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ACRONIMS:

Aa: aminoacid

ABCD1: transportador ABC

Ago2: Argonaute 2

APC: cel-lula presentadora d’antigen
AP1: proteina activadora 1

ATF2: factor activador de transcripcio 2

CH: xalcona sintasa

CCR7: receptor de quimosina tipus 7

DICER: ribonucleasa membre de la familia de les RNAsa Il
DNA: acid desoxiribonucleic

dsDNA: DNA de doble cadena

dsRNA: RNA de doble cadena

ERI-1: 3’-5’ exoribonucleasa 1

EIF-2: eukariotic translation initiation factor

FEDER: federacié espanyola de malalties rares.

HIF: factor induit per hipoxia
HIGM: Sindrome hiper IgM
HLA: human leukocyte antigen

HUVEC: cel-lula humana endotelial vascular



IC: immunocomplexes

ICAM: molecula d’adhesi6 intercel-lular
IFN: interferd

IkB: inhibidor s de NF-kB

IR: insuficieéncia renal

IRF: factor regulador d’interferé

JAK: quinasa tipus Janus

LES: lupus eritematds sistémic
LFA-1: antigen de funcid limfocitaria
LN: nefritis lUpica

LNA: /ocked nucleic acid

LPS: lipopolisacarid

MAPK: proteina quinasa activada per mitogens
MCP1: proteina quimiotactica de monocits
MHC: Complex major d’histocompatibilitat
MIP: proteina inflamatoria de macrofags
miRNA: micro RNA

MMP: metol-loproteasa

MPP: péptid permeabilitzador de membrana

NCA: nefropatia cronica de I'empelt

NFAT: factor nuclear de cél-lules T activades

NF-kB: Factor nuclear Kappa B

NK: Natural killer

NZB/NZW: New Zealand Black / New Zealand white

PEG: polietilenglicol

PEI: poli-etilenimina



PI3: inositol trifosfat

PKR: dsRNA dependent protein kinase R
PP2AC: proteina fosfatasa 2

PRR: pathogen receptor recognition

PS: fosforotioat

PTD: domini de transduccio proteica
P4H-a2:

RANTES: CCL5, lligand quimiosina n.5
RIG1: retinoid-inducible gene 1

RISC: complex silenciador induit per RNA
RNA: acid ribonucleic

RNA.i: interferéncia per RNA

shRNA: shorthairpin RNA

siRNA: small interference RNA

ssDNA: DNA de cadena simple

SNALP: stable nucleic acid lipid particles
SNP: polimorfisme d’un sol nucleotid

STAT: transductor de senyal i activador de la transcripci

TCR: receptor de cel-lules T

TGF: factor de creixement trasformant

TLR: Receptor toll like

TNF: Factor de necrosis tumoral

TNF-R: Receptors de Necrosis Tumoral
TRAF: factor associat a TNF
TRAIL:TNF-related apoptosis-inducing ligand

VCAM: molecula d’adhesié vascular
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Silenciament génic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

1. Senyal de coestimulacié CD40-CD40L
1.1. CD40

CDA40 va ser descrit cap al 1984 per diferents grups com un polipéptid de 50 KDa a la
superficie dels limfocits B, i també a les cél-lules de carcinoma [1, 2]. La proteina que
codifica aquest gen pertany a la superfamilia de Receptors de Necrosis Tumoral (TNF-
R). La seva estructura és tipica d’'una proteina tipus | transmembrana. El seu pes
molecular varia entre 43 i 50 kDa. També rep el nom de TNRF5 (tumor necrosis factor
receptor 5). La via de senyalitzacié esta regulada per diferents mecanismes de control
endogens i és especifica depenent del tipus cel-lular. L'expressi6 de CD40 esta
regulada a nivell post transcripcional i s’"han descrit diferents isoformes del mRNA de
CD40 degut a un splicing alternatiu. Altres membres d’aquesta superfamilia sén
CD30, CD27, CD95, RANK [3].

S’ha vist que CD40 s’expressa de forma constitutiva en varis tipus cel-lulars. La seva
expressio pero, també és induible. Se sap que hi ha certes citocines pro inflamatories
gue indueixen I'expressioé de CD40 in vitro com sén IL1, IL3, IL4, TNFa, IFNy. Aquestes
provoquen un augment de la sintesis que s’observa a les 6-12 h després de I'estimul,
assolint un pic maxim d’expressid6 a les 24h que persisteix fins a les 72h
aproximadament [4]. Se sap que proteines procedents de virus o bacteris també

provoguen un augment d’expressié de CD40 com és el cas de LPS [5, 6].
1.1.1. Estructura del gen de CD40
1.1.1.1. Huma:

El gen que codifica per CD40 en huma esta localitzat al cromosoma 20, exactament
entre els segments 20q11-20q13-2. El gen esta format per 9 exons i 8 introns. El seu
MRNA té 1.5 kb. La proteina esta composta per 277 aminoacids (Aa), dels quals 193
estan situats al domini extracel-lular, 22 estan al domini transmembrana i 62 estan
situats a una cua intracel-lular. Aquesta proteina es va descobrir I'any 1984 utilitzant

anticossos monoclonals en limfocits B [7]. Igual que altres membres de la familia
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TNFR, la proteina CD40 es caracteritza per presentar 4 dominis extracel-lulars
enriquits en cisteina, de 45 Aa cadascun i amb 6 residus de cistina formant 3 ponts
disulfur [8]. EI domini intracel-lular de la proteina CD40 no presenta semblanga amb
altres membres de la familia. Aquest conté diferents dominis d’unié a proteines

adaptadores que sén importants per la transduccié de senyals (Figura 1).

