treatment in mice with
established nephritis also reduced proteinuria artddsDNA titers. Finally, bortezomib could
be given twice per week for up to 40 weeks in #tigly without any overt toxicity (Neubert et
al, 2008). Another study using the same mouse modefirmed the beneficial effects of
bortezomib, however its effects were not supermthiose of mycophenolate mofetil (MMF)
combined to prednisolone (Lee et al, 2010).

5.2.3. ANCA-associated glomerulonephritis:

ANCA-associated glomerulonephritis is the most camnform of crescentic, or rapidly-
progressive glomerulonephritis. As indicated by ntane, this form of glomerulonephritis is
characterized by (1) the presence of autoantiboutiethe serum directed against neutrophil
cytoplasmic antigens, namely myeloperoxidase (M@O)roteinase-3 (PR-3), (2) a pauci-
immune glomerulonephritis (no or little glomerulateposition of immunoglobulins or
complement components as seen by immunofluorescemnitevariable percentage of glomeruli
with necrosis and crescent formation, and (3) &rdpterioration of renal functions over weeks
or months rather than over years as in the majofidlomerulonephritides (Gomez-Puerta et al,
2009). The mainstay of treatment for ANCA-assodatgomerulonephritis in the past two
decades is cyclophosphamide combined with corgcost, although this treatment is associated
with serious adverse effects. Recently rituximals Hmeen shown to be not inferior to
cyclophosphamide in inducing disease remissionwéyer there was no difference in the rate of

adverse events between the two treatment grouped &t al, 2010).
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Using a mouse model in which ANCA-associated glanogrephritis was induced by the
transplantation of bone marrow containing plasmiés s=creting specific antibodies to MPO,
Bontscho et al have demonstrated that bortezombpeatect recipient mice from developing
the disease (Bontscho et al, 2011). Bortezomibedegltotal and MPO-specific plasma cells in
the spleen and in the bone marrow, thereby abrdgatdi-MPO autoantibody production,

reduced proteinuria and hematuria, and decreasedeglilar necrosis and crescent formation.
5.2.4. Experimental autoimmune encephalitis (EAE):

EAE is an animal model of the human central nerveystem (CNS) demyelinating diseases,
especially multiple sclerosis. EAE can be induced humber of species including mice and rats
by immunizing with different neuroantigens, mostrenonly myelin proteins or their peptides.
Depending on the antigen used and the speciestamdssof the animal, rodents can display a
monophasic EAE, a relapsing-remitting form, or cicoEAE. Rodents typically develop an
ascending paralysis which begins from the tail prudjresses to affect the hind limbs and finally

the forelimbs.

Using a mouse EAE model in which C57BL/6 mice waremunized with Myelin
Oligodendrocyte Glycoprotein (MOG) peptide 35-5&sBlo et al have shown that bortezomib
treatment reduced T cell response to the peptitlgeamand ameliorated clinical score (Fissolo
et al, 2008). The anti-inflammatory effect of badeib was attributed to the reduced activities
of NF«B in the CNS of the treated animals.

5.2.5. Myasthenia gravis:

Myasthenia gravis (MG) is an autoimmune neuromuwscdisease caused by autoantibodies to
acetylcholine receptors (AchRs). These antibodieskbthe effects of the neurotransmitter
acetylcholine on AchRs at the post-synaptic neusmular junction, leading to muscle
weakness, including limb and bulbar muscles (mssikieervated by the cranial nerve V, VII,
IX-XII). If respiratory muscles are affected, thesehse is potentially fatal, necessitating
mechanical ventilation and plasma exchange to hapieinove autoantibodies. Bortezomib,
which can deplete plasma cells and abrogate antipdduction, may be a therapeutic

candidate.

Using an experimental MG model in which rat are inmized withTorpedoAchRs, Gomez et al
have shown that bortezomib induced apoptosis oé boarrow plasma cells, reduced the rise of
anti-AchR autoantibody titers, prevented ultradinced damage of the postsynaptic membrane,
improved neuromuscular transmission, and decreasgasthenic symptoms (Gomez et al,
2011).
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5.2.6. Experimental colitis:

Inflammatory bowel disease (IBD), comprising Crodisease and ulcerative colitis, is
characterized by chronic relapsing inflammatiorihaf gut. A dysregulated activation of NB-
leading to expression of many proinflammatory miisacommonly occurs in IBD. Enhanced
proteasome activity, associated with the expressfammunosubunits, especially LMPB(),

is involved in the sustained N&B-driven inflammation in IBD (Schmidt et al, 2010).

Recently, the LMP7-selective inhibitor, PR-957, hlasen tested in a mouse model of
experimental colitis induced by dextran sulfate isod (DDS). Treatment with PR-957
suppressed the expression of proinflammatory cgskiand mediators such as Ip-1L-23,
INOS, and COX-2, reduced inflammation and tissustrdetion (Basler et al, 2010). Bortezomib
has also been shown to be effective in the sameshmod dose-dependent manner. However,

high-dose bortezomib leaded to a surmortality editied animals (Schmidt et al, 2010).
5.2.7. Contact hypersensivity:

Finally, the anti-inflammatory effect of proteasomaibitors has also been tested in models of
T-cell dependent delayed-type hypersensitivity (D Th these models, mice are immunized
with a hapten, and then challenged with the sanpéehaat another skin site, leading to a local
inflammation which is mediated by the hapten-prinfedells and manifested as a local skin
induration and monocytic infiltration. The reactiosually peaks 24-48 hours after challenge and
then decreases. Both bortezomib and epoxomicin baea shown to decrease inflammatory
reaction in these models, associated with a resludta the expression of pro-inflammatory
cytokines such as IFN-and IL-6 in the skin lesions and in the drainiggnph nodes (Meng et
al, 1999, Yanaba et al, 2010).

Table 5 summarizes all the aforementionned expe@rtisni which proteasome inhibition was

tested in animal models of autoimmune diseases.
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Table 5: Proteasome inhibition in experimental modks of autoimmune diseases

Experimental model Proteasome | Main effects References
inhibitors
Arthritis Bortezomib Decrease of clinical signs Palombella, 1998
PR-957 Decrease of histologic lesions Lee, 2009
Decrease of inflammatory mediators Yannaki, 2010
Muchamuel, 2009
Lupus Bortezomib Decrease of plasma cells Neubert, 2008
Decrease of anti-dsDNA Lee, 2010
Abrogation of lupus nephritis
Survival prolongation
ANCA-induced Bortezomib Depletion of plasma cell Bontscho, 2011
glomerulonephritis Decrease of anti-MPO antibody
Decrease of proteinuria and hematuria
Decrease glomerular necrosis and crescent
Experimental Bortezomib Amelioration of clinical score Fissolo, 2008
autoimmune Decrease T cell response to the peptide antigen
encephalitis (EAE)
Myasthenia gravis Bortezomib Decrease of anti-Aanibody Gomez, 2011
Decrease of histologic lesions
Decrease clinical symptoms
Experimental colitis PR-957 Reduction of inflammation and tissue Basler, 2010
Bortezomib | destruction Schmidt, 2010
Decrease of inflammatory mediators
Contact Epoxomicin Decrease inflammatory reaction Meng, 1999
hypersensitivity Bortezomib Decrease inflammatory cytokines Yanaba, 2010

6. Proteasome inhibition in transplantation:

6.1. Experimental models of bone marrow transplantation:

As proteasome inhibitors have been developed maioly the treatment hematologic
malignancies, they have also been tested for teeeption and treatment of graft-versus-host
disease (GVHD) in bone marrow transplantation (BMMMe clinical use of allogenic BMT for
hematologic cancer treatment is seriously hampéesedhe occurrence of GVHD. However,
treatments that reduce the incidence GVHD usuaityrdsh graft-versus-tumor responses with
increased tumor relapse. Using a mouse model ofetic BMT, Sun et al have demonstrated
that a brief course of treatment with bortezomimfrday O to day 3 post-BMT protected mice
from acute lethal GVHD as evidenced by a prolongedvival. Moreover, this treatment
preserved graft-versus tumor responses after allogBMT in tumor-bearing mice. The
protection from acute lethal GVHD was associatethvain initial reduction of donor T cell
engraftment, increased alloreactive T cell apoptaaid reduction in systemic TNHSun et al,
2004). In marked contrast, delayed administratiolmootezomib, when GVHD was ongoing (5-7
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days post-BMT), resulted in accelerated mortalityrf GVHD (Sun et al, 2005). Pathologic
evaluation revealed marked increase in lesionkarstnall intestine and colon, associated with a
local upregulation of TNFR1, the principal proinflenatory and proapoptotic receptor for TNF-
a. Accordingly, serum levels of TNé&-as well as other proinflammatory cytokines suchLakp

and IL-6 were significantly increased. Because GVHKDa complex and multistage disease
process, it is not surprising that bortezomib eibidifferential effects depending on the timing
of administration. The induction phase of GVHD agmseto be the most susceptible phase for
successful bortezomib treatment. On the contrdmg, drug should be avoided later on when

GVHD is already progressive.

Interestingly, another study compared bortezomith B8-1145, ankB kinase (IKK) inhibitor
that selectively inhibits NikB in the same mouse BMT model (Vodanovic et al,608imilar
findings were obtained for bortezomib. Early briefatment with bortezomib protected mice
from fatal GVHD, whereas delayed or prolonged tremit with bortezomib exacerbated
GVHD-dependent mortality due to gut toxicity. Earbrief treatment with PS-1145 also
protected mice from lethal GVHD, but unlike borterb, prolonged treatment with PS-1145
was not associated with gut toxicity and resultedhbre complete protection than that observed
with an abbreviated treatment schedule. Thesetsesahfirm a critical role of NkB in the
pathophysiology of GVHD and indicate that targeit@ubition of NF«B may have a superior
therapeutic index.

6.2. Clinical bone marrow transplantation:

As discussed in the previous section, bortezomibs vimtially approved for used in
relapsed/refractory multiple myeloma (MM) (Brossagt 2004). Given the exciting efficacy in
relapsed/refractory MM, bortezomib has rapidly nwbverward to frontline chemotherapy. As
high-dose chemotherapy followed by autologous stelintransplant (ASCT) is the treatment of
choice for MM patients younger than 65 years of, &getezomib has subsequently been used in
pretransplant induction therapy and then in maemer therapy after ASCT. In a phase Il, open-
labeled trial, Harousseau et al have shown thatbomib plus dexamethasone as induction
treatment prior to ASCT was effective and well-tated in newly diagnosed MM patients
(Harousseau et al, 2006). Subsequently, severalomaized studies have demonstrated the
efficacy of bortezomib-based regimens used in leéhinduction and maintenance therapy in
ASCT. For example, the results from a recent Freramtdomized trial have shown that
bortezomib plus dexamethasone was superior to istm@& plus doxorubicin plus
dexamethasone (VAD) as induction therapy prior t8CA in newly diagnosed multiple

myeloma (Harousseau et al, 2010). Bortezomib pixsuchethasone significantly improved post-
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induction and post-transplantation complete respimesirly complete response and at least very
good partial response rates compared with VAD a&sdlted in a trend for longer progression-
free survival. Similarly, an Italian randomized dgucomparing bortezomib plus thalidomide
plus dexamethasone (VTD) to thalidomide plus dexhas®ne (TD) as induction therapy before
and consolidation therapy after double ASCT in rewlagnosed multiple myeloma also
demonstrated the superiority of the VTD regimemadenced by a higher rate of complete/near
complete response (Cavo et al, 2010). As a reboittezomib-based regimens have been
increasingly recommended for induction therapy tefand maintenance therapy after ASCT
(Rajkumar, 2011).

6.3. Experimental models of organ transplantation:

Using in-house synthesized dipeptide boronic aEi@RA), which is the chemical name of
bortezomib, Luo et al in Montreal have demonstrated DPBA prolonged graft survival in a
mouse heart allograft model (Luo et al, 2001). Asmqguent study by the same group has shown
that DPBA also prolonged graft survival in a mouslet allograft model (Wu et al, 2004).
However, in these two studies, the mechanisms tadraof DPBA were not analyzed in detail.
In addition, the effect of treatment on post-trdaspDSA levels was not studied, whereas we
now know that the most important reason to useepsaime inhibitors in transplantation is to
take advantage of its proapoptotic effect on plasm®ids in order to abrogate alloantibody
formation. In our present study (article 1), welwdémonstrate that proteasome inhibition by

itself can decrease DSA formation in rat heartdpdent models of acute and chronic rejection.
6.4. Clinical organ transplantation:

In 2008, Everly et al reported the use of borterynplasmapheresis, IVIg with or without
rituximab in 6 kidney transplant patients with mix@cute T-cell mediated and antibody
mediated rejection (Everly et al, 2008). The treattrwas associated with a rapid reversal of
rejection and marked reductions in DSA levels. Hosvetwo of the six patients finally lost their
graft in less than 1 year post-transplant. SinyildPlerry et al reported that bortezomib combined
with plasmapheresis and IVIg rapidly reduced DSkele in two renal transplant patients
undergoing acute AMR and this treatment was aswatiwith a transient decrease in bone
marrow plasma cell number (Perry et al, 2008). nother study, Trivedi et al were able to
decrease DSA levels in 9 of 11 kidney transplarttepgs with bortezomib combined with
plasmapheresis and pulse methylprednisolone (Tiretedl, 2009). Because in these studies, all
patients also received other treatments for AMRs mot clear whether bortezomib per se can

reduce DSA levels. Contrary to these three rep@berro-Soussan et al treated four renal

56



Proteasome inhibition in organ transplantaiton

transplant patients with persistent DSA and sulega8MR with one cycle of bortezomib without
concomitant plasmapheresis, 1VIg, or rituximab dodnd no significant reduction in DSA
levels in the 150 days post-treatment (Sberro-Swustal, 2009).

Because bortezomib has only been used in a fewplant centers for the treatment of AMR in
the past two years, more case-series reports aessery to accumulate experience on this new
treatment modality. We will report our experiencghwthree kidney transplant patients who
received bortezomib or either acute or chronic A{dRicle 2).
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Chronic active antibody-mediated rejection is a form of late
rejection with a poor prognosis. To identify specific markers
of this, we analyzed several microarray studies in the
literature and performed mRNA profiling of 65 biopsies and
165 blood samples of a large cohort of renal transplant
patients with precisely characterized pathologies.
Immunoproteasome beta subunit 10 was found to be
specifically increased in the graft and blood samples during
chronic active antibody-mediated rejection and was also
significantly increased in rat cardiac allografts undergoing
acute rejection as well as chronic active antibody-mediated
rejection. This syndrome is characterized by chronic
transplant vasculopathy associated with diffuse C4d staining
and circulating donor-specific antibodies. Using this animal
model, we found that administration of the proteasome
inhibitor, Bortezomib, delayed acute rejection and
attenuated the humoral response in both the acute phase
and established state of this syndrome in a dose-dependent
manner. Following treatment with this reagent, donor-
specific antibodies and C4d deposition were reduced.
These studies highlight the role of the proteasome in chronic
rejection and identify this molecule as a marker of this
syndrome.
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Long-term graft loss remains the bane of kidney transplanta-
tion. More recently, much attention has been paid to the
‘humoral’ theory of chronic allograft rejection.' Evidence for
the involvement of a humoral arm of the immune response
to allografts has come from studies analyzing the impact of
anti-human leukocyte antigen (HLA) antibodies on graft
outcome,™ and evidence of complement cascade activation
within kidney grafts diagnosed by intragraft deposition of the
complement split product C4d.*> These data were recently
reinforced when the definition of chronic active antibody-
mediated rejection (CAMR) was introduced into the Banff
classification of kidney graft injury as an association of
specific histological lesions associated with diffuse C4d
deposition in peritubular capillaries and circulating donor-
specific anti-HLA (DSA) antibodies.®

Current therapies to combat the acute form of antibody-
mediated rejection aim to reduce antibody titers through
the use of intravenous immunoglobulin,” plasmapheresis,” or
B-cell-targeting antibodies such as Rituximab,” but these
have not gained notoriety in the chronic form. Moreover,
these strategies do not seem to have an effect on plasma cells,
the source of antibodies. Thus, the development of more
effective strategies would benefit patients suffering from this
type of late graft rejection with such a poor prognosis.'® The
identification of molecular markers associated with
CAMR would not only facilitate its diagnosis, but could also
help to understand the pathophysiology of CAMR and thus
aid in the design of new therapeutic strategies. Currently,
CAMR diagnosis depends on the triad of graft lesions
together with intragraft C4d and DSA mentioned above.
Neither one of these alone can diagnose CAMR; DSA are
predictive of graft loss but have not yet been shown to
tightly correlate with intragraft lesions, and C4d has
recently been shown to be absent in up to 50% of CAMR
cases."" Here, using a gene-set comparison approach, we
describe the identification of a well-known molecule, the
immunoproteasome-f3 subunit 10 (PSMBI10, also known as
MECL-1) as a potential marker of CAMR in humans.

Kidney International (2010) 77, 830-890
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Moreover, we obtained concordant results in a rat heart
allograft model that we have recently described as a
pertinent model of CAMR (histological lesions of chronic
vascular damage, persisting antidonor antibodies and diffuse
C4d deposits on the graft vasculature).'? Here we show that,
in this model, inhibition of the proteasome significantly
prolongs allograft survival by preventing acute rejection, and
also attenuates established humoral immune responses
(decreases DSA and C4d deposition) in both short- and
long-term surviving recipients. Our data suggest the
implication of the immunoproteasome in CAMR with
PSMBI10 as a potentially useful marker and point toward
proteasome inhibition as a means of treating both acute
rejection and CAMR.

RESULTS

Identification of the inducible member of the
immunoproteasome, PSMB10, as a potential intragraft
biomarker of chronic graft injury in human kidney
transplantation

In order to identify potential diagnostic markers of chronic
graft injury in humans, we compared several microarray data
sets published in the literature in the context of human
kidney transplant biopsies with chronic lesions (referred to as
CAN or chronic rejection in the studies in question; Table 1).
In total, less than 20 molecules were found to be common
between at least two data sets (not shown). Among them,
PSMB10 was found to be upregulated in chronic rejection in
a study by Donauer et al."” and in Banff grade 3 versus Banff
grade 0 in a study by Flechner et al.'* PSMB10 was chosen
from among the others because of its function as an
instrumental member of the immunoproteasome and the
availability of reagents to test it as a potential therapeutic
target. In fact, the immunoproteasome was shown to be
involved in antigen processing for presentation,”” and
proteasome inhibition was shown to blunt antibody
responses in mice.'® In healthy individuals, PSMBI10 is
expressed constitutively by the immune system (the spleen,
peripheral blood, and lymph nodes; Supplementary
Figure SIA) and by lymphocytes and monocytes, where its
expression is regulated by cell activation (Supplementary
Figure S1A and B). It can also be induced through exposure
to interferon-y."”

PSMB10 is upregulated in CAMR in human kidney transplant
recipients

We analyzed PSMBI10 in graft biopsies with different
histological diagnoses (Table 2). As shown in Figure la,
PSMB10 mRNA was specifically upregulated in biopsies with
CAMR (P<0.001). Of note, PSMBI10 expression was not
correlated with proteinuria (r=—0.16; P=0.63). Receiver
operator characteristic (ROC) curve analysis revealed that
PSMB10 mRNA had an excellent capacity to discriminate
CAMR from the other histological diagnoses, with an area
under the curve of 0.92 (P<0.0001, 95% confidence interval
of 0.84-0.97). At a cut-off of 1.95, there was a sensitivity of
0.85 and a specificity of 0.83 (Figure 1b). Thus, PSMB10
shows potential as an intragraft marker of CAMR in humans.

Given that ACR is becoming a rare phenomenon, we next
focused on CAMR, to determine whether the specific
regulation of PSMB10 was reflected in the peripheral blood.
PSMB10 was analyzed in 150 kidney transplant recipients
with stable graft function and 15 patients with CAMR
(Table 3). As shown in Figure 2, patients with CAMR had
significantly higher levels of PSMBI10 than those with stable
graft function (P<0.01). Again, PSMB10 expression was not
correlated with proteinuria (r=—0.01; P=0.98).

To assess whether PSMB10 could potentially serve as a
minimally invasive clinical decision-making tool, ROC curve
analysis was performed. The results (Figure 2b) showed that
this molecule analyzed in recipient blood could still
discriminate CAMR from the other groups of patients well,
albeit less than in the biopsies, with an area under the curve
of 0.72 (P<0.01; 95% confidence interval of 0.57-0.84). At a
cut-off of 0.96, there was a sensitivity of 0.67 and a specificity
of 0.64.

Potential confounding factors influencing the expression of
PSMB10

We next performed a multivariate analysis on the 150 stable
patients to evaluate the potential impact of clinical and
demographic factors on the expression of PSMB10 in the
peripheral blood (Table 3). Of all the parameters tested
(legend to Figure 2), the statistically significant parameters
identified as being associated with PSMB10 mRNA expre-
ssion were recipient gender (P<0.05) and time post-
transplant (P<0.01). Thus, creatinine clearance, proteinuria,

Table 1|Studies used to identify common biomarkers of late graft injury

First author, journal/year Subject Sample  Microarray platform Gene list
Hotchkiss, Transplantation/2006 ~ ‘Chronic allograft Biopsies  Affymetrix Selected upregulated genes in CAN (gene list
nephropathy’ (CAN) published)

Flechner, Am J Transplant/2004  Banff grade 3 vs Banff 1 Biopsies  Affymetrix Genes upregulated in Banff 3 vs Banff 01 (gene list
available on the authors’ website)

Scherer, Transplantation/2003 ‘Chronic Rejection’ (CR) Biopsies  Affymetrix Genes upregulated in biopsies at 6 months which
went on to develop CR at 1-year vs biopsies at
6 months with no CR at 1-year (exhaustive gene
list kindly provided by the authors)

Donauer, Transplantation/2003  ‘Chronic Rejection’ (CR) Biopsies  ‘Homemade’ according Upregulated in CR vs normal and polycystic

to Stanford protocol

kidneys (gene list published)

Kidney International (2010) 77, 880-890
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Table 2| Patients included in analysis of biopsies (Nantes and Hanover biopsies pooled; see Materials and Methods section).

Group N IF/TA CNI tox CAMR? ACR®
n 13 16 14 13 9
Recipient age, years: median (range) 40.0 (18-69) 49.5 (24-66) 51.5 (29-66) 48 (24-71) 45 (25-61)
Recipient gender ratio (M/F) 9:4 9:7 8:6 7:6 5:4
Donor age, years: median (range) 35.0 (12-69) 51.0 (23-77) 41.5 (16-56) 34 (14-75) 34 (5-72)
Time post-transplant years: median (range) 1 2(13) 5(1-11) 11 (118) 0.67 (0.08-5)
Donor gender ratio (M/F) 8:5 10:6 8:6 5:6 (n=2 NA) 8:1
HLA incompatibilities: mean + s.d. 2517 25+1.2 24+14 35+14 31111
% First transplant 100 100 79 92 78
Cockroft creatinine clearance (ml/min): mean £ s.d. 7591264 499117.0 5241241 258116.7 326116.2
Proteinuria (g/24 h): median (range) 0.10 (0.03-0.43) 0.11 (0.01-6.37) 0.09 (0.03-4.47) 1.94 (0.80-4.00) 0.46 (0.21-0.49)
Banff ¢ grade: mean £ s.d. 0.00+0.00 1.25+£0.58 0.80+1.03 2.27+0.79 1.5%£0.53
Immunosuppression protocol (% of patients) MMF: 69% MMF: 63% MMF: 64% MMF:46% MMF: 78%
at the time of biopsy Aza: 8% Aza: 13% Aza: 14% Aza: 15% Aza: 0%
FK506: 62% FK506: 63% FK506: 29% FK506:38% FK506: 67%
CsA: 23% CsA: 13% CsA: 71% CsA: 54% CsA: 0%
Rapa: 0% Rapa: 13% Rapa: 7% Rapa: 0% Rapa: 22%

Steroids: 54%

Steroids: 69% Steroids: 57% Steroids: 23% Steroids: 33%

Abbreviations: ACR, acute cellular rejection; Aza, azathioprine; CAMR, chronic antibody-mediated rejection; CNI tox, calcineurin inhibitor toxicity; CsA, cyclosporin A;
FK 506, tacrolimus; DSA, donor-specific anti-HLA; HLA, human leukocyte antigen; IF/TA, interstitial fibrosis and tubular atrophy; MMF, mycophenolate mofetil; N, normal

histology; TG, transplant glomerulopathy.
*The DSA were directed against class Il (n=6), class | (n=2), or both (n=5).

PThese were grade la (n=3), Ib (n=2), and grade lla (n=4 with moderate intimal arteritis-vi) - all were C4d-negative and DSA-negative.

“Biopsies for cause only.

donor and recipient age, number of HLA incompatibilities
(A+B+DR), and maintenance immunosuppression were
not confounders, neither were presence or absence of anti-
HLA. Thus, PSMB10 is not simply a reflection of presence of
anti-HLA antibodies. These data are modeled in Figure 2c,
where predicted values of PSMB10 are expressed according to
time post-transplant and recipient gender. PSMB10 was thus
significantly higher in the peripheral blood mononuclear cells
(PBMC:s) of male recipients compared with female recipients
(P<0.05) and displayed a distinctive inverse bell-shaped
relationship with time post-transplant. However, these
potentially confounding factors could not explain the
difference in PSMBI10 between stable (STA) and CAMR,
because there was no difference in time post-transplant or
recipient gender between the STA and CAMR groups
(P=not significant). Thus, overall these data show that
PSMB10 may also be a peripheral blood biomarker of CAMR
in humans, but some potential confounding factors may exist
and need to be taken into consideration.

PSMB10 as an intragraft and peripheral blood marker of
acute rejection as well as CAMR in a rat cardiac allograft
model

To determine whether we could reproduce the above data in a
rodent model, PSMB10 mRNA was analyzed in the grafts and
PBMCs of rat recipients of cardiac allografts undergoing
acute rejection or CAMR. We found that PSMBI10 was
significantly increased in the cardiac allografts during both
acute rejection (at day (D)7 post-transplant) and CAMR
(analyzed at D100 post-transplant) compared with syngeneic
controls (Figure 3a; P<0.01 and P<0.0001, respectively).
A different expression profile was observed in the PBMCs,
where PSMB10 displayed no change during acute rejection,
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suggesting an effect of DST priming on PBMCs. Moreover,
similar to in humans, a significant increase was observed
during CAMR at D100 post-transplant (Figure 3b; P<0.05).
Thus, PSMB10 shows potential as an intragraft and
peripheral blood marker of CAMR in rats and humans.

The proteasome as a therapeutic target for AR: prolonged
survival and attenuation of the humoral response during AR
in a rat cardiac allograft model upon immunoproteasome
inhibition with Bortezomib

Given this upregulation of PSMB10 in acute rejection and
CAMR in this rodent model, we set out to determine whether
proteasome inhibition could influence graft outcome. In the
context of acute rejection, recipients of major histocompa-
tibility complex (MHC)-mismatched cardiac allografts were
treated with Bortezomib every other day from D0-D20. The
data presented in Figure 4a show that Bortezomib dose-
dependently prolonged cardiac allograft survival with an
optimal effect at 0.1 mg/kg, giving a mean survival of 31.7
days (n=6) (versus 6.3 days in untreated controls (n=4);
P<0.01). Moreover, at D7, there were significantly lower
circulating anti-donor MHC class I and II antibodies for total
immunoglobulin G (IgG) (P<0.01) as well as IgGl
(P<0.01), and IgG2c (P<0.05), with no reduction for
IgG2a or 1gG2b (Figure 4b).