CD40

Cromosoma 20, _,
ql2-q13.2

Proteina 48 kDa

Domini extracel-lular TM Domini citoplasmatic

Figura 1. Estructura del gen i la proteina de CD40 huma. Modificat [4].
1.1.1.2. Ratoli:

El gen que codifica per CD40 de ratoli esta localitzat a la part distal del cromosoma 2
regio H3. El gen esta format per 9 exons; I'exd | codifica per la seqliencia leader, els
exons Il a VI codifiquen per la regid extracel-lular, I'exé VIl codifica per la regio

transmembrana i els exons VIII a IX codifiquen per la regié intracel-lular.

El seu mRNA també presenta splicing alternatiu degut a que el gen presenta dos
senyals de poliadenilacid, s’obtenen 5 isoformes diferents de mRNA, de les quals
només quatre sén codificants i la isoforma tres no ho és. La proteina esta composta
per 305 Aa; 193 situats al domini extracel-lular, 22 transmembranals i 90

intracel-lulars (Figura 2).
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Figura 2. Estructura del gen i la proteina de CD40 de ratoli. Modificat de [8].

La proteina humana i murina comparteixen un 62% d’homologia, pero si analitzem la
part intracel-lular de les dues espécies son homologues en un 78%. Els ultims 32 Aa
de I'extrem carboxil estan totalment conservats en ambdues espécies. La conservacid
dels dominis extracel-lular rics en cisteina suggereix que la proteina tant humana com

de ratoli es pleguen en els mateixos dominis.
1.1.1.3 Rata:

El gen que codifica per CD40 de rata esta localitzat al cromosoma 3, exactament a la
regio q42. El ser mRNA presenta splicing alternatiu, s’obtenen 4 isoformes diferents

de mRNA. La proteina resultant esta composta per 289 Aa (Figura 3).

Ty Oy ey ey AV Yy o [] X }

Vil
Figura 3. Estructura del gen i la proteina de CD40 de rata. Modificat de NCBI
1.1.2. Expressio cel-lular

Ceél-lules dendritiques: Aquestes cél-lules independentment del seu origen (sang
periférica, amigdala, dermis, etc.) expressen CD40 [9-11], i la seva activacid indueix al

desenvolupament de la cel-lula i alteracions en el seu fenotip. Hi ha un important
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paper potencial del senyal CD40/CD40L en la interaccié entre la cél-lula dendritica i el
limfocit T. També en el desenvolupament funcional de la cél-lula B al fol-licle [12].
Limfocits B: CD40 juga un paper important en I'ontogenia dels limfocits B [13] ja que
s’ha vist que des del seu estat embrionari, aquests expressen CD40. A part d’aquesta
participacié en la ontogenia, els limfocits B adults expressen CD40 sense tenir en
compte la seva futura funcio o localitzacié [14]. Els limfocits B de les amigdales poden
alliberar la forma soluble de CD40, que s’uneix a CD40L del limfocits T [15].

Ceél-lules progenitores hematopoeétiques: S’ha vist que cel-lules CD34+ del moll de
I'os i del cordé umbilical expressen CD40 en etapes inicials del desenvolupament de
la linia mieloide [16].

Limfocits T: L'expressi6 de CD40 es troba en limfocits activats CD4+, CD8+,
CD4+/CD8+, TCR+ [17]. La unié de CD40 amb CD4OL indueix I'expressiéo de CD25,
CD40L i CD69; la proliferacidé de limfocits activats CD4+ i CD8+; i la secrecid d’IFNy,
TNFa, i 1L12 [18].

Basofils: Expressen CD40 en etapes inicials de la seva diferenciacié [19].

Eosinofils: Eosinofils de sang periferica de pacients atopics expressen elevats nivells
de CD40 [20].

Monocits/macrofags: Expressen CD40 de forma constitutiva. La interaccié amb
CD40L indueix I'expressié de 1L12, que pot induir I'expressié de CD4O0L als limfocits T
[21].

Cél-lules epitelials: S’ha vist expressié de CD40 en diferents epitelis patologics, en
canvi, no es veu aquesta expressio en epitelis sans. Aquest fet que implica un rol de
CD40 en el desenvolupament de carcinomes, neoplasies epitelials, llocs amb
inflamacié cronica [22], com és el cas també del trasplantament degut a la lesié per
isquemia reperfusid, malalties autoimmunes, etc.

Ceél-lules endotelials: Les cel-lules endotelials de varis teixits (melsa, tiroides, pell,
musculatura, ronyd, pulmé, vasos, corddé umbilical) tenen una expressid basal i
constitutiva de CD40, la qual es pot induir amb citocines pro-inflamatories. La
interaccido amb CD40L indueix una expressié de molécules d’adhesié com E-selectina,
VCAM o ICAM, promou el reclutament de cel-lules mononuclears, promou la

generacié de la placa arteriosclerotica i contribueix al procés de trombosis. S’ha vist
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gue en teixits inflamats hi ha una sobre-expressié de CD40 comparat amb teixits
normals [23, 24].

Ceél-lules musculars llises: L’expressié de CD40 en aquest tipus cel-lular és induida per
estimuls pro-inflamatoris [25].

Queratinocits: Tant els queratinocits indiferenciats com els madurs expressen CD40
de forma constitutiva. La unié amb CD40L indueix I'expressié de citocines, molecules
d’adhesid, i redueix la proliferacié [26].

Fibroblasts: L'expressi6 de CD40 en fibroblasts és induible per citocines pro
inflamatories com IFNy [27] i la unié amb el Iligand provoca la secrecié de molécules
d’adhesid, citocines, ciclooxigenasa 2 i prostaglandina E, [28]. Hi ha estudis que
suggereixen que la interaccié entre els fibroblasts del teixit i els limfocits T infiltrants

promouen la fibrogénesis local [29].
1.2. CD40L

El lligand de CD40, CD40L (també anomenat CD154 o gp39) és una glicoproteina de
membrana tipus Il membre de la superfamilia Factor de Necrosis Tumoral TNF i de 39
kDa de pes molecular. Altres membres d’aquesta familia sén el CD27L,CD30L, TNFa,
TNFB, FasL, TRAIL, Ox40L [4].

CDA40L s’expressa predominantment en limfocits T CD4 activats. També s’ha descrit
en limfocits T CD8, en basofils, eosinofils, monocits/macrofags i cél-lules de Kupffer,
cél-lules natural killer, limfocits B, plaquetes, mastocits, cél-lules dendritiques,

cel-lules epitelials, cel-lules endotelials, cel-lules de la musculatura llisa, etc.
1.2.1. Estructura del gen de CD40L
1.2.1.1 Huma:

Esta localitzat al cromosoma X concretament a la posicid 26.3-27.1, consta de 5
exons i 4 introns. El primer codifica per la part intracel-lular, la part transmembrana i
una petita porcié de la part extracel-lular, la resta de porcié extracel-lular és
codificada pels exons Il a V. Té una seqiiencia de DNA de 13 kb. Un cop transcrit,

aquest gen dona lloc a un mRNA de 2,3 kb que codifica per una proteina que és un
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polipeptid de 261 Aa, dels quals 22 formen la part citoplasmatica, 24 la

transmembrana i 215 la part extracel-lular (Figura 4).

A part de la forma transmembrana de 39kDa existeix una forma soluble (sCD40L).
S’han caracteritzat tres fragments solubles biologicament actius d’aquesta proteina
de 14,18 i 31kDa [30, 31]. Aquests fragments s’han obtingut a partir de la divisid
proteolitica del domini extracel-lular de la proteina unida a la membrana en el

moment de I'activacio dels limfocits T [31].

S’ha demostrat que CD40L forma complexes heteromultimeérics que consisteixen en
una subunitat gran o sencera i una de petita a la superficie del limfocits T humans
[32]. La forma soluble més freqlient és la de 18kDa, que li falta la cua citoplasmatica,
la part transmembrana i part de la regidé extracel-lular, perd que conserva el domini
d’unié a CD40; aquesta forma soluble de 18kDa es pot trobar en forma oligomerica,

predominant la forma trimerica [33].

CD154

Cromosoma X, 3’
q26-q27

Proteina 39kDa

Domini citoplasmatic T™M Domini extracel-lular

Figura 4. Estructura del gen i la proteina de CD40L huma. Modificat de [8].
1.2.1.2. Ratoli:

El gen de CD40L huma i el de ratoli comparteixen un 80% d’homologia. També s’ha
trobat una forma soluble de 33kDa [31]. La proteina consta de 260 Aa, 22 del quals
formen el domini citoplasmatic, 24 el domini transmembrana i 214 el domini

extracel-lular.
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1.2.1.3. Rata:

El gen que codifica per CD40L de rata esta localitzat al cromosoma X, exactament a la

regio q36.

1.2.2. Unié CD40-CD40L

La unid entre CD40 i el seu lligand esdevé estable gracies a dos clusters de
determinats residus amb carrega presents en ambdues molécules: CD154 aporta els
residus amb carrega positiva K143, R203, i R207; i CD40 aporta els residus amb
carrega negativa D84, E114 i E117 [34]. S’ha demostrat que aquests cllsters estan en

els dominis conservats de la proteina [35].

1.2.3. Expressio cel-lular

L’expressié de CD40L és induible i transitoria. En el cas del limfocits T la proteina
s’expressa a la superficie de la cel-lula 5 minuts després de la seva activacié. Aquest
fet és degut a I'habilitat d’exposar un CD40L preformat [36]. Aquesta expressio és
transitoria ja que hi ha un pic a les 6h i aquesta desapareix passades unes 12-24h
[37]. Altres estudis han demostrat patrons de regulacidé similars en altres tipus
cel-lulars, i que hi ha una sintesis de novo després de |'activacié [38]. La seva
expressio també es veu augmentada després de la unié amb CD40, fet que proposa

una regulacio autologa [39].

A diferencia de CD40, les cel-lules que expressen CD40L no ho fan de forma

constitutiva, sind que la seva expressio és induible.

Limfocits T: La capacitat d’induccié de I'expressié de CD40L en aquestes cel-lules
depén del grau de maduracid. Els limfocits del timus immadurs no expressen CD40L
després d’'un estimul. Els que si que ho expressen sén CD4+, CD8+,
CDA5RO+CD45RA+.

Basofils: Després de I'estimul i activacié aquestes cél-lules indueixen I'expressid de

IgE, suggerint la funcid dels basofils durant I’al-lergia, no només produint mediadors
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d’inflamacié siné també regulant la produccié de Igk independentment del limfocits T
[401].

Eosinofils: La induccid de I'expressié de CD40L als eosinofils activa senyals de
proliferacié a les cel-lules CD40+. S’ha vist que eosinofils de pacients amb
hipereosinofilia expressen constitutivament CD40L, fet que implica el seu paper en
processos inflamatoris [41].

Monocits/macrofags: S’ha demostrat que hi ha una sintesis induible de la proteina i
una major expressid en monocits activats en lesions arteriosclerotiques i durant el
rebuig cronic de I'empelt [42].