The proteasome as a therapeutic target for CAMR:
attenuation of the humoral response during CAMR in a rat
cardiac allograft model upon immunoproteasome inhibition
with Bortezomib

In the context of CAMR, Bortezomib was initially adminis-
tered every other day from D80 to D100 at 0.1 mg/kg in rat
recipients of cardiac allografts that had received DST before

Kidney International (2010) 77, 880-890
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Figure 1| Differential expression of mRNA for the
immunoproteasome subunits PSMB10 and PSMB8 in renal
transplant biopsies and their capacity to diagnose acute and
chronic rejection. (a) Transcription of PSMB10 mRNA in renal
transplant biopsies displaying normal histology, interstitial fibrosis
and tubular atrophy (IF/TA) of unknown etiology, lesions
evocative of calcineurin inhibitor toxicity (CNI tox), acute cellular
rejection (ACR) and chronic antibody-mediated rejection (CAMR)
(see Materials and Methods for precise definitions). Results
represent pooled data for 6-month protocol biopsies and biopsies
taken at > 1-year post-transplantation (similar results were found
for the two cohorts). Statistical significance according to a
Kruskal-Wallis test followed by a Dunn'’s Multiple Comparison test
is indicated: ***P<0.001. PSMB10 mRNA was measured by
quantitative PCR using a TagMan probe set (Hs00160620_m1).
Expression levels were calculated using the 2—AAC, method
where the reference represents onefold expression, as previously
described.** Hypoxanthine phosphoribosy! transferase
(Hs99999909_m1) was used as an endogenous control to normalize
RNA starting quantity. (b) Receiver operator characteristic (ROC)
curve analysis of PSMB10 in the combined 6-month and > 1-year
biopsy cohorts; its capacity to discriminate CAMR from all the
other biopsies is analyzed.

transplantation and were surviving long-term. The
DST + Bortezomib recipients had significantly reduced levels
of circulating anti-donor MHC class I and II antibodies
for total IgG as well as IgGl, IgG2a, IgG2b, and IgG2c
(Figure 5a). Bortezomib-treated recipients tended to display
less intra-graft complement deposition (Table 4). In fact,
although the grafts of DST-treated animals displayed diffuse
linear expression of C4d (Figure 5b, left-hand panel and
magnified insert), two Bortezomib-treated animals showed
only vague background staining, whereas the others displayed

Kidney International (2010) 77, 880-890

Table 3 | Patients included in analysis of PBMCs

Group STA CAMR?
n 150 15
Recipient age in years: median 53 (20-85) 51 (29-76)
(range)

Recipient gender (% males) 62 47
Donor age in years: median (range) 36 (9-69) 41 (14-74)
Donor gender (% males) 75 60
Time post-transplant in years: 8 (5-21) 6 (1-25)
median (range)

HLA incompatibilities: mean + s.d. 34113 35117

% First transplantations 100 80

Cockroft creatinine clearance 65.6 1 14.2 3431197
(ml/mn): mean £ s.d.
Proteinuria (9/24 h): median (range) 0.16 (0.04-0.16) 2.61 (1.95-11.52)
IS protocol at blood sampling MMF: 51% MMF: 60%
Aza: 26% Aza: 7%
FK506: 26% FK506: 67%
CsA: 72% CsA: 20%

Steroids: 15% Steroids: 27%

Abbreviations: Aza, azathioprine; CAMR, chronic antibody-mediated rejection; CNI,
calcineurin inhibitor; CsA, cyclosporin A; DSA, donor-specific antibody; FK 506,
Prograf; HLA, human leukocyte antigen; MMF, mycophenolate mofetil; NA, not
applicable; PBMC, peripheral blood mononuclear cell.

“The DSAs were directed against class Il (n=11), class | (n=1), or both (n=3).

minimal staining (Figure 5b, right-hand panel and magnified
insert). There were no differences between the two groups in
terms of infiltrate, fibrosis, vascular obstruction, vascular
lesions, and number of affected arteries; however, myocyte
necrosis was absent in four of the five animals in the
Bortezomib-treated group (Table 4 and examples in Figure
5¢, far left and middle panels). We thus performed further
experiments in which treatment was initiated earlier at D60
and continued until D100. Again, a significant decrease in
circulating anti-donor MHC class I and II antibodies for total
IgG as well as for three of the four IgG subtypes tested was
noted at D100 post-transplant in the Bortezomib-treated
recipients (Figure 5d). This decrease was not simply a time-
dependent effect. because recipients had significantly less
DSA after the 40-day treatment versus before treatment,
whereas DSA levels were unchanged in untreated animals
over the same time period (Figure 5e). C4d staining at D100
in this group was heterogeneous (Table 4). A histological
analysis at D100 showed that there was a tendency toward
reduced vascular lesions and a significant reduction in
fibrosis compared with the untreated DST group (P<0.05;
Table 4 and an example Figure 5¢, far right panel). Thus, in
this model and at the dose and schedules studied,
Bortezomib is able to significantly attenuate the humoral
immune response in graft recipients undergoing CAMR with
a reduction in fibrosis and a tendency to reduce the
histological lesions of transplant vasculopathy.

Finally, as PSMB10 expression did not correlate with
proteinuria in the blood or graft of humans, we wished to
confirm this in a rat model. For this purpose, we analyzed
PSMBI10 in Buffalo/Mna rats, a well-known rat model of
proteinuria due to spontaneous idiopathic nephritic synd-
rome of unknown origin (see Materials and Methods
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section for details). As shown in the Figure 6, PSMB10 was
not significantly differentially expressed between rats with or
without proteinuria, despite radical differences in proteinuria.

DISCUSSION

Here we used a literature gene-set comparison approach and
identified PSMB10 as a potential biomarker of chronic graft
injury. Further profiling by quantitative PCR in biopsies and
PBMC:s of renal transplant recipients revealed this molecule
to be specifically increased in the graft and blood in CAMR.
PSMB10 was also significantly increased in rat cardiac
allograft models with acute or chronic rejection. In the
acute model, administration of the proteasome inhibitor
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Figure 3| PSMB10 mRNA profiles in the allografts and PBMCs
of rat recipients of MHC-mismatched heart grafts displaying
acute and chronic rejection. PSMB10 mRNA transcription in the
grafts and PBMCs of rat recipients of MHC-mismatched and
DST-treated or syngeneic cardiac transplants. Analyses were
performed at D5 and D100 post-transplant as well as during acute
rejection (mean 6.3 days post-transplant). PSMB10 was measured
by quantitative PCR as described in the legend to Figure 1 using
TagMan probes for rat PSMB10 (Rn01432424_g1) and rat HPRT
(Rn01527838_g1). Statistical significance according to a
Kruskal-Wallis test followed by a Dunn'’s Multiple Comparison test
is indicated: ***P<0.001; **P<0.01 and *P<0.05. In this model,
DST treatment induces long-term survival but with histologic
lesions of chronic transplant vasculopathy* associated with
deposition of the complement split product C4d and circulating
donor-specific antibodies.

o

N

Figure 2 | Differential expression of PSMB10 mRNA in the
peripheral blood mononuclear cells of renal transplant
patients, its capacity to diagnose chronic rejection and its
interaction with confounding factors. (@) PSMB10 mRNA
expression in patients with stable graft function under standard
immunosuppression (STA; n=150) and chronic antibody-mediated
rejection (CAMR; n=15) (see Materials and Methods section for
precise definitions). Statistical significance according to a
Mann-Whitney test is indicated: **P<0.01. PSMB10 mRNA was
measured by quantitative PCR as described in the legend to
Figure 1. (b) Receiver operator characteristic (ROC) curve analysis of
PSMB10 in the PBMCs of renal transplant patients. The capacity of
PSBM10 to discriminate CAMR from the other transplant groups is
analyzed. (c) Results of a multivariate linear regression analysis on
log-transformed PSMB10 values. Statistical modeling of the
relationship between PSMB10 mRNA values, time post-transplant
and donor gender is illustrated. Parameters analyzed included
donor and recipient age and gender, time post-transplant,
creatinine clearance, proteinuria, number of HLA incompatibilities
(A+ B+ DR), presence or absence of anti-HLA, and maintenance
immunosuppression (presence/absence of steroids, high versus
low trough level CsA (<125 versus >125ng/ml) versus high and
low trough level FK-506 (<5 versus >5ng/ml).
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Figure 4|Induction treatment in rat recipients of
MHC-mismatched cardiac allografts with Bortezomib.

(a) Kaplan-Maier survival analysis of cardiac allograft recipients
untreated (@) or treated every other day for 20 days with
Bortezomib at 0.025 (M), 0.05 (A), or 0.1 (¥) mg/kg. Statistical
significance is indicated **P<0.01. (b) Measurement (as described
in the Materials and Methods section) of anti-donor MHC class |
and Il IgG1, IgG2a, IlgG2b, and IgG2c subtypes in the serum of
MHC-mismatched cardiac allograft recipients at D7 post-
transplant treated with Bortezomib (D7-T) or without Bortezomib
treatment and thus undergoing rejection (D7-R). Results are
expressed as mean fluorescence intensity (MFI). Statistical
significance is indicated *P<0.05, **P<0.01.

Bortezomib not only dose-dependently delayed acute rejec-
tion but also attenuated the humoral response. In the chronic
model with established CAMR, Bortezomib treatment
decreased DSA and C4d deposition and improved some
aspects of the chronic tissue injury. These data thus suggest
PSMB10 as a potential marker and the proteasome as a
therapeutic target for CAMR.

Proteasomes are large protease complexes located in
cytoplasm and nuclei that degrade cellular proteins in a
ubiquitin-dependent and adenosine triphosphate-dependent
manner present in immune cells.'® In response to interferon-y,
the three catalytic subunits are replaced by their homologous
subunits, PSMB 8, 9, and 10, to form the so-called
immunoproteasome, which is essential for processing anti-
genic peptides for presentation through the class I MHC
complex."”” Immunoproteasomes have additional effects that
are independent to class I processing, for example, they
inhibit T-cell proliferation, as T cells lacking immunoprotea-
some subunits hyperproliferate in vitro and in vivo, and KO
mice have higher numbers of central memory CD8 + cells."”

Kidney International (2010) 77, 880-890

Experiments in KO mice have revealed that PSMBI10 is
involved in controlling homeostatic equilibrium between
T-cell subsets,” thereby controlling the T-cell repertoire.!
Given the expression of PSMBI10 by lymphocytes and
monocytes, it is possible that the increase in PSMB10 in the
graft in CAMR may be the result of specific infiltration of
these cells. B cells in particular may be involved in this
because patients with chronic rejection undergo lymphoid
neogenesis with the development of intragraft B-cell germinal
centers.”” Likewise, increased PSMB10 expression may come
from locally present activated monocytes or mature dendritic
cells, as the immunoproteasome is known to be increased in
these cells.”> Given that the proteasome decreases during late
phase plasma cell differentiation,* it is unlikely that the
increase in PSMB10 in the peripheral blood stems from an
increase in plasma cells in chronic rejection. ROC curve
analysis suggested that the level of PSMB10 in the blood of
graft recipients could be useful to diagnose CAMR, although
it may not be sufficient as a stand-alone marker and could be
combined with other markers to improve its diagnostic
performance. Moreover, we found PSMBI0 levels to be
influenced by recipient gender and time post-transplant (but
not presence of anti-HLA or renal function), highlighting the
need to take confounding factors into account in biomarker
analyses. Thus, PSMB10 is not simply a reflection of DSA or
poor renal function, but rather of histological lesions
together with C4d and DSA. Future analyses on simultaneous
biopsy blood samples, which were not possible here because
of lack of material, could be considered to directly compare
intragraft and peripheral blood diagnostic performance.
The intragraft upregulation of PSMB10 we observed in
CAMR in both humans and rats prompted us to test the
proteasome inhibitor Bortezomib in the rat models of both
acute rejection and CAMR. Currently, Bortezomib is used in
the clinic for multiple myeloma and solid tumors.”” However,
a limited number of studies have analyzed the effect of this
drug on acute rejection in murine models of transplantation,
showing a preventative effect on both heart” and islet”
allograft acute rejection. On the basis of blood biochemistry,
Bortezomib was also associated with side effects, but these
were reversible upon cessation of treatment.”” Our data in a
rat model of acute heart rejection are similar to those
reported in the mouse, with a similar survival prolongation
observed in both models. In the chronic model, diminution
of some aspects of chronic injury was observed. The
preventative effect on acute rejection is compatible with the
hypothesis that proteasome inhibition reduces alloantigeni-
city by reducing class I presentation. Moreover, we observed a
significant decrease in antibody production, suggesting an
attenuating effect on the humoral response. Very recent data
showed that proteasome inhibition specifically induces death
of activated T cells,” and suppresses essential immune
function of CD4+ T cells upon activation by allogeneic
dendritic cells.”’ Moreover, proteasome inhibition has been
shown to modulate toll-like receptor4-induced dendritic cell
activation,>® which could have a role here, as we recently
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Figure 5| Maintenance treatment in rat recipients of MHC-mismatched cardiac allografts with Bortezomib. (a) Measurement

(as described in the Materials and Methods section) of anti-donor MHC class | and Il total IgG and IgG1, IgG2a, IgG2b, and IgG2c subtypes in
the serum of MHC-mismatched cardiac allograft recipients treated with DST or with DST followed by Bortezomib from D80-D800, at D100
post-transplantation. Results are expressed as mean fluorescence intensity (MFI). Statistical significance is indicated: *P<0.05. (b)
Immunoperoxidase staining of C4d at D100 post-transplantation in recipients of MHC-mismatched cardiac allografts treated with DST
alone (left-hand panel and insert) or with DST followed by Bortezomib from D80 to D100 (right-hand panel and insert) (see Materials
and Methods section for details). (c) Histology (hematoxylin and eosin) at D100 post-transplantation in recipients of MHC-mismatched
cardiac allografts treated with DST alone (far left panel) or with DST followed by Bortezomib from D80 to D100 (middle panel) or from
D60 to D100 (far right panel) at x 100 magnification. (d) Measurement (as described in the Materials and Methods section) of anti-
donor MHC class | and Il total IgG and IgG1, IgG2a, IgG2b, and IgG2c subtypes in the serum of MHC-mismatched cardiac allograft recipients
treated with DST or with DST followed by Bortezomib from D60 to D100, at D100 post-transplantation. (e) Paired measurement of anti-
donor MHC class | and Il total IgG at D60 and D100 in untreated recipients and recipients treated with Bortezomib from D60 to D100.

found toll-like receptor 4 to be increased in the graft and
blood of CAMR patients.”!

We also found that in a rat model of CAMR, Bortezomib
decreased the humoral immune response by significantly
reducing DSA. These data are in accordance with a recent
report that proteasome inhibition blunts Ab responses
following in vivo B-cell activation in mice, by promoting
apoptosis.'® In the latter study, immunoproteasome sub-
components decreased during B-cell differentiation, in
parallel with increased immunoglobulin synthesis. More
recently, Bortezomib was shown to rapidly and efficiently
deplete both short- and long-lived plasma cells in the spleens

886

and bone marrow in a murine model of lupus-like disease,
leading to reduced autoantibody development.®> Moreover,
Bortezomib has recently been shown to induce apoptosis of
plasma cells, to block anti-HLA Ab secretion in vitro, and to
transiently decrease plasma cells in vivo in renal transplant
recipients.”* However, in the latter studies in humans,
Bortezomib was used in combination with other immuno-
suppressors and plasma exchange making it difficult to
pinpoint the specific role of Bortezomib among the treatment
arsenal. Moreover, its effect on graft histology has yet to be
determined. In our model, we show a clear-cut effect of
Bortezomib monotherapy on DSA and C4d, significantly

Kidney International (2010) 77, 880-890
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Table 4| Histological analysis of DST-treated animals (D7 and D14 before transplantation) subsequently untreated or treated
every other day from D80 to D100 or from D60 to D100 (CAMR lesions already established) with Velcade at 0.1 mg/kg

Graft Vascular Vascular No. of affected
Rat Group infiltrate Fibrosis Necrosis lesions obstruction arteries (art/section) C4d
1 DST 2 3* + 2 2 3 (28) +++
2 DST 2 3 + 0 0 0 +++
3 DST 3 4* + 2 4 13 (16) +++
4 DST 23 2 + 2 1 1(21) +++
5 DST 23 3 + 1 1 3(19) +++
1 DST+Bortezomib D80-D100 23 3-4* + 13 4 13 (33) +
2 DST+Bortezomib D80-D100 2 3 - 2 4 8 (48) —
3 DST+Bortezomib D80-D100 12 34 - 0 0 0 -
4 DST+Bortezomib D80-D100 12 3 - 2 4 7 (38) ++
5 DST+Bortezomib D80-D100 12 3* - 1 1 2 (16) ++
1 DST+Bortezomib D60-D100 2 1* + 0 0 0 +++
2 DST+Bortezomib D60-D100 23 2% + 0 0 0 ++
3 DST+Bortezomib D60-D100 12 3 Focal 3 3 7 (31) +++
4 DST+Bortezomib D60-D100 2 1 Focal 1 1 3(8) +++
5 DST+Bortezomib D60-D100 12 2 - 0 0 0 —
6 DST+Bortezomib D60-D100 2 2 Focal 0 0 0. -

P=NS P<0.05 P=NS P=NS P=NS

Abbreviations: CAMR, chronic antibody-mediated rejection; DST, donor-specific antibody; NS, not significant.

Infiltrate was graded from 0 to 4 (0, absence; 1, minimum; 2, discrete; 3, moderate; 4, abundant). Fibrosis was graded from 0 to 4 (0, absence; 1, focal; 2, diffuse-minimal; 3,
diffuse-moderate; 4, diffuse-abundant; *, edema). Vascular obstruction was graded from 0 to 4 (0, 0; 1, <20%; 2, 20-50%; 3, 50-80%; 4, >80%). Vascular lesions were graded
from 0 to 3 (0, normal; 1, leuco-intimal adhesion; 2, inflammatory endarteritis; 3, fibrous endarteritis). C4d was graded from -to +++ (—, <20%; +, 20-50%; ++, 50-75%, and
+++, >75%). Necrosis was graded as presence (+) or absence (—) of myocyte damage. Statistical significance was measured using a non-parametric Kruskal-Wallis test with

Dunn’s Multiple Comparison test.

) Proteinuria 0.5 PSMB10 CAMR, with immunoproteasome inhibition as a valuable
1 p=0o0t 7 P=NS treatment strategy for antibody-mediated rejection.
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MATERIALS AND METHODS
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Gene-set comparison

1.0 4 0.10 4 With the aim of identifying relevant biomarkers of late graft

injury, we compared the gene sets from four microarray
051 Ll studies of late kidney graft injury published in the
0.0 le== 0.00 literature'>'**** (see Table 1). To overcome the problem
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Figure 6| PSMB10 and proteinuria in a rat model of idiopathic
nephritic syndrome. Proteinuria (left-hand graph) and

PSMB10 expression (right-hand graph) in Buffalo/Mna rats

at 1-month of age and 6 months of age (see Materials and
Methods section for details).

reduced allograft fibrosis and a tendency toward reduced
vascular lesions. Therefore, early treatment with Bortezomib
may be pivotal to prevent irreversible chronic lesions. Further
analyses in a rodent model of kidney transplantation would
also be interesting, although for the moment there are no
true models of CAMR in the kidney. Indeed, in the Fischer to
Lewis kidney transplant model of chronic allograft nephro-
pathy (reviewed by Marco®®), our own experience revealed
chronic pyelonephritis with no vascular lesions (data not
shown).

On the whole, our data point toward PSMBI10 as a
potentially useful intragraft and peripheral blood marker for

Kidney International (2010) 77, 880-890

of a single gene having numerous denominations, accession
numbers, and so on, all genes were converted into a single
common identifier, the ‘gene ID, using the gene ID
conversion tool available on the DAVID Bioinformatic
Resources 2006 website (http://www.david.abcc.nciferf.gov/
home.jsp). Gene IDs from the different studies representing
were sorted in Microsoft Excel and repeats of the same 1D

identified.

Human kidney transplant recipients
Study groups. All patients who participated in this study
gave informed consent, and the study was approved by the
University Hospital Ethical Committee and the Committee
for the Protection of Patients from Biological Risks. The
study was performed on 65 biopsies and 165 blood samples.
Samples were included prospectively on the basis of
histological or clinical criteria.
(a) Biopsies were collected at two centers, Nantes, France
(n=45) and Hanover, Germany (n=20). Of the total
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65 biopsies, 29 were protocol biopsies at 6 months or
1 year and the remaining 36 were biopsies for cause.
All were classified according to the updated Banff
classification criteria,’ as displaying normal histology
(N- C4d-negative and DSA-negative; n=13) or lesions
of interstitial fibrosis and tubular atrophy of unknown
etiology (IF/TA-C4d-negative and DSA-negative; n = 16)
or lesions of calcineurin inhibitor toxicity (tox-C4d-
negative and DSA-negative; n=14), or lesions of acute
cellular rejection (ACR; n=9) or CAMR (defined by the
presence of circulating DSA associated with transplant
glomerulopathy and deposition of C4d in peritubular
capillaries (n=13). C4d staining was performed on
frozen sections with >50% staining being considered as
positive. The demographic and clinical data for all of
these patients are provided in Table 2.

Peripheral blood mononuclear cells (PBMCs) were prepared
from the blood of 165 kidney transplant patients (largely
independent from those included in the biopsy analysis)
whose statuses were defined on a histological and/or
clinical basis: Stable graft function (patients under
standard immunosuppression with stable graft function
(creatinemia <150 pmol/l and proteinuria <1g/24h for
at least 3 years including over the two previous 6-month
follow-up appointments with <20% change between the
two time points: STA; n=150), or CAMR as defined
above (n=15). The demographic and clinical data for
these patients are provided in Table 3.

—~
=
=

Rodent transplant models
Study groups. Inbred male adult rats (200-250g) of the

LEW.IA (RTla) and LEW.IW (RT1u) MHC-incompatible

congeneic strains were purchased from Janvier (Le Genest-

Saint-Isle, France) and maintained in an animal facility under

standard conditions according to the European and Institu-

tional Guidelines.

(a) Acute rejection of heart allografts. LEW.1A rats received
heterotopic heart allografts from LEW.IW donors as
previously described”® and received no immunosuppres-
sive treatment. Rejection (cessation of heart beating
assessed by daily abdominal palpation) occurs at a mean
of 6.3 days post-transplant.

(b) Chronic antibody-mediated rejection of heart allografts.
LEW.1A rat recipients were transfused intravenously
with 1 ml of blood from a LEW.IW donor 14 and 7 days
before heterotopic LEW.IW cardiac transplantation as
described.” Graft function was evaluated as above. In
this strain combination, donor-specific transfusion
induces long-term graft survival but does not inhibit
the indirect pathway of allorecognition, resulting in
histological lesions of chronic transplant vasculopathy*’
associated with deposition of the complement split
product C4d and circulating DSAs."?

(c) Bortezomib treatment for the prevention of acute rejection.
Heart allograft recipients received Bortezomib (Velcade,

888

Millennium Pharmaceuticals, Cambridge, MA, USA)
intraperitoneally from the day of transplantation and
every other day until day (D) 20. Three different doses
were tested: 0.025, 0.05, and 0.1 mg/kg.

Bortezomib treatment of CAMR in the context of DST-
induced long-term allograft survival. Heart allograft
recipients were treated with DST as described above
and received Bortezomib intraperitoneally at 0.1 mg/kg
every other day either from D80 until D100 or from D60
until D100. At this time, all allografts present vascular
lesions with diffuse C4d deposits and circulating
anti-DSA.

e

Rodent proteinuria model

The Buffalo/Mna rat strain maintained in our laboratory was
provided by Dr Saito (Central Experimental Institute,
Nokawa, Kawasaki, Japan). These rats have spontaneous
idiopathic nephritic syndrome of unknown origin as
previously described.*’ They do not have proteinuria at
1 month of age but develop significant proteinuria by 6
months of age. Animal care was in accordance with our
institutional guidelines. The rats were placed in metabolic
cages for 24h and total urinary protein concentration
(g/1) was measured by a colorimetric method using a Hitachi
autoanalyzer (Boehringer, Reims, France). Proteinuria
was expressed according to the formula proteinuria
(g/mmol) = urinary proteins (g/l)/urinary creatinine (mmol/l),
and it was considered to be abnormal at values > 0.2 g/mmol.

Sample preparation

Human kidney transplant biopsies were processed as de-
scribed.*? Rat heart transplant or kidney tissue was processed
as described.*” Human and rat peripheral blood was collected
in EDTA vacutainers and PBMCs separated by density
centrifugation using Lymphosep, lymphocyte separation media
(Bio West, Nuaille, France). PBMCs were stored in TRIzol
(Invitrogen, Cergy Pontoise, France) at —80°C until use.

RNA extraction and reverse transcription. Human biopsies
were processed as described in detail.** Rat heart allografts
and rat and human PBMCs were processed using the TRIzol
method (Invitrogen) according to the manufacturer’s in-
structions. RNA quality and quantity was determined using
an Agilent 2100 BioAnalyzer (Palo Alto, CA, USA). Genomic
DNA was removed by DNase treatment (Roche, Indianapolis,
IN, USA). RNA was reverse transcribed into ¢cDNA using
polydT oligonucleotide and Maloney leukemia virus reverse
transcription (Invitrogen).

Real-time  quantitative ~ PCR. Real-time  quantitative
PCR was performed in an Applied Biosystems GenAmp
7700 sequence detection system (Applied Biosystems,
Foster City, CA, USA) as described in detail,*? using
commercially available primer and probe sets (Applied
Biosystems).

Rat cardiac allograft histological analyses and C4d immuno-
staining. Heart allografts were prepared as described by

Kidney International (2010) 77, 880-890
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Ballet et al.'* and analyzed by a pathologist (KR) (see also
Table 4 and legend). C4d deposition was localized as
described by Ballet et al.'’ using an affinity-purified
polyclonal rabbit antibody to C4d kindly provided by
Baldwin and group® (department of pathology, John
Hopkins Medical Institutions, Baltimore, MD, USA).

Measurement of circulating anti-donor antibodies in rat
recipients of cardiac allografts. Anti-donor class I and II total
IgG and subtypes in the sera of untreated or Bortezomib-
treated recipients at D7 post-transplantation, and in DST-
treated and DST + Bortezomib-treated animals at D60 and
D100 post-transplantation were measured as described by
Ballet et al."?