Cél-lules Natural Killer: Aquestes cél-lules augmenten la seva expressié de CD40L
després d’un estimul com IL2. S’ha vist que cel-lules NK deficients en I'expressié de
CDA4O0L no son funcionals [43].

Limfocits B: poden expressar CD40L després de l'activacié. Els limfocits B dels
pacients amb lupus eritematds sistémic en fase activa, expressen espontaniament
alts nivells de CD40L en comparacié amb els que es troben als limfocits T [44].
Plaquetes: Soén la font majoritaria de CD40 soluble en circulacié. La seva expressio
s’observa només després de pocs segons de |'activacio en el procés de formacié d’un
trombe [45].

Mastocits: S’ha vist expressié funcional de CD40L en mastocits aillats de pulmé i
nasals [40].

Ceél-lules dendritiques: La unid amb CD40 indueix una expressi6 de CD40L en
augment a la superficie cel-lular. Les cel-lules dendritiques mancades de CD40L no
tenen capacitat de regulacié de la activacié i maduracié de cel-lules B [39].

Ceél-lules endotelials i de la musculatura llisa: S’ha trobat expressié de CD40L en
aquestes cel-lules aillades d’un focus d’inflamacié com de lesions arteriosclerotiques,
empelts renals i cardiacs que han sofert rebuig [42, 46].

Cel-lules epitelials: S’ha vist que la seva expressié és induida en les cel-lules tubulars

epitelials durant el rebuig cronic renal [47].
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1.3. Mutacions geniques

S’ha comprovat que mutacions en algun d’aquests dos gens donen lloc a una

immunodeficiencia primaria severa anomenada sindrome hiper IgM [48, 49].

Mutacions al gen codificant per CD40 dona lloc a un sindrome hiper IgM tipus llI, té
caracter autosomic recessiu. Les caracteristiques cliniques més rellevants son la
disfuncié en la generacid i proliferacié de cel-lules B, la no formacié de centres
germinals [50, 51], la impossibilitat del canvi d’isotip en la cél-lula B, i per tant, la

inhabilitat per donar lloc a una resposta anticos especifica.

També ddna lloc a neutropenia, IgM elevada, IgA, IgG i IgE molt disminuides. Tot aixo
resulta en una major susceptibilitat i recurréncia en la infeccio de bacteries

oportunistes [52].

Mutacions en el gen CD40L donen lloc també a la sindrome hiper IgM tipus | (HIGM),
la seva heréncia esta lligada al cromosoma X i té caracter recessiu. Les
caracteristiques cliniques son molt semblants a la tipus Ill, també inclou
hepatomegalia, esplenomegalia, hipertrofia de les amigdales, neutropénia, anemia
hemolitica, trombocitopénia, etc. Hi ha una base de dades on es descriuen la majoria

de mutacions que donen lloc a aquest sindrome [53].
1.4. SNP

S’han descrit diferents mutacions del gen CD40 i CD40L. Hi ha estudis que demostren

la relacio entre algun d’aquests SNP i diferents malalties (Taulal).
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GEN SNP MALALTIA REF

CD40 rs4810485 Lupus eritematds sistemic [54]
rs1883832 Ictus isquémic [55]
Associat al risc de limfoma [56]
Sindrome aguda coronaria [57, 58]
MPOC [59]
Pérdua de massa 0Ossia [60]
Osteoporosis [61]
Autoimmunitat [62]
Malaltia de Grave’s [63, 64]
rs11086998 | Augmenta funcié del receptor [65]
rs1800686 IgE i asma [66]
rs1883832
rs4810485 Psoriasis [67]
Artritis reumatoide [68, 69]
rs1535045 Artritis reumatoide trombosi [70]
rs3765459 Artritis reumatoide, trombosi [70]
Ccb4oL rs3092952 Sindrome aguda coronaria [71]
rs3092923 Associat al risc de limfoma [56]
rs1126535 Osteoporosis [61]

Taula 1. Principals SNP descrits als gens CD40 i CD40L relacionats amb diferents

malalties.

1.5. Transduccio de senyals de CD40

La majoria d’estudis de la via de senyalitzacié de CD40 s’ha fet en limfocits B. Estudis

basats en la homologia de TNF/TNF-R demostren que per I'activacio efectiva de la via

de senyalitzacié de CD40 es requereix la multimeritzacié del receptor. CD40L forma

estructures trimeriques, que al unir-se amb CD40, implica la trimeritzacio del

receptor (Figura 5) [72].

Un procés ordenat i la oligomertizacié sén crucials per la transduccié de senyals. La

forma trimerica de CD40L és molt més potent que la forma monomeérica o dimerica

[73].
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Trimertizacio

CD40

Associacié amb
TRAF 1/2/3/5/6
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Transducci6 directa/indirecta

Nucli u/

r» r» r» »
Activacié de NF-kB, AP-1, NF-AT

Figura 5. Mecanisme de senyalitzacié de CD40. Modificat de [4].

La proteina CD40 conté dos llocs de fosforilacid principals en el seu domini
citoplasmatic, un d’ells és la treonina 234. S’ha vist que mutants o la substitucié
d’aquest aminoacid per una alanina inhibeixen la transduccié de senyal [74].
Aquestes arees de fosforilaciéd son dominis critics per la senyalitzacié ja que sén llocs
d’unié de proteines. En la transduccid del senyal es creu que poden océrrer diferents
mecanismes que poden contribuir al procés; I'activacio del receptor degut a quinases

i fosfatases o I'associacio de proteines en els respectius dominis d’unid.
1.6. Vies de senyalitzacié de CD40
1.6.1. TRAF: Factors associats a la familia de TNF-R

Degut a que la part citoplasmatica de CD40 no té activitat intrinseca, aquest

necessita un adaptador per poder iniciar la via de senyalitzacié corresponent. Aquest
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adaptador s’anomena TRAF, “TNF receptor associated factor”. Actualment es

coneixen 6 molécules TRAF, totes elles excepte TRAF4 s’uneixen a CD40.