Statistical analyses

The non-parametric Mann-Whitney test was used for
comparison between two groups. Note that there was an
imbalance in sample size between the CAMR and STA
patients (n =15 versus 150); this was because we preferred to
use all available STA samples to better reflect the relatively
low prevalence of CAMR and to use all samples that were
used for the other analyses (multivariate analyses and
ROC). Such an imbalance is authorized within the context
of the non-parametric Mann-Whitney test. The non-para-
metric Kruskal-Wallis test was performed for comparison of
three or more groups, followed by Dunn’s multiple
comparisons test. ROC curve analysis was performed to
determine the cut-off point of PSMBI0 in biopsies and/or
blood that yielded the highest combined sensitivity and
specificity in diagnosing CAMR (see Figure 1 legend for
explanation). Note that the n=15 CAMR were compared
with a large number of STA patients (n=150) in order to
better reflect the relatively low prevalence of CAMR in this
diagnostic test. The effect of the different clinical and
demographic parameters on the expression of PSMBI10 in
patients with stable graft function, a multivariate linear
regression analysis, was performed following log transforma-
tion of the data taking into account the various parameters
(see legend to Figure 2). The statistical software used was
GraphPad prism 5.
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DISCUSSION OF ARTICLE 1

I will not discuss the identification of PSMB10 aspotential biomarker of chronic rejection
because this work had been done by our colleagug@s)y Ashton-Chess and Jovanovic before
| joined the lab. I will limit my discussion on theecond part of the study where my
contributions were essential to demonstrate treeabproteasome inhibition in rat heart allograft

models.

Although several years before our study, the psmee inhibitor dipeptidyl boronic acid
(bortezomib) had been shown to prolong heart aled &lograft survival in mice (Luo et al,
2001, Wu et al, 2004), the mechanisms underlyisgftects had not been studied in detail. We
have demonstrated for the first time that bortedoiny itself can decrease donor-specific
antibody formation in both models of acute and olwdieart allograft rejection in the rat. In
addition, it also decreased capillary C4d depasite hallmark of chronic antibody-mediated
rejection (AMR). Following our study, bortezomibshalso been shown to be effective in a rat
kidney allograft model of chronic AMR, especialljh@n combined with sirolimus (Vogelbacher
et al, 2010).

Since second generation Pls are being developednaydbe more potent than bortezomib in
inducing plasma cell apoptosis and decreasing @ayitbormation, we are currently contacting
some pharmaceutical companies to test these newlu@s in our animal models of
transplantation (see perspective).
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INTRODUCTION

Antibody-mediated rejection (AMR), either in
the acute or chronic form, is increasingly recognized
as an important subset of renal transplant rejection
in the past decade (1,2). It will relentlessly lead to
graft loss if not effectively treated. Unfortunately,
the current therapies for AMR including plasma
exchange, intravenous immunoglobulin (IVIg), and
rituximab are still far from satisfactory. In fact, none
of our current immunosuppressants affects plasma
cells (PC), which are the antibody-secreting cells.

Bortezomib is the first proteasome inhibitor
approved by FDA for the treatment of multiple
myeloma (3). But it can also induce non-malignant
PC apoptosis and decrease alloantibody production
(4). In addition, it has been shown to inhibit essential
functions of T cells (5) and dendritic cells (6) in
vitro. In vivo, it prolongs graft survival in murine
transplant models (7). Furthermore, we have also
shown that bortezomib decreased alloantibody
production and capillary C4d deposition in a rat
heart transplant model of chronic rejection (8).

In human renal transplantation, three reports
have shown encouraging effects of bortezomib ei-
ther in patients with acute AMR (4,9) or in patients
with high donor-specific antibodies (DSA) following
a tolerance induction protocol (10). In most of these

patients, other anti-rejection treatments such as
pulse corticosteroids, rabbit antithymocyte globulin
(rATG), rituximab, or plasmapheresis were given
either concomitantly or shortly before bortezomib.
On the contrary, bortezomib as single agent failed
to decrease DSA levels in a recent report on 4 pa-
tients with subclinical AMR (11). Therefore, further
studies are needed to determine the efficacy of
bortezomib. We herein report three renal transplant
patients including two with acute and one with
chronic active AMR who received bortezomib either
following other anti-rejection treatments or alone.
Bortezomib helped decrease DSA levels in one
patient, whereas in the other two, it was ineffective
and may possibly have important side effects.

METHODS

Treatment

The study was approved by the drug advisory
committee at our institution. All patients received IV
bortezomib (Velcade®) 1.3 mg/m? on day 1, 4, 8,
11. A second cycle of bortezomib can be consid-
ered after at least ten days from the last injection.
Valganciclovir (Rovalcyte®) and trimethoprim-sulfa-
methoxazole (Bactrim®) were given for cytomegalo-
virus and Pneumocystis prophylaxis, respectively.

Clinical Transplants 2009, Terasaki Foundation Laboratory, Los Angeles, California
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Anti-HLA Antibody Testing

Anti-HLA antibodies were tested by the
Luminex technique using test kits purchased from
One Lambda, Inc., Canoga Park, CA. Patients on
our waiting list for renal transplantation were first
screened for the presence of anti-HLA antibodies
with the LABScreen® Mixed Class | & Il, followed by
the determination of panel reactive antibody (PRA)
percentage with the LABScreen® PRA Class | & |I
if the screening was positive. After transplantation,
patients with suspected AMR were tested for DSA
using the LABScreen® Single Antigen Class | & 1.
DSA levels were reported as mean fluorescence
intensity (MFI) with the positive threshold set at
2000. Crossmatches were performed just prior to
transplantation with the standard complement-
dependent cytotoxicity test (CDC-CXM). Renal
transplants were performed only when CDC CXMs
were negative.

CASE REPORTS

The main characteristics of the three patients
were summarized in Table 1.

Patient 1

A 32-year old highly-sensitized man with end-
stage renal disease (ESRD) secondary to IgA
nephropathy received a second cadaveric, three
HLA-mismatched renal transplant in May 2009. His
first cadaveric, three-mismatched kidney transplant
at the age of 24 was complicated by a chronic
allograft nephropathy probably linked to a non-
compliance leading to the return to hemodialysis
at 2 year post-transplant and a transplantectomy
1 year later. His peak PRA pretransplant were 80
percent for HLA class | and 100 percent for HLA
class Il.

Immunosuppression included rATG induc-
tion, corticosteroid (CS), mycophenolate mophetil
(MMF), and tacrolimus (Tac). An early renal biopsy

Table 1. Patient characteristics.
Patient 1 Patient 2 Patient 3

Recipient characteristics

Sex M F M

Age (years) 32 55 50

Nephropathy IgAN VUR Undetermined

Previous renal transplants 1 0 0
Transplant characteristics

HLA mismatches 3 4 5

Pretransplant class I/l PRA (%) 80/100 53/49 0/0

Induction rATG rATG none

Immunosuppression Tac/MMF/CS Tac/MMF/CS CyA/MMF/CS
Renal biopsy diagnosis Acute AMR Acute AMR Chronic active AMR
BANFF scores

Acute g0,i0, 11, v0, ptc2 g0, i0, t0, v0, ptcO | g3, i0, t0, vO, ptc2

Chronic cg0, ci0, ct0, cv0, mmO, | cgO, ci0, ct0, cvO, cg3, ci0, ct1, cvO,

ah0 mm0, ah0 mm0Q, ah1

C4d + + +
Anti-rejection treatment prior to bortezomib | PE, IVIg, Ritux, pulse CS | PE, IVIg, pulse CS | Increase CyA, MMF
At the first bortezomib dose

Posttransplant day 61 47 2145

Serum creatinine (umol/l) 239 97 159

Proteinuria (g/d) 0.74 0.1 243
M: male; F: female; IgAN: IgA nephropathy; VUR: vesicoureteral reflux; PRA: panel-reactive antibodies; rATG:
rabbit antithymacyte globulin; Tac: tacrolimus; MMF: mycophenolate maphetil; CS: corticosteroid; AMR: antibody-
mediated rejection; PE: plasma exchange; IVIg: intravenous immunoglobulin; Ritux: rituximab.
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on post-transplant day (PTD) 4 prompted by the
detection of high levels of DSA anti-HLA A3 (MFI
at 10291 and 8644 with serum of PTD 0 and 4, re-
spectively) revealed diffuse acute tubular necrosis
(ATN) and mild glomerulitis with polymaorphonuclear
neutrophils (PMNs) but the frozen fragment con-
tained no renal tissue for C4d staining. A diagnosis
of suspicious acute AMR was made and the patient
was treated with rituximab, VIg, and daily plasma
exchange (PE). On PTD 12, he had a hemorrhagic
shock secondary to a large perigraft hematoma
necessitating a surgical drainage. A graft biopsy
during operation confirmed an acute AMR with
peritubular capillary (PTC) PMNs and C4d stain-
ing, associated with lesions of thrombotic micro-
angiopathy (TMA) in the glomerular capillaries. A
second dose of rituximab was given, PE continued
3 times per week, and Tac withdrawn. The patient
was still on hemodialysis but his urine output began
to increase from PTD 22. A third renal biopsy on
PTD 25 disclosed an acute cellular rejection (ACR)
grade lla in addition to acute AMR, but no lesions
of TMA. Three pulses of CS were given and Tac
was reintroduced. His renal function improved and
dialysis was stopped. A fourth renal biopsy on PTD
38 revealed a resolution of ACR but not of AMR as

363

there were always diffuse C4d staining and mono-
nuclear cells in PTC.

DSA followup as shown in Figure 1 revealed:
1) diminution of anti-HLA A3 to a nadir of 2347
on PTD 24 followed by an increase to the range
of 4000 to 5000, 2) appearance of two de novo
anti-HLA DR15 and anti-HLA DQ6 from PTD 9, the
former was moderate and disappeared at PTD 29,
but the latter was high and persistent around 8000.
His renal function did not improve further with the
serum creatinine (sCr) around 240 to 270 umol/L
(2.7 to 3.1 mg/dL).

Having failed to control AMR with all
conventional anti-rejection therapies, including 23
sessions of plasma exchange from PTD 4 to PTD
52, we decided to start of bortezomib on PTD 61. At
that moment, his DSA levels were 4200 and 8812
for anti-HLA A3 and DQG6, respectively. Anti-HLA
A3 decreased to 2767 at the end of the treatment
on PTD 74, but rose shortly thereafter to attain the
pretreatment levels on PTD 109 and PTD 124. But
anti-HLA DQ6 and sCr were essentially unchanged.
A renal biopsy on PTD 95 failed to obtain renal
tissue.

On PTD 143, we tried a second cycle of
bortezomib. Both cycles were initially well tolerated
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Figure 1. Followup of DSA and serum creatinine of patient 1.
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besides a transient thrombocytopenia which had
already happened before bortezomib. However, he
developed a transient leucopenia on PTD 160 at
2.7x10°%L, followed by a prolonged one persisting
from PTD 189 (2.9x10%L) up to the last followup on
PTD 247 (2.1x10°%L), despite the discontinuation
of valganciclovir and MMF on PTD 209 and PTD
227, respectively. More importantly, on PTD 227,
he developed a complete atrioventricular block
necessitating pacemaker implantation on PTD 244.
He also had an acute renal failure secondary to
dehydration caused by diarrhea, but his last sCr
level on PTD 247 has returned to 290 pmol/L (3.3

mg/dL). The patient relocated just after the end of
the second bortezomib cycle and DSA followup has
not yet been done.

Patient 2

A 55-year old woman with ESRD secondary
to a vesicoureteral reflux received a first four
HLA-mismatched cadaveric renal transplantation
in October 2009. The patient had six children and
had previously received one blood transfusion.
The peak pretransplant PRA were 53 and 49
percent for HLA class | and class I, respectively.
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Figure 2. (A) Followup of DSA and serum creatinine of patient 2; (B) Followup of DSA of patient

75



Article 2

Her immunosuppression included rATG induction,
Tac, MMF, and CS. On PTD 9, three de novo DSAs
were detected: anti-HLA DR1, DR11, and DQS5 with
MFI of 11850, 14343, and 9505, respectively. A
renal biopsy on the same day revealed an acute
AMR grade | with ATN and diffuse PTC C4d
deposition. The patient was treated with pulse IV
corticosteroids, 10 sessions of plasma exchange
from PTD 9 to PTD 25, and IVIg but not rituximab
because she developed a Quincke's edema
immediately after a few drops of IV rituximab. Her
renal function improved progressively but she still
needed occasional hemodialyses for fluid removal.
On PTD 26, she developed a deep vein thrombosis
of the right external iliac vein approaching the kidney
graft anastomosis, necessitating a treatment.

DSA followup (Fig. 2A) showed that all three
types of DSA decreased to below our positivity
threshold of 2000 on PTD 31, but then increased
on PTD 40 with anti-HLA DR1 and DR11 at 3335
and 2136, respectively. Because the patient now
had stable sCr levels around 100 umol/L (1.1
mg/dL) and was fully anticoagulated, we did not
perform a second renal biopsy. We decided to start
of bortezomib on PTD 47 which reduced all DSAs
to one-haft of the pre-treatment values on PTD 58
(Fig. 2B). Nevertheless, the effect was transient
as DSAs increased again on PTD 67. Because

365

the first cycle was well tolerated, we tried a
second cycle of bortezomib on PTD 76, which was
associated with a moderate thrombocytopenia and
leucopenia necessitating a delay of the third and
fourth injections. Again this treatment decreased alll
DSAs on PTD 90, and sCr level on PTD 100 was
90 pmol/L (1.0 mg/dL).

Patient 3

A 45-year old man with ESRD of unknown
etiology received a first cadaveric renal transplant
with five HLA mismatches in January 2004. The
pretransplant PRA were negative. He received
cyclosporine A (CyA), MMF, and CS. The post-
transplant course was uneventful, his sCr levels
decreased gradually to 156 umol/L (1.8 mg/dL) on
PTD 31 and 121 pmol/L (1.4 mg/dL) on PTD 235.
On PTD 786, two types of DSA were detected: anti-
HLA DQ7 and anti-HLA DQ9, with MFI of 12362
and 12474, respectively (Fig. 3). However, his renal
function remained stable during the two following
year with sCr levels around 120-130 pmol/L (1.4-
1.6 mg/dL). On PTD 1549, a renal biopsy prompted
by the appearance of a moderate proteinuria
disclosed a chronic active AMR with diffuse PTC
C4d deposition. An attempt to switch from CyA to
Tac was unsuccessful because of Tac intolerance.
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Figure 3. Followup of DSA and serum creatinine of patient 3.
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Therefore, immunosuppression adjustment relied
on an increase in the dose of both CyA and MMF.
Nevertheless, DSA testing on PTD 2012 showed
an increase of both anti-DQ7 and DQ2 with MFI
of 14279 and 17013, respectively. In addition, his
sCr levels began to increase gradually to 140-150
pmol/L (1.6-1.7 mg/dL).

Bortezomib was started on PTD 2145 when
sCr was 159 pmol/L (1.8 mg/dL), and anti-HLA
DQ7 and DQ9 levels were 13841 and 14548,
respectively. It was associated with a nausea,
a transient leucopenia, and an increase in C,
(trough level) of CyA to 643 ng/mL at PTD 2149,
which decreased rapidly and stabilized around
the baseline of 100 ng/mL after dose adjustment.
However, his renal function degraded rapidly with
sCr increased to 210 pmol/L (2.4 mg/dL) on PTD
2149 and 249 umol/L (2.8 mg/dL) on PTD 2173.
Furthermore, DSA levels failed to decrease with
anti-DQ7 and anti-DQY on PTD 2173 at 13378
and 15337, respectively (Fig. 3). A renal biopsy
performed on PTD 2173 obtained only a small
fragment for immunofluorescence, which showed
no PTC C4d deposition.

DISCUSSION

With the advent of more sensitive techniques to
detect anti-HLA antibodies and better pathological
diagnostic criteria for renal allograft biopsies, anti-
body-mediated rejection has been more frequently
diagnosed and become one the main concerns of the
transplant community. The current therapy of acute
AMR which usually includes rapid DSA removal by
plasmapheresis, immunomodulation with 1VIg, and
B-cell depletion by rituximab has obtained significant
success (12) but is still far from optimal with substan-
tial graft loss rate (reviewed in (13)). Bortezomib with
its ability to induce apoptosis of plasma cells — the
antibody producing cells — emerged as a potential
therapeutic agent for AMR. The first three reports
on bortezomib treatment in combination with other
conventional therapies were encouraging with rejec-
tion reversal in most of the patients associated with
prolonged suppression of DSA (4,9,10). However,
in the report by Trivedi et al (10), 4/11 patients had

either persistent elevation or reappearance of DSAs
after treatment, and in the report by Everly et al (9),
2/6 patients finally lost their grafts in less than one
year posttransplant. Furthermore, in a recent report
by Sberro-Soussan et al (11), all four patients with
subclinical AMR (stable sCr but high DSA levels and
histological lesions of AMR) showed no decrease
in DSA levels after one course of bortezomib as a
single agent. Therefore, more reports are needed
to accumulate experience on this novel therapeutic
modality.

The first patient in our report was highly
sensitized and had mixed acute AMR and ACR.
He received nearly all of our current anti-rejection
armamentarium, with only partial resolution of re-
jections and partial diminution of DSAs. Bortezomib
given 9 days after the last PE session caused only a
transient reduction of one of the two DSA specifici-
ties. A second cycle of bortezomib was unlikely to
be effective as there was no improvement in renal
function (last sCr at 290 umol/l), despite the lack of
DSA follow-up. Moreover, the patient developed two
severe adverse events including a leucopenia per-
sisting for 2 months and a complete atrioventricular
block (AVB) occurring 2 months after the last dose
of bortezomib. Although it is difficult to establish a
causal relationship in this case, cardiovascular side
effects of bortezomib have been well-documented.
For example, in a series of 69 cancer patients who
received bortezomib treatment, there were 8 pa-
tients with cardiac complications, including 2 AVB
requiring pacemaker implantation (14).

The second patient with acute AMR was ap-
parently less severe than the first one because she
had stable sCr and reduced levels of DSAs after
conventional treatment. Because effective DSA re-
duction is associated with enhanced renal allograft
survivals (15), we reinforced the treatment with two
cycles of bortezomib, which effectively decreased
all DSAs further to about one-half of the pre-
treatment levels. Noteworthy, DSA reduction in this
patient can reasonably be attributed to bortezomib
per se because there was no rituximab and the last
session of PE and the last IVIg dose were given
22 days before, whereas in the study of Trivedi et
al (10), all patients received 2 to 4 plasmapheresis
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Iring their bortezomib treatment course. However,
the moment of this writing, the follow-up is too
lort to know if there will be a rebound of DSAs.
The third patient in our report with chronic
ttive AMR received bortezomib as the sole
erapy. However, it was initiated very late in the
sease course after the failure of CyA and MMF
)se adjustment. This may explain the inefficacy
bortezomib in reducing DSA. Although the time
follow-up is short and only one DSA testing was
arformed after 4 weeks, in our 2 previous cases
id in other reports (4,9,10), the effect of bortezo-
ib if present can be seen in the first few weeks
ter treatment. Therefore, it is unlikely that later
SA testings will show a decrease in DSA levels.
n the other hand, the rapid increase in sCr after
rtezomib treatment in this case needs special
tention. It may initially be associated with CyA
rerdose. Since both bortezomib and CyA are
etabolized via cytochrome P450, such interaction
In be predictable. But even when this problem
as resolved rapidly with CyA dose reduction, sCr
vels continued to increase. Unfortunately, the
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post-treatment allograft biopsy failed to obtain renal
tissue. It is unclear whether bortezomib can ag-
gravate renal insufficiency in the setting of chronic
allograft rejection. On the contrary, bortezomib
treatment in multiple myeloma patients with renal
impairment is usually associated with improvement
of renal function (16).

In summary, our case study with short follow-
up does not permit to have a definite conclusion.
Obviously, large, well-designed multicenter studies
are needed to evaluate the efficacy and safety of
bortezomib in renal transplantation. However, sev-
eral important points can be drawn from this study:
1) bortezomib by itself is effective in reducing se-
rum DSA levels in at least a proportion of patients
with AMR; 2) bortezomib may be ineffective when
given late in the course of the disease as a rescue
therapy; 3) cautions must be taken concerning side
effects, especially cardiotoxicity and renal impair-
ment, since little is known about its interaction with
other immunosuppressive drugs used in transplan-
tation.
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DISCUSSION OF ARTICLE 2

Our article, together with those from other traasplcenters at that time, helps to accumulate
experiences in the use of this novel drug in tnegAMR in kidney transplant patients. Because
acute AMR is an urgent medical condition, it is yelifficult to design randomized control
studies to evaluate the efficacy of a new drug.r@foee, case-series reports are necessary to
provide insights into the efficacy and safety deofof bortezomib-based protocols in the
treatment of AMR. In a review article, Everly sunmmad experiences with bortezomib use in
transplantation across 29 transplant centers witerthan 70 cases and showed that bortezomib
gave better results in the treatment of acute Akl tchronic AMR (Everly, 2009). Bortezomib
has also shown a good safety profile in the settih@cute kidney allograft rejection, where
patients concomitantly received other immunosumgivestherapies. However, side effects such
as thrombocytopenia, gastrointestinal disturban@es] peripheral neuropathy have been

reported.

Some transplant centers have also investigatedsta®f bortezomib as a desensitization therapy
to decrease DSA levels in highly-sensitized pasierdllowing subsequent kidney

transplantations. Although bortezomib alone faileal decrease DSA in these patients
(Wahrmann et al, 2010), plasma exchanges followingezomib treatment decreased DSA

levels to a greater extent than plasma exchanges &lithout bortezomib (Diwan et al, 2011).

At the present time, although bortezomib always aies1 an off-label use in organ
transplantation, more and more transplant physsciaave included this novel drug to their
armamentarium to combat AMR, one of the major hegddf organ transplantation. With the
advent of the accumulation of experiences ovemtst three years, we now know that current
bortezomib-based therapies are not always effediivg are usually more effective when given
promptly to treat early acute AMR (diagnosed wittive first 6 months post-transplant) than
when given to treat late acute AMR or chronic AMRdodle et al, 2011). Although bortezomib
monotherapy has been shown to be able decrease f@&#ation in experimental allograft
models as in our study, face to a complex and faatbrial disease like acute AMR, bortezomib
must be combined with other antibody and B-cekkdied therapies such as plasmapheresis and

rituximab in order to provide maximal efficacy.
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Our studies will be pursued in the quest for naerapies for antibody-mediated rejection
(AMR). We will continue our study with bortezomimé newer proteasome inhibitors. But we
will also explore other therapeutic approachesetamng plasma cells and/or B cells. We are

planning to carry out our studies both at the expental and clinical levels.
1. Experimental animal studies:

1.1. Second generation proteasome inhibitors in experinmal transplantation:

We are currently working with several pharmaceltioampanies that produce proteasome
inhibitors (Pls). We expect to obtain soon somehafse second generation Pls to use in our

transplant models.

The capacity of these Pls in inducing non-malignptdsma cell apoptosis and thereby
decreasing alloantibody formation will be testedfiegt in a mouse skin graft model. The
advantage of mouse models is that we can easilytifpg@lasma cells in mice with anti-CD138
whereas such antibody does not exist in rats. Baib¢e receive tail skin graft from C57BL/6
mice. Without treatment, skin grafts are rejectathiw 10 days associated with high levels of
DSA which persists over time. Orbital sinus bloaitl tae collected at post-transplant day (PTD)
15 when all skin grafts have already been rejedtenin PTD 15 to 45, treated mice will receive
a Pl at 2 or 3 different dosages, whereas contrige nwill receive vehicle. Mice will be
sacrificed at PTD 45 for blood and organ harvestid8A levels will be essentially unchanged
between PTD 15 and 45 in control mice, whereagedeaice are expected to have a significant

decrease in DSA levels and plasma cell numbers.

These Pls will then be tested using the same raitt latlograft models of acute and chronic
rejection as decribed in article 1 to see if they @rolong graft survival, abrogate DSA

formation, and ameliorate histological signs ofarfic rejection.
1.2. Radioimmunotherapy targeting plasma cells in experental transplantation:

Radioimmunotherapy refers to the use of a radieadasiotope linked to a monoclonal antibody
(mAb) in order to deliver cytotoxic radiation totarget cell and has been used mainly for the
treatment of cancers. Two radiolabeled anti-CD20 bsA £°Y)-ibritumomab tiuxetan
(Zevalin®) and ¥4)-tositumomab (Bexxar®) have been approved by Fbrthe treatment of
follicular non-Hodgkin lymphoma (Ahmed et al, 201@ther radiolabeled mAbs have been
tested in various types of cancer.



Perspectives

Dr Cherel's team at the “Institut de Biologie” inahtes has used an anti-human CD138 mAb
labeled with radioactive bismuth-213 to kill myelarells in vitro (Supiot et al, 2002) and to
cure multiple myeloma in a mouse xenograft modeficl@a under review). He is currently
characterizing an anti-mouse CD138 and will lalbelith bismuth-213 for further studies in
mouse models of cancer. We will cooperate with Bei@l's team to test thi¢3Bi-labeled anti-
mouse CD138 mAb in our aforementioned mouse slaft gnodel to see if it can also decrease
the number of non-malignant plasma cells and deerafloantiboby formation. This study will
be a preliminary step in the search for alternagipproaches in the treatment of refractory AMR.
Of course, the risk to benefit ratio of immunoraderapy should be considered to determine if it

can be accepted as a potential treatment for amadignant disease like AMR.
2. Clinical studies:

2.1. Bortezomib combined with plasmapheresis, IVIg, andmethylprednisolone in
the treatment of chronic active antibody-mediated ejection in kidney

transplant patients:

With the advent of the routine follow-up of DSA a@dd staining of kidney transplant biopsy,
chronic AMR is more frequently diagnosed and emerge an important cause of late graft
dysfunction and graft loss. As mentioned aboveomisrAMR appeared to be less responsive to
bortezomib than acute AMR. In one case report fivecker Hospital, none of the 4 patients
with chronic AMR underwent significant reductionDEA levels after one cycle of bortezomib
monotherapy (Sberro-Soussan et al, 2010). Oneeoéxplanations may be that in acute AMR,
almost all patients are concomitantly treated wather therapies such as corticosteroid,
rituximab, IVIg, or plasmapheresis, which may hasynergistic effects with bortezomib.
Therefore, we will collaborate with Dr Snanoudjagtat Necker Hospital in Paris together with
other transplant physicians in Lyon (CENTAURE cbbeative network) to design a randomized
controlled trial to evaluate the efficacy of a conabion therapy using plasmapheresis, Vg,
bortezomib, and methylprednisolone in the treatneéichronic active AMR. Both treated group
and control group will undergo an adjustment of mteiance immunosuppression using a triple
therapy with tacrolimus, mycophenolate acid (Cgitcer Myfortic), and prednisone at well-
defined dosages during the whole period of theystéd the same time, treated group will
receive the aforementioned bortezomib-based thenapgreas control group will receive no
further therapy. Primary endpoints will be a reduttin DSA levels of at least 50% and a
stabilization of histological lesions of chronidime AMR at 1-year biopsy. 50 patients for each

group will be recruited over 2 years. We expechad this study will give us a definite answer to
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the question whether bortezomib-based therapyestafe in chronic active AMR.