El 1994 es va identificar TRAF3 com la primera proteina associada a la senyalitzacid
de CD40, aquest interacciona amb el domini citoplasmatic del receptor directament
per una regié anomenada “domini TRAF” [75]. Totes les proteines d’aquesta familia
comparteixen homologia de seqliencia d’aminoacids en el seu domini

carboxiterminal (domini TRAF).

Aguest domini TRAF té dues subregions, una regié carboxiterminal que es requereix
també per la dimertizaci6 amb altres membres de la familia i una regio
aminoterminals que esta menys conservada, on hi ha 5-6 estructures de dit de zinc

similars als dominis d’unié a proteina [75] (Figura 6).

Les proteines TRAF a través de la seva unié amb el domini citoplasmatic del receptor,
desencadena el reclutament de molécules TRAF i altres proteines intracel-lulars.
S’acoblen formant un complex de senyalitzacié multi proteic, que desencadena
I"activacié de cascades de quinases i I'activacié de factors de transcripcié nuclear com
NF-kB, AP-1, NFAT, que regulen la transcripcié de gens involucrats en la proliferacio,

diferenciacid i apoptosi.

La unié de les proteines a través del seu domini TRAF al receptor, esta alhora

regulada per altres proteines adaptadores i inhibidors endodgens intracel-lulars.
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Figura 6. A) Mecanisme de senyalitzacié de CD40 a través de la unid de les proteines
TRAF. B) Estructura i dominis de les proteins TRAF. Modificat de [4]

1.6.2. Paper de les STATS

A part de les proteines TRAF, s’han descrit altres membres de la familia de les STATs
(signal tranducers and activators of transcription) que estan implicats en la via de

senyalitzacié de CD40.

Les STATS sén fosforilades per proteines quinases de la familia JAK. Un cop activades
formen dimers, que sén translocats al nucli i s’"uneixen a regions especifiques de DNA

per regular I’expressié de diferents gens [76] (Figura 7).
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inflamatories

Figura 7. Visié general de les vies de senyalitzacié de CD40, mediadors i processos
modulats per la unié de CD40-CD40L. Modificat de SA. Biosciences.

1.6.3. Factors de transcripcio

Pel que fa als factors de transcripcié involucrats en la senyalitzacié de CD40 se sap
gue s’activa NF-kB, i també altres membres de la familia com p50, relA, c-Rel [77].
S’ha demostrat activacio de la IkB quinasa i es creu que la induccié de NF-kB també

es pot donar per la via PI3 quinasa [78].

A part de NF-kB, la senyalitzacié de CD40 activa també el factor AP-1, format per
heterodimers entre les proteines de la familia Jun i Fos. També s’ha trobat que CD40

afecta I'expressid del factor ATF-2 i que indueix I'activacié de NFAT [77].
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1.7.Funcions biologiques de CD40-CD40L

Inicialment es considerava que la funcié de CD40 i CD40L estava limitada als limfocits
T i B i involucrada en la immunitat humoral. Més tard es va descriure I'expressié
d’ambdues proteines en altres tipus cel-lulars i es va veure que estava implicada en la
regulacié de diverses funcions biologiques (Figura 8). Conseqiientment, es va veure la

seva associacid a processos patologics i diferents malalties inflamatories croniques.

La interaccié CD40-CD40L juga un paper molt important en I'activacié del sistema
immunitari. Es crucial en la resposta immune primaria i secundaria generada al timus,
en el procés de maduracié dels limfocits B, formacié de cel-lules B memoria, i

generacié i manteniment dels centres germinals [79].

Canvi d'isotip
Secrecid citoquines
Supervivénica
Activaci6 Creixement

Activacio,
Dfierenciacié

creixement
secrecio de  Fibroblast cél-lulaB CD34 prec
citoquines

Creixement cél-lulat Creixement

Célula T
activada
Cél-lula ., Activaci6
Activacié endotelial Monocit  Secrecio citoquines

Unié a leucoits Activitat tumoral

Cel-lula
Activacio epitelial - DC Activacié
Secrecio citoquines ER ] Supervivénica
diferenciacié crecio citoquines

Figura 8. Funcions mediades per CD40 en la resposta immune i activacié del limfocits
T. Modificat de [3].
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1.7.1. Activacio del limfocit T

L'inici de la resposta immune especifica requereix el processament de I'antigen per
part de les cel-lules presentadores d’antigen (APC), el reconeixement dels epitops
pels limfocits T i B i I'expansié clonal i diferenciacid d’aquests limfocits antigen

especifics a cél-lules efectores.

Els limfocits T presenten a la superficie un receptor anomenat TCR que reconeix els
peptids antigénics que els presenta una APC mitjancant el complex major
d’histocompatibilitat (MHC).

El receptor TCR és un heterodimer format per cadenes transmembrana de tipus a i B
majoritariament o també per cadenes y i 6. La seva porcidé carboxiterminal és
constant, el seu domini aminoterminal és variable i conté un domini altament
polimorfic, que és el que li confereix la limfocit T especificitat clonal per I'antigen. El
receptor TCR s’uneix al complex CD3 que ajuda a la transduccid del senyal a I'interior

de la cel-lula després de la unié del TCR amb I’antigen.

A la superficie de la cel-lula T també s’expressen les molecules CD4 (limfocits T
helper) i CD8 (limfocits T citotoxics) que ajuden al complex receptor TCR/CD3.
Aquests participen en el reconeixement antigénic, estabilitat de la unié entre

I’antigen i el receptor i el sistema de transduccio de senyals.

Per I'activacio de limfocits T naive es requereix tant el senyal antigen especific via
TCR com el senyal de la via de coestimulacié. El primer senyal confereix especificitat
antigenica al procés d’activacié de la cél-lula T, i indueix I'expressid d’altres molecules
a la superficie del limfocit T, perdo aquesta no és suficient per iniciar I'activacio.
Perque I'activacié es produeixi es requereix d’un segon senyal proporcionat per les
molécules de coestimulacidé expressades tant a la superficie de la cél-lula T com de la
APC (Figura 9).

Aquest senyal també provoca un augment de la sintesi d’altres molécules

coestimuladores, les quals amplifiquen el procés d’activacié. Els dos senyals de
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coestimulacié principals son el sistema CD80/CD86 (també anomenant B7-CD28) i el
sistema CD40-CD40L.

Si aquest segon senyal de coestimulacid no es déna, es produeix una situacié de
tolerancia antigénica o no resposta, convertint-se aixi en cel-lules anérgiques que no
responen davant la re-exposicid de l'antigen, inhibint la seva proliferacié i la

produccié de citosines in vivo o entrar en apoptosis.

Senyal2
"4 IFN-y TNF-a Apoptosis
Senyall ~a
— —
© ‘ .
B Senyall
~a
© —@— -
Bloqueig de
coestimulacio

Figura 9. Principals senyals necessaries per |'activacié de la cel-lula T. Modificat de
[80].

Quan la cél-lula T és activada, aquesta modulara la resposta immune cel-lular o
humoral activant i induint la proliferacié d’altres tipus cel-lulars, i adquirint diferent
fenotips que es diferencien segons un tercer senyal, que depén del tipus de citocines

gue son alliberades en resposta a I'activacio.

Les caracteristiques especifiques de I'antigen i dels senyals de coestimulacid
determinaran si es derivara a una resposta de tipus humoral, cel-lular o altres (Figura
10).
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Cal-lula dendritica madura Activacié i proliferacié de Diferenciacié cél-lules T
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Figura 10. Activacié del limfocit, proliferacié i diferenciacié cap a diferents subtipus

amb un perfil de secrecié de citocines caracteristic. Modificat de [81].
1.7.2. Activacio del limfocit B

Molts estudis impliquen la senyalitzacié de CD40-CD40L i la seva capacitat de
modulacié del creixement i diferenciacioé dels limfocits B. Després de la maduracid en
la medul-la ossia i la melsa, les cel-lules immunocompetents B resten en els teixits

periférics fins que troben un antigen i sén activades.

L'activacié de la ceél-lules B requereix dos senyals diferents. El primer senyal
d'activacié es produeix després de la unié de I'antigen al receptor de la cel-lula B
(BCR). Després de la unid, I'antigen s’internalitza per endocitosi, es digereix, i es
forma un complex amb molécules MHC Il a la superficie de la cel-lula. El segon senyal
d'activaci6 es produeix a través d’'un mecanisme que pot ser dependent o

independent de la cel-lula T. La majoria de les respostes per part de les cel-lules B a

30



Silenciament génic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

antigens requereixen la interaccié amb la cél-lula T helper (mecanisme dependent

d'activacio).

La presentacio d'un complex antigen-MHC classe Il en una cel-lula B li permet actuar
com una cel-lula presentadora d'antigen quan s’enfronta a una cél-lula T. Lacel-lula T
activada, proporciona el segon senyal d'activacié. Alternativament, hi ha determinats
tipus d'antigens que poden proporcionar directament aquest segon senyal d'activacid
a la cel-lula B (mecanisme d’activacid independent). Aquests antigens inclouen
components de la paret cel-lular bacteriana o que contenen molécules altament

repetitives.

Després de l'activacid, els limfocits responen a la unié de CD40 amb un augment de la
proliferacié [82]. Formen centres germinals on es diferencien en cel-lules B de
memoria o cel-lules plasmatiques. Després de la diferenciaci6 en cel-lules
plasmatiques, es déna un canvi de isotip i es regula la secrecié d’anticossos. Cada
cel-lula plasmatica secreta anticossos amb elevada especificitat contra un antigen

determinat.
1.7.3. Canvi d’isotip

La senyalitzacid per CD40 és essencial per la induccié al timus de la sintesis de
immunoglobulines i també pel canvi d’isotip de la cadena pesada. Hi ha estudis que
demostren que la unié de CD40 sense cap altre estimul és suficient per induir el canvi
d’isotip de IgM cap a IgG o IgA en cel-lules B humanes [83]. En canvi, altres estudis
indiqguen que és necessaria, per determinats tipus de immunoglobulines, un altre

senyal complementari.
1.7.4. Formacio de centres germinals

La unié de CD40 amb el seu lligand té un paper directe i alhora indirecte en la
formacié dels centres germinals. Afecta a la seva formacié i supervivéncia. La
transduccié del senyal de CD40 té efectes bidireccionals, activa els limfocits T i la

secrecié de citocines requerides per la formacié del centre.
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També indueix als limfocits B a I'expressié de diferents receptors de citocines i a
I’expressié d'immunoglobulines a la superficie de les cél-lules. En el cas de centres

germinals més avancats, es promou el desenvolupament de cel-lules B memoria [84].
1.7.5. Regulacié de mediadors d’inflamacié

Inicialment es pensava que el paper de la interaccié de CD40-CD40L estava restringit
a la immunitat humoral dependent de les cél-lules T. S’ha vist que a part d’intervenir
en processos importants de la immunitat humoral com sén I'activacié dels limfocits
B, el control del canvi d’isotip, la formacié del centres germinals i el
desenvolupament de cel-lules B memoria; la interaccié de CD40 també participa en el

desenvolupament de la resposta immune cel-lular.