2.2. Belimumab in the treatment of de novo donor-specifi anti-HLA antibody
formation in kidney transplant patients:

Belimumab (Benlysta®, Glaxo-SmithKline) is a fulyyman monoclonal antibody that binds to
B-lymphocyte stimulator (BLyS), also known as Blcattivation factor of the TNF family
(BAFF), thereby inhibits the binding of BAFF to theaeceptors on B cells. Since BAFF
signaling is required for the survival, prolifeati and differentiation of B cells, belimumab
effectively decreases autoantibody levels and ingsalinical symptoms in lupus patients and
has been approved for the treatment of systemigslgpythematosus. It is reasonable to expect

that belimumab can also decrease alloantibody foomarfter kidney transplantation.

We are currently working with Glaxo-SmithKline toitiate a phase Il study to evaluate the
efficacy of belimumab in the treatment of de nowmakr-specific anti-HLA antibody formation
in kidney transplant patients. This will be a ramitmed control multicenter study involving 30
patients from three participating transplant centerNantes, Angers, and Tours and coordinated
by Pr Dantal in Nantes. Patients having de novo @& MFI levels higher than 1000 by
LABScreen® single antigen assays (One Lamda) witlango an adjustment of maintenance
immunosuppression using triple therapy with taonok, mycophenolate acid (Cellcept or
Myfortic), and prednisone at well-defined dosagésen a treated group will receive belimumab
for 6 months, whereas control group receive ndhrrtreatment. The primary endpoint of study
will be a reduction of DSA levels of at least 50%ern 6 months of treatment. Secondary
endpoints will include histological changes on daltup biopsies, renal function, and safety

profile. If proven effective, belimumab will be avel approach to the treatment AMR.

We hopefully believe that our extensive studiesgging various pathways leading to
alloantibody formation will help to find out an efftive therapy for antibody-mediated rejection,

one of the major challenges in clinical transpldota
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PART 2: INTERLEUKIN-7 RECEPTOR BLOCKADE IN ORGAN
TRANSPLANTATION

The first part of my thesis dealt with an emergprgblem in organ transplantation — antibody-
mediated rejection. Although antibodies do haveiraportant role, T cells are the principal
driving force behind the pathologic process leadmg@llograft rejection. In the second part of
my thesis, | will explore a novel therapy directdr cells through inhibition of the interlekin-7
receptor (IL-7R) by a monoclonal antibody. Sinceileukin-7 (IL-7) is the main survival factor
for T cells, IL-7R blockade will profoundly affed cell homeostasis in a way that may be

potentially beneficial for allograft survival.
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INTRODUCTION

1. Interleukin-7/interleukin-7 receptor axis is essenal for normal
lymphopoiesis:
1.1. Interleukin-7:

The discovery of interleukin-7 and interleukin-Zeptor in the early 1990s is largely attributed
to researchers at Immunex Research and Developdmpbration, Seattle, WA (now absorbed
by Amgen). The murine interleukin-7 (IL-7) was fiiglentified as a 25-kDa glycoprotein that
stimulated the proliferation of B-cell precursansvitro (Namen et al, 1988). Soon thereatfter, IL-
7 was also found to be involved in T cell diffeiatibn (Conlon et al,1989). The human IL-7
was subsequently cloned and found to have 60% hagyah amino acid sequence with murine
IL-7 (Goodwin et al, 1989).

Expression of IL-7 mRNA and/or protein has beenedetd in major organs of the
immune/hematopoietic system, most abundantly intllyenus, but also in the bone marrow,
spleen, lymph node and fetal liver (Komschliesletl@95, Kim et al, 2011). Thymic epithelial
cells around the corticomedullary junction of thdukh thymus produce the most important
amount of IL-7 (Zamisch et al, 2005, Alves et a009). Other cell types that express IL-7
include bone marrow, lymph node and splenic strazali$ (Guimond et al, 2009). Interestingly,
some cell types that do not belong to the hema#tisosystem also produce IL-7 such as skin
keratinocytes (Heufler et al, 1993) and intestigmaithelial cells (Watanabe et al, 1995). On the
contrary, both T and B lineage cells, the mainutail targets of IL-7 do not produce IL-7 by

themselves.
1.2. Interleukin-7 receptor (IL-7R):

The interleukin-7 receptor is composed of 2 sulsunite interleukin-7 receptor alpha (IL-dR

or CD127 and the cytokine receptor common gammandfya), also known as interleukin-2
receptor subunit gamma (IL-2Ror CD132. IL-2R is shared by the receptors of the common
gamma-chain cytokines including IL-2, IL-4, IL-74,-9, IL-15, and IL-21 (Figure 7), whereas
IL-7Ra is a component of not only the IL-7 receptor bugsoaof the thymic stromal
lymphopoietin (TSLP) receptor. TSLP is not a memtfethe common gamma-chain cytokines
but has overlapping function with IL-7 (Liu et &007). The TSLP receptor is composed of 2
subunits, the IL-7R and the TSLPR, the latter is closely relatega¢Pandey et al, 2000, Park
et al, 2000). The human and murine ILe/Ras cloned in 1990 by the same group that had
cloned IL-7 one year earlier (Goodwin et al, 1990)/R is expressed on T cells, pre-B cells
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and dendritic cells.

Cytokine produced by:
IL-2: T cells IL-4: T cells, IL-7: stromal cells, IL-9: T cells IL-15: monocytes, IL-21: CD4* T cells  TSLP: stromal cells,
and DCs NKT cells, epithelial cells DCs and epithelial and NKT cells epithelial cells,
eosinophils and fibroblasts cells fibroblasts, mast
and mast cells cells and basophils
IL-2Re @Ry IL-15Ra @Ry
IL-2RB e IL-4R Ye IL-7Ra A IL-7Ra TSLPR

40 Y N\ A0
l (s1ate) (5TaTS)  (STATS) 1 (s1a13)

AT

Receptor expressed by:
T cells, B cells T cells, B cells, T cells, pre-B cells T cells, mast cells, T cells and T cells, B cells, T cells, B cells,
and NK cells NK cells, mast cells and DCs epithelial cells and NK cells NK cells and DCs DCs, NKT cells
and basophils eosinophils and mast cells

Figure 7: Receptors of the common gamma-chain cytakes and TSLP(From Rochman et al, Nat Rev Immunol.
2009. Shown are the receptors for interleukin-2 (IL-2)-4, IL-7, IL-9, IL-15, IL-21 and thymic stromal
lymphopoietin (TSLP). IL-2 and IL-15 are the onlya of these cytokines to have three receptor chdihe
receptors for these two cytokines share the comoybokine receptory-chain fc; also known as IL-2R and
IL-2Rp, and the receptors for IL-7 and TSLP share Ile7Rf the cytokines shown, only TSLP does not signal
through a receptor containing. There are three classes of IL-2 receptor thad Hi-2 with low affinity (IL-2Ra
alone), intermediate affinity (IL-2Randyc) and high affinity (IL-2R, IL-2Rp andyc); only the high-affinity IL-2
receptor is shown. The receptor for eacHamily cytokine activates Janus kinase 1 (JAKAJ dAK3, whereas the
receptor for TSLP has been reported to not actiwatg JAK. The main signal transducer and activatbr
transcription (STAT) proteins that are activatedigse cytokine receptors are shown in bold. STEférs to both
STAT5A and STAT5B.

1.3. IL-7/IL-7R interaction leads to activation of the JAK-STAT signaling pathway:

The IL-7R0 and IL-2Ry subunits do not have enzymatic activities in thelwes but are bound to
the Janus kinase JAK1 and JAKS3, respectively. Timelibg of IL-7 to IL-7R leads to the
transphosphorylation of these two kinases, whickum phosphorylate signal transducers and
activators of transcription (STATs). PhosphorylaOATs translocate into the nucleus where

they regulate gene expression (Rochman et al, 2009)
1.4. IL-7 knockout (KO) mice and IL-7R KO mice have impared lymphopoisis:

In order to study the function of the IL-7/IL-7Rs¢gm, targeted disruption of the IL-7 or IL-7R
genes were performed. IL-7R-deficient mice werst fgenerated in 1994 also by researchers at
Immunex (Peschon et al, 1994). IL-7-deficient mwere generated 1 year later by another
group (von Freeden-Jeffry et al, 1995). The phgmeyof IL-7 KO mice and IL-7R KO mice
were very similar. Gross pathological analyseshoké mice did not reveal any nonlymphoid
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anomalies and both sexes were fertile. Howeves; taa profoundly reduced thymic, splenic,

and lymph node cellularities which affect both ddhcell compartments.

Thymocyte development in IL-7- or IL-7R-deficientiaa is blocked at an early development
stage. During T cell development, T cell progemstonigrate from the bone marrow to the
thymus to undergo expansion and T-cell receptoR)lf@arrangement. These cells sequentially
progress through the CD4-CD8- double-negative & @iD4+CD8+ double-positive stages to
ultimately become CD4+CD8- or CD4-CD8+ single-pesitmature T cells. In normal thymus,
about 80 percent of thymocytes are double-positmut 10 percent are single-positive, and
less than 5 percent are double-negative cells.n@rcontrary, thymocytes from IL-7R-/- mice
are composed primarily of CD4-CD8- cells, demornstgathat T-cell development in those mice

is blocked at the double-negative stage.

Spleens from IL-7- or IL-7R-deficient mice also haabatly reduced numbers of total cells as
well as CD4+ T cells, CD8+ T cells, and B cells gared to age-matched control mice. The
total bone marrow cellularity was not differentrfiracontrol mice, but B lineage cells (B220+)
were greatly reduced and mature B cells (B220+ Igiere virtually absent.

Interestinglyyd T cells was more severely reduced thfinTl cells, whereas natural killer (NK)
cell number were not affected in either IL-7- ordR-deficient mice (Moore et al, 1996, Maki et
al, 1996, He et al, 1996).

Therefore, IL-7 or IL-7R knockout in mice leads t® T-B-NK+ severe combined
immunodeficiency (SCID) phenotype. On the other dhatargeted deletion of the IL-2R
commony-chain in mice produced a T-B—NK- SCID phenotyp&imnch T and B cell number

were 10-fold reduced and NK cells were virtuallgait (DiSanto et al, 1995).
1.5. Monoclonal antibody to IL-7 or IL-7R inhibits murin e lymphopoiesis:

Another approach to study the function of the IU-77R system is to produce blocking

monoclonal antibodies (mADb) to IL-7 or IL-7R angeict these mAb to normal mice.

Grabstein et al at Immunex generated a mouse antah and mouse IL-7 mAb (clone M25)

and injected that antibody to mouse for up to 12kse(Grabstein et al, 1993, Bhatia et al,
1995). They found a striking reduction in the numdieB lineage cells in the bone marrow after
10 days of antibody injection, although the totahé® marrow cells were not decreased. Thymic
cellularity also markly decreased and the redudtatal cell number as well as in each thymic
subset was proportionate to the duration of treatmaith an 80% and 99% reduction after 2

weeks and 12 weeks of antibody injection, respebtiv
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In parallel, Sudo et al in Japan generated andtegea rat anti-mouse IL-®dRmAb (clone
A7R34) to mouse for 2 weeks and also found a markddction in all thymic subsets in the
thymus and B lineage cells in the bone marrow. ftal cell number as well as the absolute
number of CD4+ T cells, CD8+ T cells, B cells watso reduced in the spleen and lymph node
of treated mice (Sudo et al, 1993).

In summary, injection of mAb to IL-7 or IL-7R to lditype mice can induce lymphopenia
similar to that seen with IL-7 or IL-7Rgene knockout. As the IL-#Rsubunit is common to
both the IL-7 receptor and TSLP receptor, we caecslate that IL-7R blockade or gene
knockout produce a more severe phenotype thantdlogkade or gene knockout. The reason is
that the former approach blocks both IL-7 and TSltfereas the latter blocks only IL-7 but not
TSLP, which may compensate for the absence of IH&wever, this turned out not to be the
case. In fact, targeting IL-7 or IL-®Ryave essentially the same effect, which implies TSLP
cannot replace IL-7. Together, those experimentaomstrated that IL-7 in a non-redundant

cytokine critical for normal lymphopoiesis.

1.6. Mutation of the IL-7R in human causes severe combed immunodeficiency
(SCID):

Severe combined immunodeficiency (SCID) comprisebeterogeneous group of diseases
characterized by a block in T cell developmentumrction, variably associated with defects in B
or NK cells (Fischer et al, 2005). At least 10 elifint genetic defects resulting in SCID have
been fully characterized. The most common form @IC5 is X-linked SCID (XSCID),
accounting for at least 50% of the cases, andusethby mutations in the gene encoding for the
IL-2R commony chain (IL-2Rc). Patients with XSCID have a T-B+NK- immunologica
phenotype, which is characterized by a severelyaed number of T cells and NK cells, but a
normal to increased number circulating B cells. &mse Janus kinase 3 (JAK3) binds to the
intracellular portion of IL-2Rc and initiates the JAK/STAT signaling pathway, atigns of
JAK3, though rarer than IL-2R mutations, cause autosomal SCID with the same+INKB-
phenotype as that of X-link SCID (Macchi et al, 329

Later on, it was discovered that mutation of the/Ro also caused SCID, but these patients had
only severe T cell lymphopenia, whereas NK cell Bnzkll number were unaffected (T-B+NK+

phenotype) (Puel et al, 1998, Giliani et al, 200%jus in human as well as in mouse, IL-7 is the
cytokine responsible for T cell lymphopoiesis amaimg common gamma chain cytokines. But
unlike in mouse, B cell lymphopoiesis in human @& dependent on IL-7 despite the fact that

human bone marrow lymphoid progenitors do expresgR (Ryan et al, 1997). Perhaps other
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hematopoietic growth factors can compensate foabisence of IL-7/IL-7R signaling in patients

with IL-7Ra mutation.
2. IL-7/IL-7R system in T cell homeostasis:

The size of the peripheral T cell pool is const@@spite the production of new T cells by the
thymus and the expansion of existing cells aft@irtistimulation by cognate antigen during
immune response. This is achieved through spduifineostatic mechanisms that regulate T cell
proliferation and survival. IL-7 has been showrb&essential for the homeostasis of both naive

and memory CD4+ and CD8+ T cells.

Schluns et al transferred CFSE-labeled OT-I TCRisganic CD8+ naive T cells which
recognize an ovalbumin (OVA) peptide in the contekt-2K® to either wild-type or IL-7-/-
mice, both of them having undergone sublethal iatéah. While most of the transferred cells
proliferated in wild-type mice, only one-third diegm divided in IL-7-/- mice. Similarly, OT-I
cells as well as polyclonal naive CD4+Cl%4hd CD8+CD44 T cells proliferated in RAG-/-
mice, but not in IL-7-/-RAG-/- mice (Schluns et 2000). This study and another study (Tan et
al, 2001) confirmed that IL-7 is necessary for ktmeneostatic proliferation of naive CD4+ and
CD8+ T cells.

In order to study the generation of memory CD8+ells¢ a mixture containing equal numbers of
OT-l cells and OT-I IL-7R-/- cells (from OT-I micacking IL-7R) was transferred to normal
mice which were then infected with VSV-OVA in ord&r stimulate the immune response.
Although both OT-I and OT-I IL-7R-/- cells underwesubstantial early expansion, only normal
OT-l cells were able to survive in the long-termhu$ IL-7 is required for the survival of
memory CD8+ T cells (Schluns et al, 2000). The sasngue for memory CD4+ T cells.
CD4+CD44" T cells transferred to RAG-/- mice underwent egtea proliferation during the
first week, regardless of whether hosts had IL-ot. However, after 2 weeks, donor cell
recovery was profoundly reduced in the absencd.-af or in the presence of IL-7R blocking
antibodies (Tan et al, 2002, Seddon et al, 2003dkaxck et al, 2003). Therefore, IL-7 is also

necessary for the survival of CD4+ memory cells.
3. Regulatory T cells express low level of IL-7R (CD127):

The best-characterized regulatory T cells in humaad in mouse are CD3+CD4+CD25+
FOXP3+. Although FOXP3 is the most important marker regulatory T cells, it is a

transcription factor located in the nucleus, angl skaining for FOXP3 requires cell membrane
permeabilization which renders subsequent functishalies and in vitro expansion of these
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cells impossible. As a consequence, efforts haws lmeade to look for a cell surface marker
which can be a substitute for FOXP3. Liu et al AteBtone’s lab in San Franscisco performed
gene expression microarray, flow cytometry, andcfiomal assays and observed that IL-7R or
CD127 was down-regulated on all human T cells aftetivation. Whereas CD127 was
reexpressed on the majority of effector and mengetls, FOXP3+ T cells remained CD127 low
or negative (Liu et al, 2006). Similar results wetescribed in the study of another group
published in the same issue of Journal of Expertedéviedicine (Seddiki et al, 2006). FOXP3
expression and CD187phenotype were highly correlated within the CD4-25B T cell
population and CD4+CD25+CD127T cells had suppressive activity in vitro whereas
CD4+CD25+CD12% cells did not (Michel et al, 2008). Therefore,issitag for CD127 is now
routinely used to isolate CD3+CD4+CD25+CDf2@gulatory T cells for functional studies and

ex vivo expansion for therapeutic purposes (Putetat, 2009).
4. IL-7/IL-7R axis as a therapeutic target:

4.1. Recombinant human IL-7 is being developed for treahg lymphopenic patients:

Given the critical role of IL-7 in lymphopoiesid,-F appears to be an ideal drug to increase the
lymphocyte count in immunodeficient patients se@gdo severe lymphopenia, including HIV-
AIDS patients, patients undergoing chemotherapyéorcer, and patients with idiopathic CD4+
lymphocytopenia. A recombinant human IL-7 (rhIL48) currently developed by Cytheris, a

French biotech and pharmaceutical company.

Two phase | clinical trials in patients with refray or metastatic cancers showed that 2 weeks
of rhIL-7 therapy increased the absolute count DA€ and CD8+ T cells up to 2 and 4 folds,
respectively (Sportés et al, 2008, Rosenberg e20il6). CD8+ increased more strongly than
CD4+ T cells and naive T cells increased more thamory T cells. Preferential expansion of
naive subsets leaded to increased TCR repertonersity. On the other hand, the relative
proportion of CD4+FOXP3+ regulatory T cells to totdaD4+ cells decreased with rhiL-7
treatment. Finally, peripheral B cell numbers wanehanged after rhiL-7 therapy, confirming

the limited role of IL-7 in human B lymphopoiesis.

A phase I/lla clinical trial was carried out on Hikfected patients with CD4+ T cell count from
100 to 400/ul and HIV RNA levels less than 50 cefiid, all of them were on combined
antiretroviral therapy. Patients were given suboetas rhiL-7 every other day for a total of 8
doses over 16 days. This treatment leaded to aipesdase in the CD4+ T cell counts to 3 folds
the pretreatment levels at day 21. CD4+ T cellsmt®then decreased progressively over time,

but were still higher than the baseline levels&invkeks after treatment (Levy et al, 2009). The
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result was encouraging and suggested that intembitthlL-7 could be used together with
combined antiretroviral therapy to facilitate imneurestoration in patients with HIV infection. A
phase Il clinical trial in HIV-patients is underway

4.2. Inhibition of IL-7/IL-7R by monoclonal antibodies has been tested in some

murine models of autoimmune diseases or transplantian:

Although the concept of using IL-7 to stimulate lyinopoiesis has been widely recognized and
clinical trials are being carried out, the potelnbé using antibodies to IL-7 or IL-7R as an
immunosuppressive therapy for autoimmune diseasg$ransplantation has received much less
attention. However, a few recent studies using /IL-7R blockade in murine models gave

promising results.
4.2.1. Autoimmune hemolytic anemia:

Hoyer et al used IL-2 knockout mice as a modeliautaune hemolytic anemia (AIHA) (Hoyer

et al, 2007). AIHA is a group of diseases in whietl blood cells are attacked by autoantibodies
leading to hemolysis. Patients usually present aitemia, jaundice, and splenomegaly. AIHA
can be primary, affecting only the red blood celilssecondary, associated with other diseases
such as lupus, infection, or malignancy. In IL-2 Kce, the absence of IL-2 causes a lack of
regulatory T cells which in turn leads to uncorigdlactivation of CD4+ T cells, formation of
autoantibodies, and breakdown of self-tolerance-2 [LKO mice develop AIHA and
lymphoproliferative diseases at 3-4 weeks of agkdiae a few weeks later if left untreated. IL-
7R blockade by an anti-IL-7R monoclonal antibodioie A7R34) in these mice prolonged

survival, reduced anti-erythrocyte autoantibodgrif and ameliorated anemia.
4.2.2. Chronic colitis:

As mentioned in the previous section, IL-7 is afs@duced by intestinal epithelial cells.
Moreover, cryptopatches, small aggregates of lyntpleells found in the intestinal lamina
propria contain clusters of IL-7R+c-kit+ lympho-hepoietic progenitors which are IL-7
dependent (Kanamori et al, 1996). The selectiveesgion of IL-7 in enterocytes can restore the
development of TCR$ intraepithelial lymphocytes as well as cryptopaghand Peyer’'s
patches in the intestine of IL-7 deficient mice Kizeet al, 2000). Thus, the IL-7/IL-7R system
plays a crucial role in the organization of mucdgaiphoid tissues and in the regulation of the
normal immune response in the gut. OverexpressfolL-@ in IL-7 transgenic mice caused
chronic colitis with remittent intestinal bleedingistological examination of the colon in these
mice revealed pathologic lesions resembling thddeuman ulcerative colitis (Watanabe et al,

1998). On the contrary, the use of a toxin-conjedaanti-IL-7R monoclonal antibody to
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eliminate IL-7R'9" T cells ameliorated colitis in a model of chromiglitis in TCRu-/- mice
(Yamazaki et al, 2003).

4.2.3. Experimental autoimmune encephalomyelitis (EAE):

Experimental autoimmune encephalomyelitis is amahimodel for human multiple sclerosis.
Liu et al demonstrated that monoclonal antibodyckilog IL-7 or IL-7R given at the onset of
EAE markedly reduced disease severity accompanjedidesreased CNS inflammation and
demyelination. On the contrary, IL-7 administratiahthe onset of EAE exacerbated disease
severity associated with an increase in the nurabeffector T;17 cells in the lymph nodes and
in the spinal cord (Liu et al, 2010). They alsowhkd that IL-7 was crucial for the survival and
expansion of murine and humapIl7 cells and IL-7R antagonism induced apoptosi3df7
cells. The study suggests that IL-7/IL-7R blockaday be beneficial for the treatment of

multiple sclerosis, an autoimmune disease in whigh7 cells play an important role.

4.2.4. Graft-versus-host disease (GVHD) in experimental neo marrow

transplantation (BMT):

The IL-7/IL-7R signaling is a double-edge swordomne marrow transplantation (BMT). BMT
is follow by a period of profound immune deficienauring which new T lymphocytes are
generated from either hematopoietic stem cellsronature thymic progenitors, this process is
IL-7-dependent. Bolotin et al gave recombinant Ilte/ irradiated C57BL/6 mice that had
received syngeneic BMT. They found that transplduméce treated with IL-7 had normalization
of thymic cellularity, normal proportion of thymsubsets and TCR diversity, normal numbers of
peripheral CD4+ T cells, and improved T and B ¢etfictions. On the contrary, transplanted
mice that had not received IL-7 had profound thyrhigoplasia, increased proportion of
immature thymocytes, decreased numbers of peripAereells, and impaired T and B cell
functions. They concluded that IL-7 promoted thymaconstitution in BMT and may be useful

in preventing post-BMT immunodeficiency (Bolotinadt 1996).

However another study by the same group showed IthR@KO mice which received IL-7
following allogeneic BMT had significantly increaseate of GVHD-related mortality and
morbidity compared to IL-7KO BMT recipients whiclddhot received IL-7. Therefore IL-7 is
an important factor in the development of GVHD,sumably by supporting the survival and
proliferation of alloreactive donor-derived T ceiltsthe recipients (Chung et al, 2008). In other
to modulate the IL-7/IL-7R signaling, they gave dnmdoses of an anti-IL-7& monoclonal
antibody for 4 weeks to irradiated C57BL/6 mice ethhad received allogeneic BMT and found

that this treatment significantly reduced the rafeGVHD-related mortality and morbidity
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(Chung et al, 2007). Although anti-IL-7R-treateccenhad fewer donor CD4+ and CD8+ T cells
at day 30 post-transplantation, they had betteg-tenrm thymic and immune function. The
authors concluded that IL-7R blockade resultedimieation of alloreactive T cells, prevention

of GVHD, improvement of donor T-cell reconstitutjaand might be useful in clinical BMT.
4.2.5. Anti-IL-7 antibody in murine cardiac transplantatin:

After a comprehensive review of the literature (&=cet al, 2009), we found only one study in
which IL-7 antagonism was tested in the settingpifan transplantation (Wang et al, 2006).
Using a murine cardiac allograft model, Wang effoahd that anti-IL-7 antibody alone did not
prolong heart graft survival. However, anti-IL-7 tilmody combined with CD40/CD40L
costimulation blockade significantly prolonged grafurvival compared to CD40/CD40L
costimulation blockade alone. The authors showet the combination of anti-IL-7 and
CD40/CD40L blockade suppressed the generationlaggcific memory CD8+ T cells but did
not induce CD4+CD25+FOXP3+ regulatory T cells.

In our study, we demonstrated that IL-7R blockagleah anti-mouse IL-7& mAb not only
decreased the number of almost all T cell subsgtslbo increased regulatory T cell frequency.
Using a model of murine islet transplantation, viweed that anti-IL-7R alone could not
prolong graft survival when given at the time @frtsplantation, but could induce long-term graft
survival if started 3 weeks before graft, giving ttime necessary for the reduction of T cell
number. We then demonstrated that the use of ILbitiRkade following a T cell depletion
therapy by a combination of anti-CD4 and anti-CD8hk® delayed T cell reconstitution and
decreased memory T cell numbers, and as a consaxjymolonged graft survival in a stringent
skin allograft model in mice. Together, we showédttIL-7R blockade, especially when
combined with a T cell depletion therapy is a dally relevant approach that can be used to

reinforce immunosuppression and inhibit the inaedasmemory T cells.
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Interleukin-7 receptor blockade decreases memory Tcell numbers and

prolong mouse skin graft survival after T cell depétion therapy

INTRODUCTION

T cell depletion is one of the most potent immumppsassive therapies; it is used in organ
transplantation either for the treatment of sewrete rejection or as induction therapy. The
most widely used T-cell depleting antibodies imidal transplantation are polyclonal anti-
thymocyte globulin (ATG), anti-CD52 monoclonal dady (alemtuzumab), and to a lesser
extent, anti-CD3 murine monoclonal antibody (mABhe use of induction therapies are
increasing from 30 to 75 percent of kidney transgg@ldon over a decade (1), with depletional
therapy being the most commonly used. Initiallg ttvo most common purposes of depletional
induction therapy are: 1) to reinforce immunosupgpi@n in the presence of high-risk factors for
rejection such as pre-transplant high panel reacintibodies (PRA) with or without donor-

specific antibodies, prolonged cold ischemia tilmekidneys from extended criteria donors; 2)
to facilitate the reduction of maintenance immumgsassion with calcineurin inhibitor (CNI)-

free regimens, corticosteroid-free regimens, or GNIsirolimus monotherapy. Nowadays,
depletion therapy is used more widely in kidneysgdantation at the discretion of transplant

physicians, especially in the United States.