La unié de CD40 en altres tipus cel-lulars com sén els macrofags, cel-lules natural
Killers, cél-lules endotelials, dendritiques, fibroblasts, etc., activa diferents processos
pro inflamatoris induint I'expressié de citocines, quimioquines i molécules d’adhesio,

entre d’altres (Taula 2).

32



Silenciament génic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

FUNCIO TIPUS CEL-LULAR MEDIADORS
Immunitat Activacio Limfocits B CD23, CD30, CD80, CD86, Fas,
humoral MHCII
citocines: IL6, IL10, TNFa, TGF B
Canvi de isotip Limfocits B IgA, IgE, 1gG, IgM
Formacié de centres Limfocits B IL2, IL10
germinals i cél-lules B
memoria
Immunitat Citocines pro Limfocits B IL1, IL2, IL4, IL8, IL10, IL12,
Cel-lular inflamatories Eosinofils TNFa, TGFB
Monocits
Cel-lules

dendritiques
Cel-lules epitelials
Cel-lules endotelials
Cel-lules musculars
llises fibroblasts
Queratinocits

Quimiocines

Monocits

Cél-lules epitelials
Fibroblasts
Queratinocits

Cel-lules endotelials.

IL8, MIP-1a, MIP-1-8, RANTES,
MCP1, ABCD1, CCR7

Molecules d’adhesid Limfocits B LFA-1, ICAM1, VCAM1, E-
Cel-lules endotelials | selectina
Fibroblasts

Metal-loproteases Monocits MMP1, MMP13, MMP2,
Fibroblasts MMP9, MMP3, MMP11

Cel-lules endotelials
Cel-lules musculars
llises

Activitat procoagulant

Monocits

Cél-lules endotelials
Cel-lules musculars
llises

Factor tissulars

Altres

Monocits

Cel-lules
dendritiques
Fibroblasts

Cél-lules endotelials

Cox2, oxid nitric

Taula 2. Funcions biologiques de CD40/CD40L. Modificat de [79].
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2. RNA interferéncia. Silenciament génic post transcripcional.
2.1. Historia

El mecanisme de RNA d’interferencia es va observar per primera vegada el 1990 en
plantes quan Rich Jorgensen va provar d’incrementar el color purpura d’unes
petunies augmentant I’expressid del gen de I’enzim xalcona sintasa (CH) (responsable
de la fabricacié del pigment), introduint transgénicament copies del gen. Va observar
que el resultat final era el contrari de I'objectiu inicial, les petlnies resultants van ser
de color blanc o poc pigmentades degut a la reduccid de I'expressié del gen unes 50
vegades [85] (Figura 11). Es va observar que els gens introduits afectaven a
I’expressié del locus endogen. Aquest procés es va anomenar co-supressio, és a dir, el
transgen inhibia el seu homoleg i a ell mateix. Es va proposar aquest mecanisme com

un mecanisme de defensa de les plantes.

En un altre laboratori es va veure que les plantes eren capaces de respondre a la

infeccid per virus de RNA causant la degradacio especifica del RNA viral [86].

Figura 11. Petunies. Planta en la qual es va descobrir el mecanisme de RNAi. Adaptat
de [87]

2.2. Terapia RNAi

La terapia basada en RNA es pot classificar segons el mecanisme utilitzat, i inclou
inhibidors de la traduccid (oligonucleotids antisense), interferencia de RNA (RNAI),
molécules de RNA cataliticament actives (ribozims), i RNA que uneixen proteines i

altres molécules (aptamers).
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La terapia genica basada en el mecanismes de RNA d’interferéncia (RNAi) amb siRNA
com a molecules efectores té multiples avantatges en el tractament de diferents
malalties. Tenen un ampli camp d’aplicacié. Promouen una silenciacié genica molt

precisa, efectiva i alhora reversible.
2.3. Mecanisme d’RNA d’interferéncia:

Es un mecanisme de silenciament génic innat de defensa que actua a un nivell post-
transcripcional. Es altament especific contra elements de RNA de doble cadena
(dsRNA) i causa la supressid de I'expressié genica mitjangant la inactivacié o
degradacio del RNA missatger. La supressié dels nivells de la proteina diana pot ser

parcial (knock-down) o total (knock-out).

El mecanisme de RNAI és iniciat quan una molecula de RNA de doble cadena llarga
(dsRNA) entra a la cel-lula. Aquesta molécula seguidament és processada i tallada en
molécules més petites (siRNA) d’entre 21 i 23 nucleotids per un enzim anomenat
DICER, aquest enzim esta altament conservat al llarg de I'evolucio i és un membre de
la familia de RNAses tipus Il [88-90].

Aquests fragments resultants tenen dos nucleotids que sobresurten a I'extrem 3’ de
les dues cadenes que seran importants pel seglient pas de la via de RNAI. Els siRNAs
resultant s'uneixen a un complex silenciador induit per RNA (RISC) que conté dues
subunitats; Argonaute 2 (Ago2) i RISC. En Drosophila i en mamifers la cadena
antisense és incorporada directament al complex RISC. El siRNA s’uneix al complex
guant té complementarietat total de la molécula, és llavors quan la subunitat
catalitica del complex, Ago2, degrada la cadena sense mitjancant un procés ATP-

depenent [91].