Depletion of T cells at the time of organ transpdéion was once believed to be a treatment that
could induce tolerance, since a short course oéllfdepleting antibodies were able to induce
long-term graft survival in experimental modelsigiet or heart transplantation in mice (2,3).
However, it was soon recognized that T cell reqangin after depletion therapy leads to the
predominance of memory T cells, which occurs inerddand non-human primate models (4,5)
as well as in human organ transplantation (6). Mgrniocells are more potent than naive T cell
in mediating graft rejection. Mice undergoing T Iclomeostatic proliferation following
depletion therapy rejected cardiac allograft despibstimulatory blockade by CTLA-4lg, a
treatment capable of inducing tolerance in non-etepl mice (7). In human, kidney transplant
recipients who had received T-cell depletion thgrdyy high-dose alemtuzumab but no
maintenance immunosuppression uniformly developadearejection within the first month
after transplantation, a period during which theras a severe T-cell lymphopenia but a

predominance of effector-memory T cells accountorgnore than 80 percent of T cells (8).

T cell reconstitution after depletion therapy comgs both de novo thymopoiesis and

homeostatic proliferation of remaining T cells ahdth processes are interleukin-7 (IL-7)
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dependent. IL-7 signals through the IL-7 recepltibf7R) which is composed of two chains, the
gamma chain is common for the receptor of inteile@ 4, 7, 9, 15, and 21, whereas the alpha
chain (IL-7Rx, or CD127) is used by IL-7R and thymic stromal piropoietin receptor (TSLP-
R) (reviewed in 9). IL-7 plays an essential, nodurgdant role in lymphopoiesis since IL-7 or
IL-7 receptor (IL-7R) knock-out mice have severard B cell lymphopenia (10,11) and infants
with IL-7R mutations have severe T cell lymphopemegessitating bone marrow transplantation
for survival (12). IL-7 has also been shown to lkeassary for the homeostatic proliferation of
both naive and memory CD4+ and CD8+ T cells in lgopgenic conditions as seen in
recombinant activation gene deficient (RAG-/-) mareafter irradiation (13,14). Therefore, in
the setting of organ transplantation, blockadenhefIt-7/IL-7R signaling is expected to prolong
the effects of T cell depletion therapy and inhthe increase in memory T cell numbers which

is a potential cause of graft rejection.

In this study, we demonstrated that IL-7R blockégean anti-mouse IL-7&8 mAb not only
decreased the number of almost all T cell subsgtslbo increased regulatory T cell frequency.
Using a model of murine islet transplantation, viewged that anti-IL-7R alone could not
prolong graft survival when given at the time @frtsplantation, but could induce long-term graft
survival if started 3 weeks before graft, giving ttime necessary for the reduction of T cell
number. We then demonstrated that the use of IlbitiRkade following a T cell depletion
therapy by a combination of anti-CD4 and anti-CD8hk® delayed T cell reconstitution and
decreased memory T cell numbers, and as a consexjymolonged graft survival in a stringent
skin allograft model in mice. Together, we showédttIL-7R blockade, especially when
combined with a T cell depletion therapy is a dally relevant approach that can be used to

reinforce immunosuppression and inhibit the inaedasmemory T cells.
MATERIALS AND METHODS:
Mice and allograft models:

Experiments were performed using seven to nine-vadgknale C57BL/6 (H-2b) and BALB/c
(H-2d) mice, which were purchased from Centre d/atgee Janvier (Le Genest-Saint-Isle,
France). Islet transplantation was performed awviguely described (15). Briefly, Balb/c
recipients received one intra-peritoneal injectmin 250 mg/kg of streptozotocin to induce
diabetes which is defined as non-fasting blood agecgreater than 16.6 mmol/l (300 mg/dl).
Pancreases were harvested from C57BL/6 donor ntieeiajection of collagenase solution into
the common bile duct and islets purified by Fiapthdient centrifugation. Five to ten days after
streptozotocin injection, each diabetic Balb/c neousceived about 500 islets under the renal
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capsule. Graft was functioning when blood glucoserelased to less than 10 mmol/l (180 mg/dl)
and graft rejection was defined as blood glucoseemse again to greater than 16.6 mmol/l.
Concerning skin allograft model, tail skin from @376 donors was grafted to the dorsal trunk
of BALB/c recipients. Rejection was defined as graécrosis of more than 70 percent of the

surface.
Monoclonal antibody (mAb) preparation:

Rat anti-mouse IL-78 (clone A7R34) hybridoma cell-line was a generoifsfgom Dr Shin-
Ichi Nishikawa at Riken Center for DevelopmentablBgy, Kobe, Japan. Rat anti-mouse CD4
(clone GK1.5) and CD8 (clone 2.43) hybridoma celés were purchase from American Type
Culture Collection (ATCC) via LGC Standards (MolsheFrance). Hybridomas were cultured
in our lab following the providers’ instructionssing ultralow-lIgG fetal bovine serum (Gibco
Invitrogen). Hybridoma supernatants were conceadrateither by ammonium sulfate
precipitation or by ultrafiltration and purified ing HiTrap™ Protein G HP columns (GE
Healthcare). A rat anti-dinitrophenol (DNP) mAbdiee LO-DNP-61) was purchased from the
Laboratory of Experimental Surgery, Universite @ditjue de Louvain (Brussels, Belgium) and

used as rat IgG2a isotype control for the anti-RaAb.
Lymphocyte phenotyping by flow cytometry:

Mice were euthanasized under general anesthesiad bWas drawn from cardiac puncture,
spleen, thymus, mesenteric lymph nodes and axillanph nodes ipsilateral to the skin graft
were harvested. Whole blood lymphocyte phenotypiag performed using BD TruCOUNT
tubes (BD Biosciences) according to the manufacgimestruction. Cells from spleen, thymus,
and lymph nodes were isolated using BD Falcon Sediners (BD Biosciences). The following
anti-mouse antibodies were used for flow cytomedanti-CD3, CD4, CD8, CD19, CD44, CD45-
2, CD45R (B220), CD62L, CD127, Gr-1 (Ly-6G and L) and FOXP3, all were purchased
from BD Biosciences except anti-FOXP3 from eBiosces and anti-CD127 (clone A7R34)
prepared in our lab. Flow cytometry was performsithgia BD LSRII flow cytometer.

Measurement of donor-specific antibodies (DSA):

Blood of Balb/c recipients were obtained either reyroorbital sinus bleeding or by cardiac
puncture in the case of sacrifice and centrifugedsera, which were stored at -20°C for later
use. Sera of recipients were diluted at 1/20 amdibated for 20 minutes with cells freshly
isolated from mesenteric lymph nodes of a donoetgb7BL/6 mouse. Cells were washed
twice, incubated for 15 minutes with an FITC-cormgteyl goat anti-mouse IgG (Jackson

ImmunoResearch Europe Ltd) and hamster anti-mou@ (BD Biosciences), washed twice,
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and analysed by flow cytometry. DSA levels wereorggd as mean fluorescence intensity
(MFI).

Statistics:

Statistics were done using the GraphPad Prism twaid (GraphPad Software Inc., La Jolla,
CA). Data were presented as mean = SD. Survivate wempared using the log-rank test and

other values were compared using the Mann Whitesty t
RESULTS

Anti-IL-7R o antibody reduced lymphocyte number and increased egulatory T cell

frequency:

Eight-week old male Balb/c mice received eithei-a7Ro mAb or isotype control 400 pg IP
every other day for 3 weeks and were sacrificed fnfor each group). Anti-IL-7R-treated mice
had significantly lower number of T cells, CD4+ @lls, CD8+ T cells, and B cells in the blood,
lymph nodes, and spleen than those of control ifmre 1A, C, and D and Table 1 A, C, D).
In the thymus, total thymocytes as well as CD4+CDRigtble positive, CD4+CD8- or CD4-
CD8+ single positive, and CD4-CD8- double negatosdl numbers were all profoundly
decreased in anti-IL-7R-treated mice (Figure 1B &adle 1B). Interestingly, the percentages of
regulatory T cells (defined as CD3+CD4+CD25+FOXPamjong CD4+ T cells in the spleen
and in the lymph nodes of treated mice were ine@asmpared to those of control mice (20.3 £
3.6 vs11.6 £1.3 and 21.4 £ 5.5 vs 12.5 £+ 1.8 grarcrespectively, all p<0.01), although the
absolute number of Treg were also reduced duedalétrease in total cell numbers in these

lymphoid organs (Figure 1E).
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Figure 1: Anti-IL-7R antibody reduced all lymphocyte subset numbers and increased regulatory T cell

frequencies.
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Figure 1 (contd):
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Figure 1 (contd)
E. Regulatory T cells:
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Legend to figure 1 and table 1:Eight-week old male Balb/c mice received eitheti-HR7R mAb or isotype

control 400 ug IP every other day for 3 weeks (B for each group). Anti-IL-7R-treated mice had #igantly
lower number of T cells, CD4+ T cells, CD8+ T celisd B cells in the blood (A), lymph nodes (C)l apleen (D)
than those of control mice. In the thymus, totghtbcytes as well as CD4+CD8+ double positive, CDB8Cor

CD4-CD8+ single positive, and CD4-CD8- double nagatell numbers were all profoundly decreasedriti-k.-
7R-treated mice (B). The percentages of CD3+CD4+&BDXP3+ regulatory T cells in the spleen and i@ th

lymph nodes of treated mice were increased comp@rddose of control mice, although the absoluteiper of

Treg were also reduced due to the decrease in ¢etehumbers in these lymphoid organs (E). (*: 080 **:

p<0.01)

Table 1: Anti-IL-7R a antibody decreased lymphocyte numbers.

A. Blood:
Leukocyte subsets (cells/pl) Control group (n=4) edfied group (n=5) P value
CD3+ 924 +248.3 194.6 £ 73.8 <0.05
CD3+ CD4+ 684.3 + 202.5 125.2+£39.3 <0.05
CD3+ CD8+ 21.7+1.1 17.3+2.7 <0.05
CD19+ 667.3 + 231.6 242.8 + 86 <0.05
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B. Thymus:
Cell subsets (10cells) Control group (n=5) Treated group (n=5) diue
Total thymocytes 17.40+7.16 0.47 £0.33 <0.05
CD4+ CD8+ double positive 15.03 + 6.50 0.12+0.12 <0.01
CD4+ CD8- single positive 1.31+0.47 0.11 +0.10 <0.01
CD4- CD8+ single positive 0.59+0.17 0.06 £0.04 0.4
CD4- CD8- double negative 0.47 +0.13 0.19+0.11 <0.05

C. Spleen:
Leukocyte subsets (1@ells) Control group (n=5) Treated group (n=5) due
Total cells 24.80£2.78 14.9+2.36 <0.01
CD3+ 9.24 + 0.60 3.92+1.01 <0.01
CD3+ CD4+ 5.96 £ 0.41 2.49+0.82 <0.01
CD3+ CD8+ 2.69+0.14 0.95+0.24 <0.01
B220+ 12.04 +1.67 7.68+1.84 <0.05
CD3+CD62L° 1.72+0.15 0.86 £ 0.25 <0.01
CD3+CD62L°/CD3+ (%) 19.96 + 0.92 29.08 + 4.01 <0.01
Treg (CD3+CD4+CD25+FOXP3+) 0.69 + 0.09 0.49 £ 0.09 <0.05
Treg/CD3+CD4+ (%) 11.59+1.29 20.26 + 3.63 <0.01

D. Lymph node:
Leukocyte subsets (1@ells) Control group (n=5) Treated group (n=5) due
Total cells 9.38 £ 2.06 2.58+0.73 <0.01
CD3+ 6.34+£1.21 1.47+£0.49 <0.01
CD3+ CD4+ 4.56 +0.83 1.14 +0.40 <0.01
CD3+ CD8+ 1.67 £0.37 0.30 + 0.09 <0.01
B220+ 2.84+0.75 1.0+£0.29 <0.01
CD3+CD62L° 1.37+0.35 0.43+0.16 <0.01
CD3+CD62L°/CD3+ (%) 22.62+2.75 33.42+2.14 <0.01
Treg (CD3+CD4+CD25+FOXP3+) 0.57+0.15 0.23 +0.06 <0.01
Treg/CD3+CD4+ (%) 1252 +1.77 21.38 +5.47 <0.01

Anti-IL-7R o antibody induced long-term islet allograft survivd when started 3 weeks

before graft:

In order to test if the decrease in lymphocyte nendnd the increase in Treg percentage by IL-
7R blockade could prolong graft survival, we usaduine islet transplantation model in which
streptozotocin-induced diabetic Balb/c recipiergseived islet grafts from C57BL/6 donors.
Untreated mice rejected their islet grafts in a imedf 21 days (range: 14-34 days) (n=16).
Anti-IL-7R-treated mice that received anti-IL-dRnAb 400 ug IP every other day from the day
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of islet grafts until rejection (n=5) did not hasmgnificantly prolonged graft survival compared
to untreated mice as they rejected their graft@a imedian of 29 days (range: 21-35 days)
(p=0.16). The anti-IL-7R mAb used in our study can effectively block the-7UL-7R
interaction (16) but is unlikely to deplete IL-7Rells. Consequently, as shown in this study as
well as in previous studies (16), this antibody s given for at least 2-3 weeks before a
significant reduction in lymphocyte numbers is se@iven this fact, we then gave recipient
mice anti-IL-7Rx mAb 400 pg IP gqod 3 weeks before islet grafts emctinued the treatment
until graft rejection or post-transplant day (PT2). With this treatment, 5 of 6 mice had
indefinite graft survival over 180 days (p=0.000@mpared to untreated mice) (Figure 2A).
Donor-specific antibody (DSA) measurement at PTDit6énice with long-term graft survival
showed minimal antibody levels, whereas there watang DSA response in untreated mice
after graft rejection (n=5 for each group, p<0.(Aigure 2B). Subsequent left nephrectomy in
long-survival mice to remove the islet grafts ledsevere increase in blood glucose, confirming

that the maintenance of normoglycemia was dueafi fymction (data not shown).

Islet transplant survival Islet transplant - DSA
100 1500-
X ) *%
_ 801 * A o
< °
=
= 604 10004
>
o -o- Untreated control (n=16) 0 0,0
§ 40+ -& Anti-IL-7R from DO (n=5) =
5 =+ Anti-IL-7R from D-21 (n=6) 5004 .
[a B 20
- WE_
0 T T T T T 1 l.
0 30 60 90 120 150 180 0 T T
Post-tranplant day Untreated control  Anti-IL-7R from D-21
A B

Figure 2: Anti-IL-7R antibody prolonged islet graft survival and abrogated humoral immune
responseStreptozotocin-induced diabetic Balb/c recipiemseived islet grafts from C57BL/6 donors. A. Untesh
mice rejected their islet grafts in a median ofd2ys (range: 14-34 days) (n=16). Anti-IL-7R mAbatied mice that
received anti-IL-7R mAb 400 pg IP qod from the ddyislet grafts until rejection (n=5) rejected thgrafts in a
median of 29 days (range: 21-35 days) (p=0.16 coedptp untreated control). On the contrary, 5 @fin@-IL-7R
mADb-treated mice that received 400 pg IP god 3 wdxefore islet grafts until graft rejection or pusinsplant day
90 had indefinite graft survival over 180 days (38®2 compared to untreated control). B. Donor-$jgeantibody
(DSA) measurement at PTD160 in mice that receivedlh-7R from 3 weeks before graft and had longiggraft
survival showed minimal antibody levels, whereasd¢hwas a strong DSA response in untreated comica after

graft rejection (n=5 for each group, p<0.01).
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Anti-IL-7R o antibody given after T cell depletion inhibited T cell reconstitution and

decreased memory T cell number:

Although anti-IL-7Rx mAb alone can prolong islet graft survival, howetree fact that it must
be used 3 weeks before graft makes its clinicalieggmon unlikely. Therefore, we started the
treatment of naive mice with a combination of twmWwn T cell depleting antibodies commonly
used in experimental transplantation in mice: &4 mAb (clone GK1.5) and anti-CD8 mAb
(clone 2.43) in order to rapidly reduce T cell nard) followed by anti-IL-7R mADb to test if
IL-7R blockade can prolong the T cell reduction andibit the post-depletion increase in
memory T cell numbers. A total of 16 eight-week oidle Balb/c mice were given GK1.5 100
png plus 2.43 100 ug IP, followed 2 days later lilyerianti-IL-7Rx mAb (treated group, n=8) or
isotype control (control group, n=8) 400 ug qodilusdcrifice at 3 and 6 weeks (n=4 for each
group at each time point). Treated group had samt lower numbers of almost all lymphocyte
subsets, including CD3+, CD3+CD4+, CD3+CD8+, CD1&+d total lymphocytes in the blood,
spleen, lymph nodes, and thymus than control geotler at 3 weeks or 6 weeks. Importantly,
CD3+CD44'CD62L"° memory T cell numbers were lower in treated grthgm in control group,
although memory T cells accounted for a higher graage of T cells in treated group. As in the
case where IL-7R mAb was used alone, the treategpgnad increased frequency of regulatory
T cells although their absolute numbers also deeck@-igure 3 and Table 2).

Figure 3: Anti-IL-7R a antibody given after T cell depletion inhibited T cell reconstitution and decreased
memory T cell number. A total of 16 eight-week old male Balb/c mice wgireen GK1.5 100 pg plus 2.43 100 pg
IP, followed 2 days later by either anti-IL-dRnAb (n=8) or isotype control (n=8) 400 pg qod usécrifice at 3
and 6 weeks (n=4 for each group at each time podimgated group (anti-IL-7R) had significant lowarmbers of
almost all lymphocyte subsets, including CD3+, COB4+, CD3+CD8+, CD19+, and total lymphocytes in the
blood (A), thymus (B), spleen (C), and lymph no@g than control group (no anti-IL-7R) either at &eks or 6
weeks. Importantly, CD3+CD44 CD62L° memory T cell numbers were lower in treated grthan in control
group, although memory T cells accounted for a drigiercentage of T cells in treated group (E). tEetgroup had

increased frequency of CD3+CD4+CD25+FOXP3+ regwatd cells although their absolute numbers also
decreased (F). (*: p<0.05; **: p<0.01; (1): p=0.05I5: non-significant)
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Figure 3 (contd):
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Figure 3 (contd)
E. Regulatory T cells:
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Table 2: Anti-IL-7R a antibody given after T cell depletion inhibited Tcell reconstitution and decreased

memory T cell number.
A. Blood:

3 weeks after depletion

Leukocyte subsets (cells/pl) Control group (n=4) edfied group (n=4) P value
Total lymphocytes 1831.0 £ 692.4 818.5+244.9 50.0
CD3+ 257.8 £81.5 47.0+17.9 <0.05
CD3+ CD4+ 197.0+73.2 35.3+11.9 <0.05
CD3+ CD8+ 28.6+13.9 6.7+5.9 <0.05
CD19+ 1086.0 £ 465.5 536.5+270.3 0.11
Granulocytes 478.0 £ 168.7 483.3 + 200.6 1

6 weeks after depletion
Leukocyte subsets (cells/ul) Control group (n=4) edfed group (n=4) P value
Total lymphocytes 2446.0 +566.1 690.5 £ 299.9 050.
CD3+ 571.0£93.0 63.3+34.9 <0.05
CD3+ CD4+ 430.8 £59.2 46.8 + 36.8 <0.05
CD3+ CD8+ 88.0+13.3 9.3+5.9 <0.05
CD19+ 1704.0 £ 556.9 584.5 + 280.4 <0.05
Granulocytes 537.3+£85.0 578.0 £ 80.7 0.86
Memory T (CD3+CD44hiCD62Llo) 81.8+12.7 75+3.4 <0.05

B. Thymus:

3 weeks after depletion
Cell subsets (105 cells) Control group (n=4) Tréamoup (n=4) P value
Total thymocytes 195.0 +43.4 1.4+0.18 <0.05
CD4+ CD8+ double positive 165.5 +40.9 0.32+0.17 <0.05
CD4+ CD8- single positive 17.95+2.17 0.30+0.14 <0.05
CD4- CD8+ single positive 5.77 +1.33 0.25+0.12 0.05
CD4- CD8- double negative 577+1.0 0.53+0.18 0.05

6 weeks after depletion
Cell subsets (105 cells) Control group (n=4) Tréamoup (n=4) P value
Total thymocytes 142.0 £29.8 0.74+£0.13 <0.05
CD4+ CD8+ double positive 119.9 £ 26.0 0.068 + 0.06 <0.05
CD4+ CD8- single positive 14.13 +2.28 0.130 + .03 <0.05
CD4- CD8+ single positive 3.40+0.57 0.054 £ 0.038 <0.05
CD4- CD8- double negative 457 £1.02 0.485+R.19 <0.05
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C. Spleen:

3 weeks after depletion

Leukocyte subsets (105 cells) Control group (n=4) reafed group (n=4) P value
Total cells 174.0 £ 20.6 31.5x257 <0.05
CD3+ 20.8+7.9 1.7+1.0 <0.05
CD3+ CD4+ 16.2+6.1 1.0+0.7 <0.05
CD3+ CD8+ 3.03+1.94 0.166 + 0.082 <0.05
CD19+ 99.9+10.8 17.2+15.2 <0.05
CD3+CD62LIo 6.17 £1.98 0.69 +0.48 <0.05
CD3+CD62LI0/CD3+ (%) 30.5+3.3 405+4.4 <0.05
Treg (CD3+CD4+CD25+FOXP3+) 1.67 £0.69 0.135+0.09 <0.05
Treg/CD3+CD4+ (%) 9.06 £ 0.87 10.72+0.64 0.057

6 weeks after depletion
Leukocyte subsets (105 cells) Control group (n=4) reafed group (n=4) P value
Total cells 155.5+47.4 92.0+39.8 0.15
CD3+ 24.7+6.7 7.0+5.7 <0.05
CD3+ CD4+ 18.9+5.6 53+5.6 <0.05
CD3+ CD8+ 6.0+1.3 14+05 <0.05
CD19+ 87.7 £ 30.0 42.8+17.0 0.057
Memory T (CD3+CD44hiCD62LIo) 3.22+0.98 1.56+0.8 0.057
Memory T/CD3+ (%) 12.95+1.19 26.18 + 7.58 <0.05
Treg (CD3+CD4+CD25+FOXP3+) 1.87+0.63 1.00 £+ 0.83 0.20
Treg/CD3+CD4+ (%) 8.83+1.34 17.00 + 2.07 <0.05

D. Lymph node:

3 weeks after depletion
Leukocyte subsets (105 cells) Control group (n=4) reafed group (n=4) P value
Total cells 8.7+3.0 52+6.2 0.34
CD3+ 3.99+2.03 0.60 + 0.68 <0.05
CD3+ CD4+ 3.43+1.63 0.55+0.64 <0.05
CD3+ CD8+ 0.538 + 0.425 0.034 +0.011 <0.05
CD19+ 3.07+1.13 3.8+5.0 0.34
CD3+CD62LlIo 1.14 +£0.53 0.26 £ 0.29 0.057
CD3+CD62LIo/CD3+ (%) 29.0+2.9 45.0+4.9 <0.05
Treg (CD3+CD4+CD25+FOXP3+) 0.316 £ 0.126 0.10010Q. 0.11
Treg/CD3+CD4+ (%) 7.92+0.38 14.45 + 3.80 <0.05
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6 weeks after depletion

Leukocyte subsets (105 cells) Control group (n=4) reafed group (n=4) P value
Total cells 36.3+15.2 3.63+3.35 <0.05
CD3+ 144+49 0.37 £+ 0.26 <0.05
CD3+ CD4+ 11.8+3.9 0.32+0.23 <0.05
CD3+ CD8+ 2.96+1.10 0.066 + 0.059 <0.05
CD19+ 15.6+5.6 2.26 + 2.36 <0.05
Memory T (CD3+CD44hiCD62LIo) 1.54 +0.38 0.116 589 <0.05
Memory T/CD3+ (%) 10.98+1.35 30.30 + 3.22 <0.05
Treg (CD3+CD4+CD25+FOXP3+) 1.30 £ 0.45 0.063 + Q.04 <0.05
Treg/CD3+CD4+ (%) 10.05+1.52 13.93+2.29 0.11

Legend to table 2:A total of 16 eight-week old male Balb/c mice weieen GK1.5 100 pg plus 2.43 100 ug IP,
followed 2 days later by either anti-IL-@RnAb (treated group, n=8) or isotype control (cohgroup, n=8) 400 ug
god until sacrifice at 3 or 6 weeks (n=4 for eacbug at each time point). Treated group had siggifi lower
numbers of almost all lymphocyte subsets, includi@3+, CD3+CD4+, CD3+CD8+, CD19+, and total
lymphocytes in the blood (A), thymus (B), spleef, (&hd lymph node (D) than control group eitheB ateeks or 6
weeks. Importantly, CD3+CD44 CD62L° memory T cell numbers were lower in treated grtéhgm in control
group, although memory T cells accounted for a dnigtercentage of T cells in treated group. Tregredip had
increased frequency of CD3+CD4+CD25+FOXP3 regwatdr cells although their absolute numbers also
decreased.

Anti-IL-7R antibody given after T cell depletion prolonged skin allograft survival and

decrease humoral alloimmune response:

To determine whether the prolongation of T lymphopeassociated with the decrease in
memory T cell number and the increase in regulaibrgell frequency by IL-7R blockade
following T cell depletion is beneficial for grafiurvival, we used a stringent model of skin
allograft in mice. This time, we did not use isleinsplant to streptozotocin-induced diabetic
mice because T cell depletion by anti-CD4 mAb call@ady induce long-term graft survival
(2). Balb/c mice received tail skin grafts from @476 donors (Figure 4A). Untreated mice
(group 1, n=10) rejected their grafts in a medi&r®.6 days (range: 9-10 days). Mice which
received a single dose of anti-CD4 100 pug and@b8- 100 pg IP 3 days before graft followed
by isotype control 400 pug qod until rejection (god2ys n=15) had a median graft survival of 22
days (range: 11-28 days), which was significarghygler than that of untreated mice (p<0.0001).
We then added IL-7R blockade to the treatment patto see whether it could further prolong
graft survival. Mice were given the same dose d@i-@d4 and anti-CD8, followed by anti-IL-
7Ro mAb 400 pg qod until rejection or PTD70 (groupn3;7), this treatment resulted in a
median graft survival of 38 days (range: 13 to >#29s), which was significantly longer than
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that of group 2 (p=0.0006). The increase in theedafsanti-IL-7R mAb from 400 pg to 800 pg
god (group 4, n=18) did not further prolong grait\sval, the median graft survival was 33.5
days (range: 10 to >100 days) (p = 0.71 and p=0&fBpared to group 2 and group 1,
respectively). The prolonged graft survival with-1R blockade was associated with an
abrogation of humoral immune response, as DSA ¢eaelPTD30 were significantly lower in

group 3 compared to group 2 (p<0.05) (Figure 4B).

A.
Mouse skin graft survival
100+
-e- Group 1: no treatment (n=10)
= 80 -# Group 2: anti-CD4-8 + Isotype (n=15)
; Group 3: anti-CD4-8 + Anti-1L-7R 400 pug (n=7)
5 o ~ Group 4: anti-CD4-8 + Anti-IL-7R 800 pg (n=18)
S 401
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Figure 4: Anti-IL-7R blockade following T cell depletion prolonged mouse skin allograft survival and
abrogated humoral immune response(A) Balb/c mice received tail skin grafts from C37B donors. Group 1:
no treatment (n=10); group 2 (n=15): single dosamf-CD4 100 pg plus anti-CD8 100 pg IP 3 daysimefjraft
followed by isotype control 400 pg god until rejeat group 3: single dose of anti-CD4 100 pg ant+@®8 100
png IP 3 days before graft followed by anti-IL-@ R00 pug god until rejection or PTD70 (n=7); groupsdéme as
group 3, but with anti-IL-7R 800 pug god (n=18). Median graft survival of grdyi®, 3, and 4 were 9.5, 22, 38, and
33.5 days, respectively. Graft survival was siguifitly longer in group 2 than in group 1 (p<0.0Q0tLyvas further
prolonged in group 3 and group 4 compared to g@p=0.0006 and p=0.002, respectively), howevevas not
different between group 3 and group 4 (p=0.71). Bnor-specific antibodies (DSA) were significantbhwer in
group 3 compared to group 2 (p<0.05).
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DISCUSSION

Since the discovery of the essential role of th&/IL-7R axis in lymphopoiesis, this signaling
pathway has become an interesting therapeutic ttar§e@mulation of this pathway by
recombinant human IL-7 is currently tested in dabitrials to increase CD4+ T cell numbers in
HIV patients (17). Conversely, inhibition of IL-7r dL-7R has been tested in experimental
models to treat graft-versus-host disease followbane marrow transplantation (18) or
autoimmune diseases (19). Concerning organ tramspian, to the best of our knowledge, there
is only one published study by Wang and al in whaaheutralizing anti-IL7 antibody was used
in a murine cardiac allograft model. In that stuayti-IL-7 antibody alone given from the day of
transplantation was not effective, but anti-IL-7tibody combined with CD40/CD40L
costimulatory blockade significantly prolonged g¢rafurvival compared to costimulation
blockade alone (20).

We began our study by giving anti-IL-@RnAb (clone A7R34) to naive Balb/c mice to evaluate
the levels of reduction in the numbers of differlgmiphocyte subsets. We found that 3 weeks of
A7R34 400 pg IP god significantly reduced the nursab& total T cells, B cells, CD4+ and
CD8+ T cells in the blood, spleen, lymph nodes, #nenus; our results are similar to those
previously shown by Sudo and al., who had createldcharacterized this mAb (16). However,
we first show that anti-IL-7R also reduced the nembf CD3+CD62[° memory T cells and
increased the frequency of CD3+CD4+CD25+FOXP3+ ledgty T cells, this property is
potentially beneficial in transplantation. We thisted anti-IL-7R treatment in a murine islet
allograft model. Similar to Wang and al, we coulat prolong graft survival by anti-IL-7&R
antibody monotherapy given from the day of transtalaion. However, when we started anti-IL-
7Ra antibody 3 weeks before islet graft and contindeel treatment until 3 months post-
transplant, we induced indefinite graft survivabirof 6 treated mice. The timing of treatment is
important because this monoclonal antibody is mpieting and must be given for a few weeks
before its IL-7R blocking effect translates intaemluction in lymphocyte numbers. Depleting
antibodies that target IL-4Rwill be of great interest because IL-/® expressed in almost all T
cells except regulatory T cells, where the expogssi IL-7Ru is low or absent (21, 22). In fact,
the levels of expression of IL-BRor CD127 help to distinguish CD4+CD25+CD¥27
regulatory T cells from CD4+CD25+CD122ffector T cells (23). Therefore, depleting amsi-|
7Ra antibodies will deplete effector T cells while spg regulatory T cells.

In the absence of depleting properties, a blockamgi-IL-7Ro mAb should be used in
combination with other agents that have immediateiinosuppressive effects. Since IL-7 is

required for T cell reconstitution after T cell degon therapy, we treated mice with anti-IL«R
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mADb immediately after T cell depletion by a comhioa of two depleting mAbs: anti-CD4
(clone GK1.5) and anti-CD8 (clone 2.43). This conaltion of two depleting mAbs has been
commonly used in murine allograft models and shdwveplete about 85 percent of T cells
following by a T cell reconstitution with a predamnce of memory T cells (7). As expected,
mice that had received IL-7R blockade after T dejpletion had a profoundly suppressed T cell
reconstitution as evidenced by a 2 to 15-fold rédacof peripheral total T cells, CD4+, and
CD8+ T cells in the blood, spleen, and lymph noce®pared to mice that had received T cell
depletion alone (Table 2 and Figure 2). The difieeewas even more pronounced in the thymus,
where total thymocyte and thymocyte subset numivers reduced up to 1750 folds in anti-IL-
7R treated mice. Importantly, the absolute numbsramemory T cell, defined either as
CD3+CD62LIo or CD3+CD62Llo CD44hi were reduced 2Lt folds in the blood, spleen, and
lymph nodes of anti-IL-7R treated mice. Although7Lhad previously been confirmed to be
necessary for the proliferation and survival ofveaand memory T cells in lymphopenic host
(reviewed in 24), almost all of these studies weagied out by transferring T cells into either
constitutively lymphopenic mice such as rag-/- evese combined immunodeficient (SCID)
mice or sublethally irradiated wild-type mice. Gundy, on the other hand, demonstrated that in
normal mice, IL-7R blockade following a T cell dephg therapy commonly used in
experimental transplantation prolonged T cell lympénia, inhibited the post-depletional

increase in memory T cell numbers, and increasgalaory T cell frequency.

We subsequently confirmed these potentially bersdfeffects of IL-7R blockade in a murine
skin allograft model, which is simple to performtlmore stringent than heart allograft or islet
allograft in streptozotocin-induced diabetic midast to remind that a brief course of a depleting
anti-CD4 mAb alone could readily induce long-terarvéval of heart or islet allografts (2,3),
whereas it has no effect on skin allograft surviza). In our study, mice who received anti-IL-
7R mAb 400 pg qod following a single dose of a coration of depleting anti-CD4 and anti-
CD8 mAbs (referred to as anti-IL-7R-treated grobi@$ significantly prolonged skin allograft to
a median of 38 days compared to 22 days in mice rgbeived only anti-CD4 and anti-CD8
(referred to as depletion-only group). A doublingtbe dose of anti-IL-7R did not further
improve graft survival, suggesting that IL-7 rec@ptare already saturated. When analyzing the
survival curves (Figure 4), we recognized that somee in both anti-IL-7R-treated groups and
depletion-only group rejected their grafts in Iésan 15 days, which is earlier than expected.
The explanation may be that the dose of depletimipadies was not sufficient. Therefore, we
recently increased the dose of anti-CD4 and an®8@D200 pg for each mAbD, given at day -3
and -1, followed by either isotype control (n=6)amti-IL-7R (n=6) 400 pg qod from day 1 post-
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graft. Mice who received isotype control have a imedraft survival of 29 days (range: 19 to 34
days), whereas all IL-7R-treated mice still mainéal their graft at the time of this writing (PTD
47). These mice will be followed longer and morengrafts will be performed using this dose

schedule to determine graft survival.

Finally, IL-7R blockade is safe and appears tocftaly the lymphoid system. Our anti-IL-7R-
treated mice gained weight similar to control mibi® anemia, thrombocytopenia, or hepatic
enzyme elevation was noted after 6 weeks of traatnidere was no death among more than 60
mice that we have treated with this anti-ILe/RAb, even when combined with depleting anti-
CD4 and anti-CD8 mAbs. However, our current stuslynot a comprehensive toxicological

study, such a study will be necessary to confirenséifety of this therapy.
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PERSPECTIVES

1. Study of the mechanisms of action of IL-7R blockade the prolongation

of skin allograft survival:

As mentioned above, we will perform more skin grafi confirm the effect of IL-7R blockade
following a higher dose of T cell depletion in pyobing graft survival. We expect to obtain a
substantial proportion of long-term graft surviweith this protocol. Then further experiments
will be performed to understand through what medmas IL-7R blockade can prolong graft
survival and we will submit our article only afteaving obtained the results of these studies.

1.1. Reduction of alloreactive T cells:

Lymphocyte phenotyping has shown that the mostesxidffect of IL-7R blockade following T
cell depletion is the prolongation of profound lymapenia affecting almost all T cell subsets,
and to a lesser extent, B cells. It is likely that overall decrease in lymphocyte numbers also
means a decrease in alloreactive T cells. To vehiy hypothesis, we will use two different

approaches.

In the first approach, we will use a one-way mikgdphocyte culture (MLR), in which purified

T cells from skin graft recipients are stimulatgditvadiated donor APCs. T cells from anti-IL-
7R treated mice are expected to proliferate lesm tkthose from depletion-only mice,
demonstrating that IL-7R blockade reduces alloreact cells. T cell anergy will also need to
be ruled out by demonstrating the failure of exagmnIL-2 at doses that only affect high-
affinity receptors to restore the proliferation Dfcells from anti-IL-7R-treated recipients in
MLR.

In the second approach, we will perform directrfg®n gamma (IFN)-Elispot using purified T
cells from recipients and T cell-free APCs from dmn IFN/-Elispot is commonly used in
experimental as well as clinical transplantatiorgt@antify allospecific T cells by counting the
number of IFN secreting cells per 2®f total T cells. This method provides another viay
identify alloreactive T cells through their cytokinsecreting properties in response to

allostimulation.
1.2. Role of regulatory T cells:

Since the frequency of regulatory T cells (Treg)nisreased in anti-IL-7R-treated mice, these

Treg will be purified and tested in MLR to seehiéy capable of suppressing T cell proliferation.
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In order to answer the question whether the pratag of graft survival was due mainly to T
cell depletion or T cell regulation, we will perforadoptive transfer experiments using Balb/c
SCID mice. Balb/c SCID mice do not reject skin giaft from C57BL/6 donors because they
have severe immunodeficiency characterized by lyapphia, absence of functional T cells and
B cells, and hypogammaglobuminemia. Then we willfggen adoptive transfer to several
groups of Balb/c SCID mice followed by skin gratirh C57BL/6 donors.

Group 1 will receive T cells from naive wild-type aB/c mice, they will become

immunocompetent and will reject their C57BL/6 s@naft.

Group 2 will receive T cells from wild-type Balbfoice that have been treated with IL-7R
blockade following T cell depletion by anti-CD4 aanti-CD8 and have accepted their C57BL/6
skin graft for more than 50 days (referred to ai$-lan7R-treated mice). We expect that these
Balb/c SCID mice will accept their C57BL/6 skin firar at least will reject the graft in a much

lower pace than group 1.

Group 3 will also receive T cells from anti-IL-7Reited mice but this time
CD3+CD4+CD25+CD127lo regulatory T cell (Treg) wilave been removed by cell sorting
prior to adoptive transfer. The essential role @édlin prolonging graft survival will be
confirmed if group 3 has significantly shorter grafirvival than group 2. Conversely, if graft
survival is not different between the two grougswill signify that the prolongation of graft
survival is due to the reduction of alloreactiveélls and not to the increase in Treg frequency.

1.3. Role of regulatory B cells?

Because B cell number is also reduced by IL-7R Kade, though to a lesser extent, we will
explore if there are changes in the frequency ofuledory B cells defined as
B220+CD1dhiCD5+ (Yanaba et al, 2008). Further expents to clarify the function of these

regulatory B cells will be planned when necessary.
2. IL-7R blockade following T cell depletion in othertransplant models:

We are currently testing the same protocols of R.flockade following T cell depletion in a
model of islet transplantation in non-obese diab@iOD) mice. This model is very stringent
and strong immunosuppression is usually neededatotain long-term graft survival because

NOD mice have both alloimmune and autoimmune resg®Io islet grafts.

We also intend to cooperate with another lab tdysthis protocol in a model of heart graft in
mice. A short course of depleting anti-CD4 mAb withwithout depleting anti-CD8 mAb can

already induce long-term heart allograft surviddbwever, histologic studies of these heart
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grafts at postransplant day 100 revealed transpkstulopathy typical of chronic rejection. We
will test if the addition of a blocking anti-IL-7RvAb can reduce the histological signs of

chronic rejection.
3. IL-7R blockade in a mouse model of type 1 diabetes:

In a preliminary study, we found that IL-7R blockachn effectively prevent the development of
diabetes in NOD mice. NOD mice is the most commardgd animal model for the study of
type | diabetes in human. Female NOD mice develdfammation of pancreatic islets or
insulitis from 7-8 weeks of age. Overt diabetesitedo be detected in these mice from 12
weeks of age as a large proportion of beta cells bhaen destroyed. By the age of 30 weeks, 80
percent of female NOD mice have become diabeticaAslot study, we treated 8 week-old
female NOD mice with either anti-IL-7R mAb 400 R dod (treated group, n=8) or PBS at the
same volume and same schedule (control group, for& weeks (to 16 weeks of age). At 52
weeks of age, 5/8 (62.5%) of control mice devel@betes, whereas only 1/8 (12.5%) of treated
mice has diabetes (p = 0.028, log-rank test) (R@)r We are continuing our study by treating a
series of NOD mice at 12 weeks of age with antiFR-mAb for late diabetes prevention. At the
same time, we also treated NOD mice at the timenwdiabetes was diagnosed for diabetic

reversal.

NOD mice

L .

- Anti-IL-7R (n=8)
-+ Control (n=8)

100

804

60+

40+ A7R34 01
PBS

20+ p=0.028

Percent non diabetic

0 13 26 39 52
Weeks

Figure 8 : Anti-IL-7R a in the prevention of diabetes in NOD mice

4. IL-7R Dblockade following T cell depletion therapy — a strong
iImmunosuppressive protocol with potential applicaton in clinical
transplantation:

Our results with the use of IL-7R blockade follogrim T cell depletion therapy may have

important applications in clinical transplantatioflthough CNI-based therapies remain the
standard immunosuppression in organ transplantatil nephrotoxicity is one the main
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concerns of transplant physicians (Chapman, 20HErefore, new drugs are developed in order
to replace CNIs. CNI-free regimens, as expectedallysresulted in better renal function at 1
year, but unfortunately, were associated with higiwite rejection rates compared to standard
CNI-based regimens (Vincenti et al, 2010), somediteading to the early termination of clinical
trials (Friman et al, 2011). More importantly, eveiNI-free protocols that used a clinically
approved drug such as sirolimus and reinforced dgmetion therapy by alemtuzumab or ATG
still resulted in higher acute rejection rate owvdo graft survival than conventional CNI-based
treatments (Knechtle et al, 2003, Flechner et @052 Glotz et al, 2010). Since the dose of
sirolimus as well as of other non-CNI drugs cankehy be increased further because of their
side effects, we may need to add another drug deetlCNI-free protocols to reinforce their
efficacy. IL-7R blockade following a T cell depleti therapy presents as a novel and potent
immunosuppressive protocol which can be combineith wne of the non-CNI maintenance
therapies in order to have an adequate immunossgipee effect while keeping better renal
function by avoiding CNI nephrotoxicity. A seriesanti-human IL-7R is currently developed

and will soon be tested in non-human primate triamépnodels.
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ABSTRACT

TNF blockade modulates many aspects of the immune
response and is commonly used in a wide array of im-
mune-mediated inflammatory diseases. As anti-TNF in-
duces anti-dsDNA IgM antibodies but not other antinu-
clear reactivities in human arthritis, we investigated
here the effect of TNF blockade on the induction of TD
humoral responses using cardiac allograft and xeno-
graft models. A single injection of an anti-rat TNF anti-
body in LEW.1A recipients grafted with congenic
LEW.1W hearts almost completely abrogated the induc-
tion of IgM and IgG alloantibodies. This was associated
with decreased Ig deposition and leukocyte infiltration
in the graft at Day 5. TNF blockade did not affect germi-
nal-center formation in the spleen or expression of Th1/
Th2 cytokines, costimulatory and regulatory molecules,
and TLRs in spleen and graft of the recipient animals.
Clinically, the abrogation of the induction of the alloanti-
bodies was associated with a marked prolongation of
graft survival. In contrast, anti-TNF did not alter acute
xenograft rejection mediated by Tl antibodies in a ham-
ster-to-rat model. Taken together, these data indicate
that TNF blockade abrogates the induction of TD hu-
moral responses and accordingly, may have a benefi-
cial effect in antibody-mediated inflammatory
pathologies. J. Leukoc. Biol. 90: 000-000; 2011.

Introduction

Blocking TNF signaling has emerged as the first effective, tar-
geted biological treatment in the early 1990s and has now be-
come a treatment of choice for many chronic autoimmune
diseases, including RA, SpA, Crohn’s disease, and psoriasis.
The clinical efficacy of anti-TNF antibodies as well as soluble

Abbreviations: ANA=antinuclear antibodie(s), AU=arbitrary unit(s),
AUC=area under the curve, FoxP3=forkhead box P3, HPF=high-power
field, HPRT=hypoxanthine guanine phosphoribosy! transferase, MARD/G/
M=mAb-to-rat IgD/IgG/IgM, PALS=periarteriolar lymphoid sheath, gRT-
PCR=quantitative RT-PCR, RA=rheumatoid arthritis,
SpA=spondyloarthritis, TD=T cell-dependent, TI=T cell-independent

0741-5400/11/0090-0001 © Society for Leukocyte Biology

TNEFR fusion proteins has not only yielded a dramatic benefit
in terms of patient care but also turned out to be a unique
tool to study the modulation of the human immune system in
vivo [1]. Translational studies in patients treated with TNF
blockers have yielded important insights into the pathophysiol-
ogy of these diseases as well as in the mechanism of action of
the TNF-blocking agents [2]. Neutralizing TNF appears to tar-
get multiple inflammatory pathways downstream of TNF, in-
cluding endothelial activation, leukocyte recruitment, prolifer-
ation, differentiation, and activation of hematopoietic and
mesenchymal cells. Moreover, anti-TNF treatment can induce
reverse signaling through transmembrane TNF and thereby,
functionally modulate the TNF-producing cells, perhaps even
leading to apoptosis. Finally, TNF blockers induce additional
effects by interaction with FcRs, leading to activating or inhibi-
tory signals in cells expressing these receptors.

A striking and unexpected observation in the early studies
with infliximab, a chimerical mAb to TNF, in RA was the in-
duction of ANA in a significant proportion of patients [3].
Confirming and extending these observations, we reported
that this induction of novel autoantibody reactivities was not
only observed in RA, a disease characterized by autoantibodies
and defects in B cell tolerance, but also in SpA, a prevalent
form of arthritis without known autoantibodies and hence,
with a presumably normal B cell tolerance [4]. Clinically, the
newly induced ANA were not associated with lupus-like disease
and may even represent a physiological housekeeping mecha-
nism to clear nuclear debris [5, 6]. From an immunological
point of view, however, further characterization of the fine
specificity of the antibodies yielded two striking observations
[5]. First, all antibodies were of the IgM and IgA isotype, with
an almost complete absence of IgG antibodies. These newly
induced IgM ANA also disappeared upon interruption of TNF
blockade in most of the patients. Second, the fine specificity
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was almost exclusively restricted to dsDNA, which can induce a
TI humoral response and did not spread to other TD nuclear
antigens, even for the IgM isotype. Taken together, these ob-
servations—that the humoral autoimmune reaction toward nu-
clear antigens during TNF blockade was restricted to short-
term TI responses—raised the hypothesis that TNF blockade
may, in addition to the effects described previously, also affect
the normal maturation of a humoral response and in particu-
lar, the TD response against protein antigens.

In the present study, we aimed to address this hypothesis
experimentally by using a rat allograft model, in which con-
genic LEW.IW (haplotype RT1") heart grafts are heterotopi-
cally transplanted in LEW.1A (haplotype RT1*) recipients.
These congeneic animals have a complete mismatch for the
class I, II, and Hike genes of the MHC region, leading to an
acute rejection within 6.5 days. The rejection is mediated by
Thl cells as well as by alloantibodies, which appear as early as
Days 6-8 [7-9]. Here, we assessed whether TNF blockade in-
hibits the induction of TD humoral responses by studying the
induction of alloantibodies, the graft and spleen immunopa-
thology, the global immune profile of graft and spleen, and
the allograft survival in this model. As control, we studied a
hamster-to-rat xenotransplantation model, where the acute re-
jection is mediated by TI antibodies [10, 11].

MATERIALS AND METHODS

Cardiac allograft transplantation model

LEW.IA (RT1"), and LEW.IW (RT1") rats (Janvier, Savigny/Orge, France)
were maintained under standard conditions, according to European and
institutional guidelines. Heterotopic cardiac allografts were performed at
Week 8 [7]. Animals were treated with an anti-rat TNF mAb (IgG2A «;
Centocor, Malvern, PA, USA) or the species-, isotype-, and concentration-
matched control 3G8 antibody injected i.p. at 8 mg/kg. In specific experi-
ments, anti-TNF was given at 15 mg/kg or was combined with a subthera-
peutic dose of cyclosporine A (5 mg/kg) from Days 0 to 2. Orbital blood
was obtained sequentially for alloantibody monitoring. For histology and
mRNA analysis, animals were killed at Day 5 to recover cardiac allografts
and recipient spleen. For experiments on graft survival, animals were moni-
tored for heart beating up to Day 40. As control for this allotransplantation
model, we additionally used cardiac hamster-to-rat xenografts as described
previously [11]. Recipients were treated with cyclosporine A (10 mg/kg)
daily in combination with anti-TNF (8 mg/kg) i.p. at Days 0, 3, and 6.

ELISA measurement of alloantibodies

Cellular proteins were extracted from LEW.IW splenocytes using the
ReadyPrep sequential extraction kit (BioRad Laboratories, Veenendaal,

The Netherlands) and coated on 96-well plates. Serum from LEW.1A-recip-
ient animals (1:100 dilution) was incubated on the plates, and bound al-
loantibodies were detected with a HRP-conjugated rabbit anti-rat IgG anti-
body (Bethyl, Montgomery, TX, USA) and 3',5,5'-tetramethyl benzidine
substrate. Serial dilutions of high titer sera were used as a standard curve
to assign AU for comparison between groups.

Immunohistology

Frozen sections of cardiac allografts were stained with mouse MARM-4 or
MARG (both kindly provided by B.V., INSERM U643, Nantes, France) us-
ing a streptavidin-peroxidase technique and scored semiquantitatively by
two independent observers blinded for the treatment protocol. Addition-
ally, sections were immunostained using a three-step indirect immunoper-
oxidase technique using antibodies against the following cell-surface mark-
ers: CD45 for leukocytes (clone OX1-OX30); TCR for T lymphocytes
(clone R7-3); CD4 (clone W3/25), CD8 (clone OX8), and CD45RA for B
lymphocytes (clone OX33); CD68 for macrophages (clone ED1); and
0OX62 antigen for DCs (clone OX62; all clones from Bioatlantic, Nantes,
France, except W3/25 clone from Serotec Laboratories, Oxford, UK). The
number of positively stained cells/HPF was counted on each slide.

Frozen sections of the spleen were stained for B cells (CD45RA) and T
cells (TCR). Some spleen sections were also stained for surface MARD-3
clone (Serotec Laboratories). B cell follicles were quantified as described
previously [10]. Briefly, all B cell follicles present on one whole section
were counted under the microscope, and the percentage of secondary folli-
cles with a germinal-center formation was reported. To measure the follicu-
lar area, 10 consecutive pictures were captured for each spleen section at
100X original magnification. Image analysis was performed with the Meta-
morph software version 7.0 (Molecular Devices, Sunnyvale, CA, USA). Fol-
licular areas, including primary and secondary follicles in each picture,
were outlined manually and measured as number of pixels. All follicular
areas present in these 10 pictures were summed and compared between
treated and control groups.

qRT-PCR

Total RNA was isolated using TRIzol (Invitrogen, Cergy Pontoise, France),
amplified using the SuperScript RNA amplification system (Invitrogen),
and reverse-transcribed using a Moloney murine leukemia virus RT kit (In-
vitrogen). Real-time qPCR was performed with a GenAmp 7700 sequence
detection system (Applied Biosystems, Foster City, CA, USA) using SYBR
Green PCR core reagents (Applied Biosystems). Specific amplification
products were checked by amplicon melting curves. The primers used for
qRT-PCR and designed in the laboratory are shown in Table 1.The others
primers (FoxP3, HO1, IDO, TLR1-10) were purchased from Applied Bio-
systems.

Statistics
Data were represented as mean * sem, and comparisons between treat-

ment groups were performed using the parametric ¢ test. For semiquantita-
tive scores, the data were represented as median (interquartile range), and

TABLE 1. List of Primers Used for gPCR Analysis

Forward primer

Reverse primer

1L-2 CCTTGTCAACAGCGCACCC GCTTTGACAGATGGCTATCC
114 CCACCTTGCTGTCACCCTGT AGGATGCTTTTTAGGCTTTC
1L-10 TCAGCACTGCTATGTTGCC CCTTGCTTTTATTCTCAGAGG
1L-13 AGCAACATCACACAAGACCAG CACAACTGAGGTCCACAGCT
IFN-y TGGATGCTATGGAAGGAAAGA GATTCTGGTGACAGCTGGTG
TNF-a TGCTCCTCACCCACACCG GGCTCTTGATGGCGGAGA
TGF-B CTACTGCTTCAGCTCCACAG TGCACTTGCAGGAGCGCAC
HPRT CTGCTGGATTACATTAAAGCG TCCCTGAAGTGCTCATTATAG
iNOS ACTCAAGTTCAGCTTGGCGG GGAGTGTCAGTGGCTTCCAG
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comparisons between treatment groups were performed using the nonpara-
metric Mann-Whitney U test. P < 0.05 was considered statistically signifi-

cant.

RESULTS
Anti-TNF blocks the induction of alloantibodies

To determine whether TNF blockade affects the induction of
alloantibodies, we first measured by ELISA the appearance of
serum alloantibodies over 20 days after LEW.1W-to-LEW.1A
cardiac allograft in recipients treated with a single i.p. injec-
tion of the control 3G8 antibody (8 mg/kg; n=>5) or the anti-
TNF antibody (8 mg/kg; n=6) on Day 0 or the anti-TNF anti-
body (8 mg/kg) at Days 0, 3, and 6 (n=6). In line with previ-
ous observations [8], serum IgM alloantibodies appeared as
early as Day 5, peaked at Day 10 at 4442 = 1783 AU/ml, and
dropped on Day 15 in the control animals (Fig. 1A). Single as
well as triple injection of anti-TNF significantly suppressed the
induction of IgM alloantibodies (P=0.030 and P=0.030, re-
spectively, for AUC comparison with control animals) with
peak titers of 227 £ 22 AU/ml (P=0.028 vs. controls) and
194 = 48 AU/ml (P=0.027 vs. controls), respectively (Fig. 1A
and B). IgG alloantibodies appeared from Day 5 on and
peaked around Day 15 at 5698 + 3067 AU/ml in control ani-
mals (Fig. 1C). As for IgM, single as well as triple administra-
tion of anti-TNF significantly suppressed the induction of IgG
alloantibodies (P=0.017 and P=0.030, respectively, for AUC
comparison with control animals) with peak titers of 277 *
160 AU/ml (P=0.052 vs. controls) and 155 = 56 AU/ml
(P=0.030 vs. controls), respectively (Fig. 1C and D). These
data demonstrate that even a single administration of anti-TNF

antibody at the day of transplantation severely impairs the in-
duction of IgM and IgG alloantibodies.

TNF blockade decreases IgG deposition and
leukocyte infiltration in the graft

To assess whether the effect of TNF blockade on alloantibody
levels in the serum was also reflected by altered deposition in
the grafts, we performed histopathology on grafts obtained at
Day 5 after transplantation in animals treated with a single in-
jection of control 3G8 antibody (7=9) or anti-TNF antibody
(n=9). Whereas there was a slight but not significant differ-
ence in IgM deposition (Fig. 2A), the degree of IgG deposi-
tion was significantly decreased in the graft of anti-TNF-treated
animals versus animals treated with the control antibody
(P=0.035; Fig. 2B). Immunohistochemical analysis of the in-
flammatory infiltration of the grafts additionally revealed a sig-
nificant reduction of the total number of leukocytes in the
anti-TNF-treated grafts (63+22 cells/HPF) versus the control-
treated grafts (99%22 cells/HPF; P=0.003; Fig. 2C). Further
characterization of the infiltrating leukocytes did not show sig-
nificant differences in any of the analyzed leukocyte subsets,
including CD4" and CD8" T cells, B cells, macrophages, and
DCs (data not shown).

TNF blockade significantly prolongs allograft survival
We next assessed whether the observed inhibition of alloanti-
body induction and Ig deposition by TNF blockade affected
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Figure 1. Time curve of the serum alloantibodies of the IgM (A and
B) and IgG (C and D) isotype from Day 0 to Day 20 after cardiac allo-
transplantation. Control animals were treated with a single injection of
a control antibody at Day 0. The treated groups received a single in-
jection of anti-TNF at Day 0 (A and C) or three injections of anti-TNF
at Days 0, 3, and 6 (B and D). Data are represented as mean * SEM.
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tively. (C) CD45" leukocyte infiltration, as assessed by number of positive cells/HPF upon immunostaining.

the allograft survival. In the control group, the LEW.1W-to-
LEW.IA cardiac allografts were consistently rejected around
Day 7 (n=10). Treatment with a single injection of anti-TNF
antibody at a dose of 8 mg/kg at Day 0 (n=10) significantly
prolonged the survival to Day 20 (range 10-25; P<0.001;

Fig. 3A). Triple injection with anti-TNF at Days 0, 3, and 6
(n=11) further prolonged the allograft survival to Day 25
(range 22-27; P<0.001 compared with control, as well as with
single anti-TNF treatment; Fig. 3B). Modulation of the timing
(Days -4, -1, and 2, instead of Days 0, 3, and 6) or the dose
(15 mg/kg, instead of 8 mg/kg) of the triple anti-TNF admin-
istration did not further improve the graft survival (data not
shown). These data indicate that even if TNF blockade does
not induce long-term tolerance, the abrogation of alloantibody
induction was associated with a significant prolongation of al-
lograft survival.

TNF blockade selectively affects TD humoral
responses

As the humoral alloresponses are strongly dependent on T cell
help, in this model, we sought to provide additional evidence
that TNF blockade was specifically affecting TD but not TI hu-
moral responses steered by innate immune triggers [12]. First,
we investigated whether anti-TNF had an additive effect to a T
cell-directed therapy such as cyclosporine A. For this purpose,
we used a suboptimal treatment with cyclosporine A (5 mg/kg
from Days 0 to 2), which slightly prolonged graft survival (Day
14, range 6-19), compared with untreated animals (Day 8,
range 5-11; P=0.007) but did not induce long-term tolerance
to be able to evaluate an additional effect of TNF blockade
(Fig. 3C). The combination of this subtherapeutic dose of cy-
closporine A with a single injection of anti-TNF (median graft
survival Day 18, range 5-20) was not superior to cyclosporine
A alone or to anti-TNF alone (median 20, range 10-25), indi-
cating that there was no additive effect (Fig. 3D). Next, we
performed similar experiments in a hamster-to-rat cardiac
xenograft model, where the acute rejection is not mediated by
affinity-matured TD antibodies but by TI antibodies [10, 11].
In this model, xenografts were rejected at Day 3 in untreated
animals. The median xenograft survival was 4 days [2-8] in
treated animals (2=7), indicating that anti-TNF had no effect
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in this model. Finally, we assessed whether TNF blockade may
affect alloantibody responses through modulation of TLRs, as
we previously observed a strong effect of TNF blockade on
TLR expression in humans [13] and as TLR-mediated innate
immune responses contribute to allograft rejection [14]. As
for T cell cytokines and regulatory molecules, however, there
was no difference in TLR mRNA expression in the graft and
the spleen of anti-TNF-treated versus control-recipient animals
(Fig. 4A and B). Taken together, these data support the con-
cept that TNF blockade selectively affects the TD humoral re-
sponses.

TNF blockade does not affect T lymphocyte profiles
As the alloantibodies in this model are TD [10, 15], we investi-
gated whether the abrogation of alloantibody induction could
be a result of an indirect effect of TNF blockade on T cell pro-
files. We analyzed the expression of genes of interest at Day 5
after transplantation in the graft and spleen of control 3G8-
treated (n=9) versus anti-TNF-treated (n=9) recipients. As
shown in Fig. 4C and D, the expression in the graft and in the
spleen of 11-2, 114, IL-10, IL-13, IFN-y, and TNF-a was not
different between treated and control animals, indicating that
TNF blockade did not induce a shift in the Th1/Th2 balance.
There was also no alteration in the expression of CD40 and
CD154, a pivotal ligand-receptor pair involved in the TD matu-
ration of B cell responses (data not shown). As to regulatory
pathways that may modulate T cell responses, the expression
of TGF-B, HO1, IDO, and iNOS was similar in anti-TNF-
treated and control grafts and spleen (Fig. 4E and F). The ex-
pression of FoxP3 was very low in all samples (data not
shown). Taken together, this screening approach by gene ex-
pression analysis revealed no major impact of TNF blockade
on intragraft or spleen T lymphocyte profiles.

TNF blockage does not affect splenic germinal-center
formation

The pivotal interaction of T and B cells in the maturation and
amplification of the alloimmune responses occurs mainly in
the germinal centers of secondary lymphoid follicles [10, 16,
17]. As previous studies in mice have indicated that blocking
TNF could affect memory B cells and antibody responses by
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inhibition of germinal-center reactions [18, 19], we obtained
spleens at Day 5 or Day 10 post-transplant (n=4 for each
group) and immunostained T and B cells to quantify the per-
centage of secondary follicles and the total follicular areas as
described previously [10] (Fig. 5A and B). We used CD45RA
as the marker for rat B cells, but we also stained some sections
for surface IgD, which gave the same staining pattern. At post-
transplant Day 5, treated animals had 9.7 + 2.4% of secondary
follicles versus 13.6 = 4.0% in the control group (P=0.48; Fig.
5C). At post-transplant Day 10, the percentages were 26.3 *
3.1% and 27.1 + 3.8% in the treated and control group, re-
spectively (P=0.89; Fig. 5D). Similarly, the follicular area was
comparable in the treated group versus the control group at
post-transplant Days 5 and 10 (Fig. 5E and F). These data indi-
cate that the splenic germinal-center reaction was not affected
by TNF blockade in this model.

DISCUSSION

The main finding of this study in an experimental cardiac allo-
transplantation model is that TNF blockade abrogates the in-
duction of antibodies directed toward a TD alloantigen. The
first evidence for modulation of humoral responses by TNF
blockade came from the observations that anti-TNF therapy
induced ANA in RA and SpA patients [3-5]. Interestingly, this
autoimmune response was not directed against a variety of
protein and nonprotein nuclear antigens, as observed in sys-
temic lupus erythematosus, but restricted to IgM and IgA anti-
bodies toward the TI antigen dsDNA. We propose that this
restriction in autoantibody response may relate to the fact that
activation, maturation, and differentiation of B cells in the pe-
riphery can occur along two distinct pathways [12]. Upon rela-
tively low-strength signaling through the BCR, naive B cells are
preferentially directed toward the marginal zone of the spleen,
where they can undergo some degree of somatic hypermuta-
tion but no class-switch recombination. This process mainly
initiated by TI antigens, such as polysaccharides, is governed
by neurogenic locus notch homolog protein 2 signaling. Mar-
ginal-zone B cells can then further differentiate toward IgM
memory cells or IgM-producing plasma cells, which retain a
global, low affinity for the antigens. In contrast, high-affinity B
cell responses require the naive B cells to mature in a germi-
nal-center reaction, a process that depends on high-strength
signaling through the BCR, on Bruton's tyrosine kinase and
runt-related transcription factor 1 (RUNXI) signaling, and on
T cell help. Extensive somatic hypermutation and class-switch
recombination in the germinal center allow the development
toward high-affinity, isotype-switched memory B cells and
plasma cells. This is not only the classical pathway for B cell
responses against TD protein antigens but may also play a cru-
cial role in the maturation of high-affinity responses to TI anti-
gens. Our observations about ANA induction in arthritis pa-
tients treated with anti-TNF antagonists were therefore com-
patible with a selective induction of the marginal-zone pathway
or a specific inhibition of the TD germinal-center reaction.
The data obtained in this experimental study of allotransplan-
tation strongly support the second hypothesis, as we observed
a nearly complete abrogation of the antibody induction toward
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tory molecules.

a TD alloantigen. Moreover, the absence of effect on TLR ex-
pression, the absence of additional effects of TNF blockade on
cyclosporine A treatment, and the absence of effect in the
xenograft model all corroborate to support that TNF blockade
selectively affects TD humoral responses.

The second crucial finding of the study was that the abroga-
tion of alloantibody induction by TNF blockade was associated
with a decreased inflammatory infiltration of the graft and a
prolonged graft survival. These findings are consistent with

6 Journal of Leukocyte Biology Volume 90, August 2011

pioneering studies of TNF blockade in experimental transplan-
tation models in the early 1990s, which showed in different
models that TNF blockade doubles to triples the survival of
allografts [20-23]. Several mechanisms have been suggested to
contribute to this beneficial effect on graft survival, including
decrease of the production of TNF itself by lymphocytes [24],
modulation of ECM components important for the homing of
lymphocytes to the graft [25], and modulation of cytokine and
MHC expression [26]. Here, we propose that inhibition of the
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Figure 5. Analysis of germinal-center reactions in the spleen after transplantation. Immunostaining for B cells with CD45RA (clone OX-33) allowed
identification of primary follicles (A) and secondary follicles (B) with germinal centers in the spleen of rats sacrified at Day 5 or at Day 10 after
heart transplantation (original magnification, 200X). ca, Central arteriole; F, B cell follicle (dense concentration of CD45RA™ B cells); GC, germi-
cal center (clear zone at the center of the follicle as a result of the absence of CD45RA™ B cells; this zone is also devoid of T cells when anti-TCR
staining is used); MZ, marginal zone (surrounding the follicle and the PALS with a less-dense concentration of CD45RA™ cells); T, T cell-rich
PALS (CD45RA-negative, but TCR+ in sections stained for TCR); RP, red pulp. Quantification of the percentage of secondary follicles to all folli-
cles (C and D) or the total areas of all follicles (including primary and secondary follicles) measured in pixels (E and F) at Day 5 (C and E) and
Day 10 (D and F) post-transplantation did not reveal differences between the control animals and the anti-TNF-treated animals.

alloantibody response is an additional mechanism contributing
to the beneficial effects of TNF blockade in transplantation.
The huge amounts of purified alloantibodies needed to per-
form transfer experiments in rats precluded us from formally
proving this hypothesis, but the absence of effect on the other
key factors in this model, including T cell cytokines and regu-
latory molecules, supports that the increased graft survival is
related to effect of TNF blockade on the humoral response.
The data obtained here with TNF blockade are also perfectly
in line with our recent observation that attenuation of the hu-
moral response by proteasome inhibition also delayed acute
graft rejection in the same rat allotransplantation model [27].
These observations raise two important and related ques-
tions: what are the mechanisms of this effect, and to what ex-
tent can this effect be translated to other humoral responses
in an experimental setting or more importantly, human dis-
ease? As to the mechanism, studies by Noorchashm et al. [16,
17], as well as other groups, have indicated that cognate T-B
cell interactions are crucial in the maturation of the allore-
sponse and the subsequent rejection. In these interactions,
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which occur during germinal-center reactions, T cells will pro-
vide help to B cells for affinity maturation, but B cells can also
play a crucial role as APCs in the activation of alloreactive T
cells. Studies in knockout mice as well as in human RA treated
with TNF blockers indicated that TNF signaling plays an im-
portant role in germinal-center reactions and thereby sug-
gested that TNF blockade may impact the humoral allore-
sponse at this level. However, our experiments did not show
alterations of the T cell cytokine profiles in spleen and graft
or a decrease in the number or size of germinal-center reac-
tions in the spleen. An additional observation in this context
was that not only IgG but also IgM alloantibody formation was
suppressed, suggesting that the effect of TNF blockade may
occur at levels other than the germinal-center reaction as
such. Dissection of the exact mechanism behind this abroga-
tion of alloantibody induction will, however, require tools to
track antigen-specific B cells to assess whether TNF blockade
exerts its action at the level of naive B cell activation, the ger-
minal-center reaction itself, or the postgerminal-center matura-
tion toward fully differentiated plasma cells.
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Our findings in this experimental model finally raise the
question of whether the observed effect is more generally ap-
plicable to a TD humoral response and how TNF blockade
could be used to modulate humoral rejection in human trans-
plantation. We have preliminary evidence that TNF blockade
in humans suppresses primary responses to TD vaccination
(unpublished observations) but has only modest effects on
pre-existing antibody titers [28], on recall responses against,
for example, influenza [29, 30], and TI vaccinations against
pneumococcal polysaccharides [31-34]. This supports the con-
cept that anti-TNF not only abrogates the induction of alloan-
tibodies but is more broadly suppressing primary TD B cell
responses. As to the potential relevance for human applica-
tions, TNF blockade has barely been explored for clinical use
in solid organ transplantation in humans despite ample evi-
dence about the association of high levels of TNF with graft
rejection in patients [35-37]. Pascher et al. [38, 39] have suc-
cessfully used the chimerical anti-TNF mAb infliximab to treat
steroid-resistant, acute cellular rejection of intestinal transplan-
tation in four cases [38, 39]. The soluble TNFR construct etan-
ercept was shown to have some modest effects on post-trans-
plant cardiac allograft hypertrophy [40]. TNF blockade has, to
the best of our knowledge, not been explored in other types
of transplantation and/or graft rejection.

In conclusion, the present study provides experimental evi-
dence that TNF blockade abrogates the induction of TD hu-
moral responses. In this transplantation model, this effect was
paralleled by a significant prolongation of graft survival. The
exact immunological mechanisms as well as the relevance for
human transplantation need to be explored in more detail.
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Priming of recipients by DST induces long-term sur-
vival of mismatched allografts in adult rats. Despite
these recipients developing inducible T regulatory cells
able to transfer long-term graft survival to a sec-
ondary host, a state of chronic rejection is also ob-
served. We revisited the molecular donor MHC targets
of the cellular response in acute rejection and analyzed
the cellular and humoral responses in recipients with
long-term graft survival following transplantation. We
found three immunodominant peptides, all derived
from LEW.1W RT1.D" molecules to be involved in acute
rejection of grafts from unmodified LEW.1A recipients.
Although the direct pathway of allorecognition was
reduced in DST-treated recipients, the early CD4* in-
direct pathway response to dominant peptides was
almost unimpaired. We also detected early and sus-
tained antidonor class | and Il antibody subtypes with
diffuse C4d deposits on graft vessels. Finally, long-term
accepted grafts displayed leukocyte infiltration, endar-
teritis and fibrosis, which evolved toward vascular nar-
rowing at day 100. Altogether, these data suggest that
the chronic graft lesions developed in long-term graft
recipients are the result of progressive humoral injury
associated with a persisting indirect T helper response.
These features may represent a useful model for un-
derstanding and manipulating chronic active antibody-
mediated rejection in human.

Key words: Alloantibodies, allotransplantation,
antibody-mediated rejection, chronic allograft rejec-
tion, complement C4d, heart allograft, transplantation
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Introduction

Long-term graft survival through manipulation of the host
‘peripheral’ immune response has been achieved in a num-
ber of experimental models (1-4). However, closer atten-
tion to the graft itself has recently shown that some of the
recipients with long-term graft survival (>100 days), de-
velop histological lesions of chronic rejection (5-7). Such
lesions can coexist with the presence of regulatory T cells
that are able to transfer the capacity of immediate graft
‘acceptance’ to naive hosts, but unable to prevent the
reappearance of chronic lesions (5,7,8). This reinforces the
need for careful pathological analyses, particularly in the
usual non-life-sustaining, heterotopic heart graft model, to
assess the mechanisms leading to chronic rejection. More-
over, these models may contribute to the understanding of
chronic rejection in humans.

Using molecularly defined donorderived MHC peptides,
we revisited the direct and indirect pathway responses of
CD4+ and CD8* T cells as well as the humoral response
following the protocol of DST-induced long-term graft sur
vival. We show that, according to previous data empha-
sizing transcriptional downmodulation of a number of Th1
cytokines (9), there was strong inhibition of the IFNy re-
sponse triggered by the direct pathway of allorecognition
in this model. CD8* T cells, despite undergoing a strong
clonal selection, lost their capacity to respond to dominant
donor peptides in the indirect pathway. However, we also
noted an unambiguous CD4*-mediated IFNy response by
the indirect pathway of allorecognition of dominant donor
MHC peptides in the week following transplantation. Fur
thermore, we show that long-term surviving animals de-
veloped an unbiased and sustained antidonor humoral re-
sponse with diffuse intragraft C4d deposition and severe
cellular inflammation associated with vascular occlusion
suggestive of an ‘active humoral’ type of chronic rejection
recently defined in humans (10). Altogether, these data
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shed new light on the classical model of tolerance induc-
tion in the rat and provide evidence that this model carries
several features observed in chronic humoral rejection in
human transplantation.

Materials and Methods

Animals and transplantation

Naive adult MHC-mismatched congeneic LEW.1A (RT12), LEW.1W (RT1Y)
and BN (RT1") rats were purchased from Janvier (France). LEW.1A, LEW.1W
or BN heart grafts were implanted heterotopically onto LEW.1A recipients
using the Ono and Lindsey technique (11) and function was monitored daily
by palpation through the abdominal wall. Rejection was defined as complete
cessation of heartbeat.

Donor-specific transfusions

Blood (1 mL) collected from a LEW.1W donor by cardiac puncture was
injected intravenously into LEW.1A recipients on pretransplant day —14
and —7 (12). The regimen induces donor MHC-specific long-term allograft
survival (>100 days), but with grafts showing signs of chronic rejection at
day 100 (6).

Peptide synthesis

Synthetic peptides 16 amino-acids in length and spanning the polymor-
phic regions of RT1.AY (a1, 02 and a3 domains), RT1.BY (1 domain) and
RT1.DY (81 domain) or the invariable regions of RT1.A (¢2 and 0.3 domains)
molecules (13) (Figure 1) were prepared by Genepep (France). Lyophilized
peptides were dissolved in deionized water/0.4% DMSO and used in cul-
tures at a final concentration of 10 pg/mL.

Cells and cell sorting

Cells from mesenteric lymph nodes and spleen cells isolated by passing
through a stainless steel mesh. Graft infiltrating cells were extracted from
hearts after cutting the graft into small pieces, incubated with collagenase
D (2 mg/mL Boerhringer Mannheim) for 20 min at 37°C and isolated by
centrifugation over Ficoll. Blood samples were collected in heparin tubes
and PBMC were isolated after erythrocytes lysis by osmotic shock. Spleen
T cells were prepared using nylon wool adhesion columns followed by
depletion of NK cells, monocytes and B cells with specific mAbs (clone
3.2.3, clone OX42 and clone HIS24 (BD Pharmingen) respectively), followed
by anti-mouse IgG-coated dynabeads (Invitrogen). CD4* or CD8* T cells
were negatively sorted using anti-mouse |gG dynabeads after T-cell staining
with anti-CD8 (OX8) or anti-CD4 (W3/25) mAbs (European collection of cell,
Salisbury, UK). CD4*CD25"9" T cells and their negative counterparts were
sorted using an ARIA flow cytometer (BD) after staining with anti-CD4 FITC
and anti-CD25 Alexa 647 mAbs (W3/25 and OX39).

IFNy ELISPOT assays

ELISPQOT plates (BD Biosciences) were coated with purified anti-rat IFNy
(5 ng/mL), incubated at 4°C overnight and blocked 2 h with RPMI 1640
medium containing 10% Fetal Calf Serum (FCS) Glutamine (Sigma) and
1% Penicillin-Streptomycin-L-Glutamine (Sigma). For assessment of IFNy-
producing cell frequency, 4 x 10° total fresh cells from spleen, lymph nodes,
blood or grafts from untreated or DST-treated recipients, were seeded in trip-
licate in the presence of irradiated donor splenocytes (direct pathway), 16
amino-acid peptides from LEW.1TW MHC molecules (10 pg/mL) (Genepep)
(Indirect pathway) or medium alone. To test the T-cell responses in the differ
ent subsets, 2 x 10° CD4*, CD8*, CD4*CD25"9"-depleted T cells, non-T
cells, total recipient spleen T cells or 2.5 x 10* CD4tCD25"e" T cells were
stimulated in the presence of 2 x 10° irradiated recipient splenocytes. Cells
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were incubated for 24 h at 37°C 5% CO,. For detection of spots, 2 pg/mL of
biotinylated antirat IFNy were added and plates incubated for 2 h, followed
by a 1-h incubation with streptavidin-horseradish peroxidase. The plates
were developed using 20 pL of 3-Amino-9-ethylcarbazole (AEC chromogen)
added per 1 mL of AEC Substrate. The number of spots was counted
on a computerassisted-enzyme-linked immunospot image analyzer
(AID).

Serum antibody detection

For the assessment of posttransplant antidonor IgG subtypes, decomple-
mented sera (30 min at 56°C) from naive, rejecting (day 7 and 10), or
DSTtreated animals and syngeneic recipients (day 7, 30 and 100) were
incubated with donor splenocytes. Donor splenocytes were subsequently
stained with purified mouse anti-rat 1gG1, 1gG2a, 1gG2b or IgG2c mAbs
(University of Louvain, kindly provided by F Nisol) and revealed with PE-
conjugated donkey anti-mouse mAbs (Jackson ImmunoResearch). At the
same time, donor splenocytes were stained with Alexa 647-conjugated
anti-rat TCR alpha/beat (R7-3) mAbs obtained from the European collection
of animal cell culture (Salisbury, UK). Cells were collected on a FACScan
and analyzed using CellQuest software (BD Biosciences). The analysis was
performed on TCR positive (for anticlass | antibody detection) or negative
cells (for anticlass | and class Il antibody detection). Data were expressed
as mean PE fluorescence intensity.

In vitro production and characterization of alloantibodies
Organocultures were performed as previously described (14). Microdis-
sected heart allografts were recovered from 4 DST-treated rats 100 days
after transplantation or 3 naive hearts and placed in cold sterile RPMI 1640
medium containing Glutamine (Sigma) and 1% Penicillin-Streptomycin-L-
Glutamine (Sigma) and 25 pg/mL Fungizone (GIBCO). Tissues were washed
three times in fresh medium. Each sample was fragmented with a sterile
razor blade, placed into 2 mL of fresh medium, and cultured in 12-well plates
at 37°C. Culture supernatants were recovered after 5 days of culture. The
analysis of the specificity (anticlass | and Il or anticlass I) of the antibod-
ies present in the organoculture-derived supernatants was performed by
flow cytometry by using LEW.1W (donor) splenocytes. One hundred mi-
croliters of each organoculture-derived supernatant were incubated with
2 x 10° LEW.1W cells for 30 min at 4°C. The binding of antibodies on the
cell surface was then determined with purified mouse anti-rat IgG1, lgG2a
(University of Louvain, kindly provided by F Nisol) and revealed with PE-
conjugated donkey anti-mouse mAbs (Jackson ImmunoResearch). At the
same time, cells were stained with FITC-conjugated anti-rat HIS24 mAbs
(BD Pharmingen). Cells were collected on a FACScan and analyzed using
CellQuest software (BD Biosciences, Le Pont de Claix, France). The analysis
was performed on HIS24 negative (class |) or positive (class | and II) cells.
Data are expressed as mean fluorescence intensity.

Histology and immunostaining for C4d

Heart allografts were removed and fixed in 4%-diluted fomalin. Tissue
blocks were routinely processed and embedded in paraffin. Serial sections
of 6 um were obtained for hematoxylin-eosin-saffron staining. Leukocyte
infiltration, fibrosis, vascular damage and luminal occlusion of arteries were
evaluated.

C4d deposition was localized by immunoperoxidase staining with an affinity-
purified polyclonal rabbit antibody to C4d kindly provided by K. Murata (15)
(department of pathology, John Hopkins Medical Institutions, Baltimore
MD) used at a 1:1000 dilution. Deparaffinized tissue sections were sub-
mitted to heat-induced antigen retrieval and processed using the Menarini
revelation kit (A. Menarini diagnostics) with 3,3'-diaminobenzidine and a
hematoxylin counterstain.
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RT1.AY a1, a2 and a3 domains
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RDFLVQFKPYCYFTNG (5) AVTELGRPSAEYFNKQ (16)
VQFKPYCYFTNGTQRT (6) LGRPSAEYFNKQYLER (17)
PYCYFTNGTQRIRNVI (7) SAEYFNKQYLERTRAE (18)
FTNGTQRIRNVIRYI (8) FNKQYLERTRAELDTV (19)
TOQRIRNVIRYIYNREE (9) YLERTRAELDTVCRHN (20}
RNVIRYIYNREEYLRY (10) TRAELDTVCRHNYEKT (21)
RYIYNREEYLRYDSDV (11) LDTVCRHNYEKTEVPT (22)
NREEYLRYDSDVGEYR (12) CRHNYEKTEVPTSLRR (23)
YLRYDSDVGEYRAVTE (13) YEKTEVPTSLRRLEQP (24)
DSDVGEYRAVTELGRP (14)

RT1.DY b1 domain

1 ' 95
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RDPTPRFLGYLKFECH (25) AVTELGRPSAEYRNKQ (35)
PRFLGYLKFECHFYNG (26) LGRPSAEYRNKQKEFM (36)
GYLKFECHFYNGTQRV (27) SAEYRNKQKEFMERRR (37)
FECHFYNGTQRVRLLA (28) RNKQKEFMERRRAAVD (38)
FYNGTQRVRLLARLIY (29) KEFMERRRAAVDTYCR (39)
TQRVRLLARLIYNREE (30) ERRRAAVDTYCRHNYE (40)
RLLARLIYNREEYARF (31) AAVDTYCRHNYEIFDR (41)
RLIYNREEYARFDSDV (32) TYCRHNYEIFDRFLVP (42)
NREEYARFDSDVGEYR (33) HNYEIFDRFLVPRRVE (43)
YARFDSDVGEYRAVTE (34) EIFDRFLVPRRVEPKV (44)

Figure 1: Sequence alignment and peptides. Sixteen amino acid-long overlapping peptides (61 peptides) were chosen along the
polymorphic regions of the RTT1AY (0.1, a2 and a3 domains), RT1.BY (31 domain) and RT1.D" (B1 domain) molecules. Peptides 1, 2, 3, 66
and 67 were chosen in the nonpolymorphic sequences of the RT1AY molecule.
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Statistical analyses

All statistical analyses were performed using the Mann-Whitney test
or Kruskall-Wallis tests, as appropriate. A p < 0.05 was considered
significant.

Results

Identification of inmunodominant peptides during
acute rejection in unmodified LEW.1A recipients of
LEW.1W hearts

Rejecting recipients recognize immunodominant pep-
tides derived from donor MHC class Il RT1.D"
molecules: \\e first assessed the indirect alloresponse
following LEW.TW (RT1Y) heart transplantation to the con-
genic mismatched LEW.1A (RT1?) recipients. At day 7
posttransplantation (time of rejection), a significant fre-
quency of splenocytes responded to peptides 29, 37 and
38 (Figure 2A *p < 0.05**p < 0.01 versus unstimulated). All
of the stimulator peptides were from polymorphic regions
of the B1 domain of RT1.D" molecules. For subsequent
analyses, we focused on peptides 29 and 37, since pep-
tide 38 always displayed the same profile as peptide 37.

700

v in IFNy ELISPOT assays with
non peptides from donor RT1AY (a1,
p"::";;'::'c @2 and «3 domains), RT1.BY
(31 domain) and RT1.DY (B1
domain) molecules. Bars rep-
resent the mean frequency of
IFNy -producing cells + SEM for
n = 6 animals. (B) Peptides are
specific. LEW.1A rats received
a heart allograft from syngeneic
(RT18), BN (RT1") or LEW.IW
(RT1Y) rats 7 days before sample
collection. LEW.1A splenocytes
were stimulated for 24 h in
an IFNy ELISPOT assay with
peptides 29 and 37 from RT1.DY
molecules. Results + SEM
are representative of at least
three animals. Statistical signifi-
cance was evaluated using the
Mann-Whitney test comparing
peptide-stimulated  cells  to
unstimulated cells (*p < 0.05
and **p < 0.01) or using the
Kruskall-Wallis test to compare
each graft type (ap < 0.05).

Splenocytes harvested from untreated LEW.1A rat recipi-
ents of syngeneic (RT1?) or BN (RT1") hearts at day 7 did
not respond to the RT1Y dominant peptides, indicating a
specific anti-RT1" response (Figure 2B). Figure 3 shows
that most of the response directed against peptide 29 in
the rejecting LEW.1A recipients involved CD4™ T cells and
that CD8% were much more efficient than CD4" spleno-
cytes at mounting a response against peptide 37 (Figure 3
*p < 0.05).

Indirect pathway responses against dominant RT1'
peptides are detectable as early as day 5 in rejecting
animals: \We next assessed the kinetics of the indirect
pathway response, from day 3 to 14 after transplantation
in the spleen, lymph nodes, blood and graft from LEW.1A
rejecting recipients and compared it to the direct response
(Figure 4A, B). The response toward peptide 29 was domi-
nant in the spleen, reaching a peak 5 days after transplanta-
tion (Figure 4B op < 0.05). The responses in the three other
compartments tested presented a similar profile although
the detectable IFNy response did not reach significance
in the lymph nodes or in the graft (Figure 4B). The most
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Peptide 29 Peptide 37 P15
Figure 3: The responses toward peptides 29 and 37 are medi-
ated by CD4* and CD8™ T cells, respectively. CD4* or CD8* T
splenocytes were purified from untreated recipients 5 days after
transplantation. The 2 x 10° cells were stimulated for 24 h in an
ELISPOT assay with peptides in the presence of 2 x 10° irradi-
ated recipient splenocytes. Statistical significance was evaluated
using the Mann-Whitney test (*p < 0.05). Results + SEM are
representative of six animals.

vigorous response toward peptide 37 was observed in the
blood, reaching a peak at day 7 (Figure 4B ap < 0.05 oop <
0.01). The response to peptide 37 peaked on day 7, except
in the graft where a peak was observed on day 5. The re-
sponse toward irradiated donor cells (direct pathway) was
more vigorous, reaching a peak at day 5 in the spleen,
lymph nodes and on day 7 in the blood (Figure 4A op <
0.05 and cop < 0.01). In the rejecting hearts, a direct re-
sponse was detected as early as day 3, was maximal on
day 5 and persisted until day 14 (Figure 4A).

Early activation of CD4* T cells through the indirect
pathway in DST-treated recipients

We then assessed the effect of DST treatment on the
cellular response.

First, DST alone (without transplantation) did not trigger
a measurable indirect response (Figure 4B, day 0). How-
ever, we observed an increased response toward irradiated
donor cells (direct pathway) in the blood before transplan-
tation in DST-treated animals (Figure 4A *p < 0.05).

In the first days following transplantation, a significant
T-cell response toward peptide 29 was still detected in
the spleen from DST-treated recipients of LEW.1W hearts
(Figure 4B op < 0.05). However, the peak of the response
was delayed to day 7 compared to that in untransfused
recipients. As expected, this response was CD4* T-cell-
mediated (Figure BA *p < 0.05). In the hearts from DST-

American Journal of Transplantation 2009; 9: 697-708
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treated recipients, the frequency of peptide 29-specific
cells was similar to that observed in untransfused reject-
ing animals, although delayed to day 7 (Figure 4B). The
indirect response toward peptide 29 was inhibited in the
lymph nodes and in the blood (*p < 0.05 **p < 0.01). A
strong inhibition of the T-cell response to peptide 37 was
seen in the graft compared to untransfused recipients on
day 5 (Figure 4B *p < 0.05). The inhibition, which was also
seen in the spleen, could not be restored by depletion
of CD4*CD25"e" T cells (Figure 5B). The direct pathway
of allorecognition was also reduced in the spleen (Figure
4A day 3 and 7 *p < 0.05 **p < 0.01) and in the lymph
nodes and blood (Figure 4A day 5 and 7 **p < 0.01).
In the hearts, the IFNy responses was significantly re-
duced compared to rejecting animals (Figure 4A day 5 and
7 *p < 0.05).

Hundred days after transplantation, no response to donor
peptides or irradiated donor cells could be detected in the
spleen, lymph nodes or blood (Figure 4B). In the hearts,
however, we found a strong frequency of graft infiltrating
cells producing IFNy without the need for further stim-
ulation in vitro with peptides or donor cells (Background
DST, gray line, Figure 4A, B) suggesting an ‘exhaustive’
response in situ.

Taken collectively, these data show that despite a strong
reduction in the CD4* direct pathway and the CD8* re-
sponse, the indirect allorecognition pathway of CD4* T
cells still persisted in apparently DST-treated recipients
7 days after transplantation.

Unbiased and sustained antidonor IgG antibodies
in the sera of DST-treated recipients

Anticlass | and Il IgG subtypes were analyzed in the blood
of naive, untransfused (day 7, time of rejection), syngeneic
(LEW.1A recipients of LEW.1A heart) or DST-treated recip-
ients (days 7, 30 and 100 posttransplantation). Seven days
after surgery, antidonor class | and antidonor class | and
II'lgG1 (Th2), 1gG2a, IgG2b and IgG2c (Th1) levels were
roughly similar to those observed in syngeneic animals
(Figure 6). However, the quantity of antidonor antibodies
of each subtype increased until day 100. The quantity of
anticlass | and anticlass | and Il antibodies was higher in
long-term surviving DST-treated animals compared to DST-
treated animals on day 7 (p < 0.05 for anticlass | and an-
ticlass | and Il IgG1 and IgG2a) and to syngeneic controls
tested at the same time (p < 0.05 for anticlass | 1IgG1, IgG2a
and IgG2b and for anticlass | and Il IgG1, IgG2a, IgG2b and
1gG2c).

Both antibodies against class | and Il molecules are
produced in heart allografts with chronic rejection

LEW.1W heart allografts from DST-treated recipients (day
100) or naive LEW.TW hearts were cultured so as
to collect immunoglobulins produced within these tis-
sues. The supernatants of these cultures were tested
on LEW.TW donor splenocytes. Reactivity of antibodies
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Figure 4: Direct and indirect pathways of allorecognition in rejecting or DST-treated animals. The 4 x 10° cells harvested from
spleen, lymph nodes, blood and grafts before transplantation (day —14, —7 and day 0) and from day 3 to 100 after transplantation of
LEW.TW heart allografts, were stimulated 24 h in IFNy ELISPOT assay. (A) Direct pathway. LEW.1A cells were stimulated with donor
iradiated splenocytes (1 x 10°). (B) Indirect pathway. Cells were tested for their reactivity against peptides 29 and 37 derived from donor
MHC class Il (RT1.DY) molecules. (A) and (B) DST-treated recipients (circles, dotted lines), untreated recipients (squares, full lines). The
gray line in the graphs showing the response in the graft, represent the frequency of IFNy-producing cells in the absence of stimulation
in vitro (Background DST). Note that because frequencies of activated cells were higher in the direct than in the indirect pathway, scales
are different. Significant differences were calculated by the Kruskall-Wallis test (a)and by the Mann-Whitney U test (@and *p < 0.05;
ooand **p < 0.01). Results at each day + SEM are representative of at least three animals.
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Figure 5: Indirect response in DST-treated animals. (A) The in-
direct response toward peptide 29 is mediated by CD4* T cells
in DST-treated recipients. CD4* or CD8* T splenocytes were pu-
rified from DST-treated (day 7) recipients. The 2 x 10° cells were
stimulated for 24 h in an ELISPOT assay with peptides 29 and 37
in the presence of 2 x 105 irradiated recipient splenocytes. Sta-
tistical significance was evaluated using the Mann-Whitney test
(*p < 0.05). Results & SEM are representative of 5 animals. (B)
CD4+CD25"9" depletion had no effect on the indirect response.
The 4 x 10° enriched T cells, 4 x 105 CD4+CD25"a" depleted
T cells or 2.5 x 10* CD4+CD25"" or non-T cells from DST
treated recipients (day 7) were stimulated in the presence of 1
x 10° irradiated recipient splenocytes with peptides for 24 h in an
IFNy ELISPOT assay. Results + SEM are representative of seven
animals. Statistical significance was evaluated using the Mann-
Whitney test (*p < 0.05).

against these cells was evaluated by flow cytometry. The
amounts of IgG1 or IgG2a antibodies against the donor
MHC | and Il molecules were far higher in heart allo-
grafts from DSTtreated animals than in hearts from naive
LEW.TW hearts (Figure 7 p < 0.05).
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Chronic rejection lesions are associated with C4d
deposits in long-term surviving heart allografts

We next investigated the endomyocardial histology of biop-
sies harvested from day 7 to 320 in DST-treated recipi-
ents. An intense mononuclear cell infiltrate appeared on
day 7 after transplantation (Table 1(column A) grade 4),
reached a maximum on day 30 and then became moder
ate until day 320 (Table 1(column A)). A minor mononuclear
cell infiltrate was observed in control, syngeneic grafts
(Table 1(column A), Figure 8A). Focal fibrosis was detected
as early as day 14 (Table 1(column B)) and became pro-
gressively diffuse and marked until day 320 (Table 1(col-
umn B)). Mild intimal arteritis, defined as lymphocyte infil-
tration beneath the endothelium, was first observed on
day 14 (Table 1(column C)) and persisted until day 60
(Table 1(column C), Figure 8C). Intimal arteritis became
more severe on day 100 with the beginning of myofibrob-
lastic cell proliferation (Table 1(column C)), associated with
fibrointimal thickening on day 240 and 320 (Table 1(column
C)), leading to 80% of luminal occlusion in most arteries
(Table 1, Figure 8D). No C4d binding was observed in syn-
geneic controls (Figure 8E). Figure 8F shows diffuse and
abundant C4d deposits along heart capillaries (Figure 8 ar
row a) and arteries (arrow b) as early as day 7, as in rejecting
animals, indicating persisting complement activation in the
grafts of DST-treated animals.

Discussion

Much attention has recently been paid to the histological
lesions of long-term surviving recipients (>100 days) after
tolerance induction. It has been established that chronic
rejection progressively develops following tolerance in-
duction procedures such as donor blood transfusions or
costimulatory blockade (16,17), even when long-term sur
viving recipients harbor regulatory T cells capable of trans-
ferring to a secondary naive host, the ability to accept a
graft (5,7,8,18,19). In this study, long-term survival of LEW.
1W heart allografts was induced by DST priming 14 and 7
days before transplantation in LEW. 1A recipients (12). We
demonstrated that recipients of long-term accepted grafts
developed in the first days following transplantation an indi-
rect CD4* IFNy response, associated with the chronic pro-
duction of antidonor antibodies. Furthermore, we showed
that long-term surviving grafts exhibited lesions of chronic
rejection with diffuse C4d deposits on donor tissue capil-
lary walls. We hypothesize that this model may be useful
for understanding antibody-mediated chronic rejection in
human allografts and for testing the efficacy of therapeutic
strategies aimed at blocking antibody-mediated rejection.

To assess the cellular response in DSTtreated recipi-
ents, we first needed to precisely characterize the domi-
nant donor MHC peptides eliciting a T-cell response dur
ing acute rejection in unmodified LEW.1A recipients of
MHC incompatible LEW.1TW hearts. We measured the
cellular response using the ELISPOT assay that enables
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Figure 6: Unbiased and sustai-
ned circulating antidonor MHC
class | and class Il antibodies in
DST-treated animals. Assessment
of posttransplant antidonor class |
and class | and Il IgG subtypes
(IgG1, 1gG2a, 1gG2b, 1gG2c) in the
sera of 2 naive, 3 rejecting (day 7),
5 rejecting (day 10) or 3 DST-treated
animals and 3 syngeneic recipients
(day 7, 30 and 100). For anticlass
| and Il antibody detection, decom-
plemented sera (1/20%) were incu-
bated with donor splenocytes. Cells
were then stained with purified
mouse anti-rat IgG1, 1gG2a IgG2b
or 1gG2¢c mAbs and revealed with
PE-conjugated donkey anti-mouse
mAbs. At the same time, spleno-
cytes were stained with Alexa
647-conjugated anti-rat TCR (R73)
mAbs (T cells). Cells were analyzed
using a FACScan with CellQuest
software (BD Biosciences). The
analysis was performed on TCR
positive cells (for antidonor class |
antibody detection) or TCR negative
cells (for antidonor class | and class
Il antibody detection). Data are ex-
pressed as mean PE fluorescence
channel. Statistical significance was
evaluated using the Mann-Whitney
test (*p < 0.05).

Figure 7: 1gG1 and IgG2a antibod-
ies against class | and Il MHC
molecules are locally produced in
hearts presenting chronic rejec-
tion. The presence of antidonor class
I and Il IgG1 and IgG2a antibodies
in the supernatant of organocultures
of hearts from DSTtreated animals
was assessed by flow cytometry us-
ing LEW.TW donor splenocytes and
compared to that observed in naive
LEW.TW animals. Statistical signifi-
cance was evaluated using the Mann—
Whitney test (*p < 0.05).
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Table 1: Histological analyses of heart allografts

Vascular Luminal % Number of C4d

Leukocytes Fibrosis damage occlusion occluded arteries staining DST/
Groups (A) (B) (C) (D) arteries examined syngeneic
Syngeneic D140 1,11 10,0 0;0;,0 0;0;,0 0;0,0 12;12;10
DST D7 4:4:4 0;0;,0 0;0;,0 0;0;,0 0;0;0; 21;26;22 + (x3)
DST D14 4.4 0;1 1,0 2.0 30,0 40:42 +(x2)
DST D30 4:4:3 1,13 1;0;1 1:0;1 3,04 36;57;56 + (x3)
DST D60 3;2-3;2-3 2:2:4 1;0;1 2;0;1 5;0;8 18;19;13 + (x3)
DST D100 2:2;2-3 3,24 2;0;2 2,04 4:0;81 28:20;16 + (x3)
DST D140 2,2,3 2:1:3 2:2:2 4:2:3 44:37,76 9:8;17
DST D240 1,12 2:2:2 2:3;3 3;2;2 73,750 8;14:8
DST D320 3;2;3 3,34 2:2:3 344 50;33;70 10;6;10

Hematoxylin-eosin-saffron staining of heart allografts from DST-treated (day 7, 14, 30, 60 and 100) or syngeneic (day 140) animals. (A)

Leukocytes: none = 0; minor = 1; moderate = 2; dense = 3; intense
moderate = 3; diffuse marked = 4. (C) Vascular damage: normal = 0;

= 4. (B) Fibrosis: none = 0; focal = 1; diffuse minor = 2; diffuse
leukocyte adhesion to endothelial cells = 1; inflammatory intimal

proliferation = 2; fibrointimal thickening = 3; atheroma = 4. (D) Luminal occlusion: none = 0; <20% = 1; 20 to 50% = 2; 50 to 80% =

3;>80% = 4.

quantification of the frequency of T cells already commit-
ted to antigen. IFNy was chosen since it has been shown
to offer the best correlation to rejection in various studies
(20-22). Using this method, we first identified three 16
amino-acid long immunodominant peptides from the RT1Y
MHC of LEW.1W donors (referred to as peptides 29, 37
and 38), which triggered a potent IFNy response during
LEW. 1W heart rejection as early as day 5 after transplan-
tation for peptide 29 and day seven for peptides 37 and 38.
Testing of purified CD4* or CD8" subsets revealed that
the responses toward peptides 29 and 37 were CD4* and
CD8*-mediated, respectively. Several studies have previ-
ously shown that indirectly primed T cells are involved in al-
lograft rejection in many experimental models (23-26) and
in humans (27,28). We have also shown that in the same
strain combination, LEW. TW hearts depleted of resident
DC are acutely rejected following the same tempo, indi-
cating that the indirect pathway can rapidly develop in un-
modified LEW. 1A hearts (29,30). The dominant peptides
concerned the donor class || RT1.DY molecule sequence,
in agreement with data obtained in different strain com-
binations (31-33). None of these peptides activated cells
harvested from naive LEW. 1A, syngeneic graft recipients
(LEW. 1A to LEW. 1A) or RT1" BN heart recipients, indicat-
ing a specific response. A higher frequency of alloreactive
cells was found to result from the direct pathway of acti-
vation, notably on day five and seven after transplantation.
This was in agreement with previous data from Benichou
et al. who showed that acute rejection was principally gov-
erned by the direct pathway.

Hyporesponsiveness of directly activated alloreactive T
cells (9,29) associated with an overall downmodulation of
Th1 cytokines (34) and inflammatory monokines (35) was
observed in the first days following transplantation in the
same strain combination. We confirmed a strong reduction
in the direct allorecognition pathway in DST-treated recipi-
ents in the first days following transplantation in all tested
compartments. Considerable inhibition of the indirect path-
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way of allorecognition mediated by CD8" IFNy - producing
cells was also observed in all compartments tested from
DST-treated recipients in the first days after transplanta-
tion. Because depletion of CD4+CD25M"" regulatory cells
could not restore the CD8* IFNy response, it is unlikely
that naturally occurring T regulatory cells are involved in
this inhibition. Our data also show an early activation of
CD4™ T cells specific to peptide 29 in the spleen and graft
of DST-treated recipients in the first days following trans-
plantation, and this response was as robust as in rejecting
animals.

Because several studies have shown a close relationship
between chronic rejection and the indirect pathway of al-
lorecognition (28,36), we also analyzed T-cell responses
100 days after transplantation, when chronic lesions are
well established. We found the persistence of IFNy-
producing graft infiltrating cells without the need for fur
ther stimulation in vitro with donor cells or peptides sug-
gesting that graft infiltrating cells themselves are strongly
activated.

We then asked whether IgG alloantibodies could be de-
tected in this model and could be implied in the chronic
rejection process. In the RA (RT1P) to PVG (RT1¢) model of
‘tolerance’ induction by DST priming, Th2 polarized 1gG1
production associated with 114 production was reported to
occur 30 days after transplantation (5). In our model, no
increase in II-4 or 113 protein was detected in any of the
serum samples from DST-treated recipients tested follow-
ing transplantation (data not shown), suggesting an ab-
sence of Th2 polarization. This corroborated the sustained
production of both Th1 and Th2 antidonor alloantibody
lgG subtypes against class | and Il MHC antigens, which
reached a maximum 100 days after transplantation. Be-
cause previous data emphasized the role of the lymphoid
neogenesis in the graft itself during chronic rejection (14),
we also investigated whether locally produced antibodies
directed against donor MHC molecules could be detected
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Figure 8: Pathologic findings in DST-treated animals.
Hematoxylin-eosin-saffron staining of heart allografts paraffin sec-
tions (syngeneic or DST-treated recipients) (A) Normal artery ob-
served in a syngeneic animal at day 60 (x10). (B) Acute lesions
with intimal leukocyte adhesion and infiltration in hearts from DST-
treated animals at day 60 (x10). (C) Inflammatory intimal and
perivascular fibrosis on day 100 (x20). (D) Intimal thickening and
myofibroblast proliferation associated with perivascular fibrosis on
day 140 (x10). C4d staining. (E) No complement binding in syn-
geneic hearts from day 7 to 100 after transplantation (x10). (F)
C4d deposits in capillaries (a) and arteries (b) in DST-treated hearts
from day 7 to 100 posttransplantation (x10).

at day 100 in the grafts from DST-treated recipients. The
fact that the amounts of antidonor class | and Il antibodies
produced in the organocultures supernatants were higher
in animals presenting chronic rejection than in naive hearts,
suggest that local germinal center formation could also be
involved in the process leading to chronic rejection in this
model. Although relatively few studies have linked C4d
staining with antibody-mediated rejection in human car
diac transplantation (37-40), this by-product of C3 conver
tase degradation is a well-defined correlate of antibody-
mediated injury in renal transplantation (10). In a rat heart
transplantation model, C4d staining has already been de-
tected in the vascular endothelium following DST treat-
ment in CB-deficient animals with chronic rejection (41). In
our model, diffuse C4d deposits were detected in capillary
and artery walls as early as day 7 and persisted in long-
term accepted grafts (analyzed up to day 100). Notably,
such staining was absent from syngeneic grafts. Histolog-
ical analysis revealed that in the first days, hearts from
DSTtreated recipients presented histological patterns of
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subacute rejection, with endothelialitis and leukocyte infil-
tration. This pattern was progressively enriched by typical
lesions of chronic rejection associating severe intimal fi-
brosis, vascular occlusion and mononuclear cell infiltration
in the grafts from day 100 to 320.

Altogether, we hypothesize that the chronic rejection le-
sions developing in this model are the consequence of
synergistic cellular and humoral events. Chronic rejection is
probably initiated in the early phases following transplanta-
tion by indirectly primed CD4™* cells providing help to B cells
for antidonor class | and Il alloantibody production, leading
to vascular damage through complement activation. Nev-
ertheless, establishing a precise link between antidonor
antibody production and chronic vascular lesions would re-
quire passive transfer, although these experiments would
not mimic the alloantibody production that also occurs in
the graft itself. Although we cannot make firm conclusions,
this model presents features common with the chronic ac-
tive antibody-mediated rejection described in human renal
transplantation, involving antidonor antibody production,
diffuse C4d deposits in the graft capillaries and histolog-
ical vasculopathy. TRIB1, recently identified as a biomarker
of chronic antibody-mediated rejection in human kidney re-
cipients, was also upregulated in the blood and graft in
our model (42). Collectively, we suggest that DST-induced
long-term survival represents a pertinent model for testing
new strategies aimed at controlling chronic active antibody-
mediated rejection in humans.
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Inhibition du protéasome et du récepteur de linteteukine-7 en transplantation
d’'organe

Le rejet de la greffe d’'organe est classé en datégories principales : le rejet dépendant|des
cellules T et le rejet dépendant des anticorps) Qige ces deux mécanismes soient souvent
associés chez un méme patient. Les immunosuppressetuels ont des effets secondajres
importants, notamment la néphrotoxicité des inbibi¢ de la calcineurine (CNIs). Les
nouveaux meédicaments qui cherchent a remplaceCNds sont souvent moins efficaces |en
prévention du rejet aigu. L'objectif de nos reclex est de trouver de nouveaux
médicaments efficaces qui ciblent chacun de ces n@canismes du rejet. Dans la premiere
partie de notre travail, nous avons démontré queohlezomib, un inhibiteur du protéasome,
prolonge la survie du greffon cardiaque et dimifauéormation des allo-anticorps dans des
modéles de rejet aigu et chronique chez le rat.sNons ensuite présenté nos expériences
sur l'utilisation du Bortezomib comme traitement dejet dépendant des anticorps chez
guelques patients transplantés rénaux. Dans lai@eaxpartie de cette thése, nous avons
démontré que chez la souris, un anticorps dirigigrede récepteur de I'interleukine-7 (IL-7)
diminue le nombre de presque toutes les sous-piqmdade lymphocytes T, y compris le§ T
mémoires et augmente le pourcentage des T régrdaléanticorps anti-récepteur de I'lL+{7
prolonge la survie des greffes d’ilots pancréatquieez la souris, et en combinaison avec|une
déplétion des cellules T par des anticorps dépetahprolonge également la survie des
greffes de peau chez la souris, ce dernier étanmnodele trés rigoureux. Le blocage |[du
récepteur de I'lL-7 apres une déplétion des cdlldleest un traitement immunosuppresseur
puissant, qui peut étre envisagé chez les malali@$menunisés ou combiné avec des
immunosuppresseurs non-CNI pour renforcer leuca&tité anti-rejet.

Mots clés: transplantation, rejet, anticorps, protéasoreglzomib, interleukin-7.

Proteasome inhibition or interleukin-7 receptor blackade in organ transplantation

Allograft rejection is currently classified into &wmain categories: T-cell mediated |or
antibody-mediated rejection (AMR), although thes® tmechanisms usually coexist in the
same patient. Most of the therapies used in orgarsplantation target T cells, only few |of
them can directly decrease alloantibody formatisloreover, current immunosuppressive
drugs have important side effects, the most wedlvkm of which is the nephrotoxicity caused
by calcineurin inhibitors (CNIs). However, non-Cptiotocols are usually less effective in the
prevention of acute rejection. The aim of our stiglyo find new drugs that target each| of
these two main mechanisms of graft rejection. la finst part of our study, we have
demonstrated that bortezomib, a proteasome inhipraonged cardiac allograft survival and
abrogated alloantibody formation in rat models ofita and chronic rejection. We then
presented our experience with the use of bortezamiibe treatment of AMR in some kidney
transplant patients. In the second part of ourystug have showed that in mice, anti-IL-TR
monoclonal antibody (mAb) decreased the numberlmbst all T cell subsets, including
memory T cells, and increased the percentage dflatgy T cells. Anti-IL-7R mAb
prolonged mouse islet allograft survival, and wsembined with a T cell depletion therapy,
also prolonged graft survival in a stringent modeimouse skin allograft. IL-7R blockade
following a T cell depletion therapy is a very pofw immunosuppressive protocol which
can be used in hypersensitized patients or in coatioin with non-CNI-based therapies|in
order to reinforce their anti-rejection efficacy.

Key words: transplantation, rejection, antibody, proteasobagtezomib, interleukin-7.