Aquesta degradacié provoca |'activacio de RISC. La cadena antisense que resta unida
al complex és la que el dirigeix cap al mMRNA diana i aquest és degradat també per la
subunitat catalitica Ago2, la degradacié té lloc entre els nucleotids n.10 i 11
complementaris a la cadena antisense relatius a I'extrem 5’. Per tant, el lloc d’unié de

I’extrem 5’ defineix exactament el punt per on es degradara el mRNA diana [88, 92].
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L'alta especificitat del procés és degut a la complementarietat dels parells de bases
entre la cadena antisense i el mRNA diana. Un cop iniciada la degradacid pels llocs
corresponents la molécula és reconeguda per les RNAses nuclears i és degradada
rapidament (Figura 12). La cadena antisense i el complex no es veuen alterats per
aquesta reaccid i aquest pot seguir fent varis cicles de degradaci6, fet que
proporciona una gran efectivitat al mecanisme de RNAi [93, 94]. En la majoria de

casos, no s’aconsegueix una supressié total de I'expressid genica sind una reduccio.

El mecanisme de RNAi també es pot iniciar amb la expressido endogena de RNA petits
reguladors, coneguts com microRNAs (miRNAs). Aquests sén sintetitzats al nucli en
forma de pre-miRNA, i un cop fora del nucli, s’'uneixen a I’endonucleasa DICER que els
processa a miRNA (també amb una llargada d’entre 21 i 23 nucleotids). Sén

incorporats al complex RISC.

A partir d’aqui la via segueix el mateix cami per obtenir el mateix resultat que el
siRNA, amb la diferencia que la degradacié del mRNA diana es fa degut a les unions
imperfectes entre les cadenes, i aix0 provoca que la cél-lula el reconegui com una

molécula erronia que no es pot transcriure (Figura 12).

Una altra via és coneguda com a small hairpin RNA o short hairpin RNA. Consisteix en
una sequéncia de RNA que té una estructura diferent al siRNA. L'expressio de shRNA
en les cél-lules es realitza generalment mitjancant el lliurament dels plasmidis o

mitjangcant vectors virals o bacterians.

Existeix una gran varietat de vectors virals que es poden utilitzar per obtenir
I'expressio de shRNA a les cél-lules, incloent virus adeno-associats, adenovirus i
lentivirus. L'eleccid promotor és essencial per aconseguir una bona expressié de
shRNA. Inicialment s’utilitzava el promotor de la polimerasa lll com ara U6 i H1, pero
recentment hi ha hagut un canvi cap a I'Us polimerasa Il promotors per regular

I'expressio de shRNA.

Utilitzar virus adeno-associats o adenovirus té I|’avantatge de que s’evita la

mutagénesi per insercio, pero té la desavantatge de que el virus es perd rapidament
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a través de la divisié cel-lular. L'Us de lentivirus té I'avantatge que s’integra en
seccions de cromatina transcripcionalment activa i per tant es transmet a les cél-lules
descendents. En aquest cas hi ha un major risc de mutagenesi d'insercio, pero,

aquest es pot reduir mitjancant I'ds d'un lentivirus integrasa deficient [95].

Una vegada que el vector s'ha integrat en el genoma de I'hoste, el shRNA es transcriu
després en el nucli pel promotor la polimerasa Il o Ill. La molécula pre-shRNA
resultant s'exporta des del nucli per Exportin 5. Aquest producte és processat per
Dicer i s’uneix a RISC. Un cop en aquest punt de la via, segueix el mateix cami del

mecanisme RNAi que una molecula siRNA.

> Membrana cel-lular / Genoma
[

@ \ g Drosha ' Polll

\ ibibebindle  —

V>'<Pre-miRNA Pri-miRNA
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T
dsRNA exogen

T
sintétic sSiRNA

degradacio cadena sense

Activacio RISC S :
Hibridaci6 parcial 3UTR:

: QUSTEITINNNITY
l mecanisme miRNA @ Activacié RISC

Degradacio RNA diana l

separacio cadena sense

Hibridacio incompleta
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=

”,

Mecanisme siRNA

Mecanisme miRNA

Figura 12. Mecanisme de RNA interferencia. Modificat de [96].
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2.4. Vies d’administracié d’'un RNA d’interferéncia.

Una molecula siRNA es pot administrar de forma local o sistémica. Hi ha moltes vies i

metodes usats per la seva administracié. Hi ha molts exemples d’estudis in vivo

demostrant I'eficacia d’aquest tipus de terapia (Figura 13).

- Algunes de les formes d’administracio locals més utilitzades soén:

@)

o
o

O

o O O

O

O

O

Intratumoral
Intramuscular

Subcutani

Intratecal / intracerebral
Intratesticular

Intranasal

Intravitria

Intraarticular

Intra traqueal

Algunes de les formes d’administracid sistemica més utilitzades sén:

Intravends (IV)
= HPTV: injeccid a alta pressid o volum per la vena
caudal. Consisteix en injectar un gran volum hidric
(2,5 vegades la volémia de I'animal) de forma rapida
per la vena caudal.
= LPTV: Low Pressure Tail Vein: el mateix procediment
pero a baixa pressio.

Intraperitoneal (IP)
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siRNA

Nu
Conjugat Intranasal

Modificat Intrivitria

Liposoma Intratraqueal

Polimers Intracerebral

Nanoparticules Inframuscular

Intratumoral

shRNA Intra articular

Paslmid l Y Y Y

Virus adeno associats

adenovirus ( -
Retrovirus -

Lentivirus Local

Infravends

Rutes d’administracio —>

Sistemic Intraperitoneal

Figura 13 . Estrategies de lliurament de moléecules siRNA in vivo. Modificat de [97].
2.5. Biodistribucio

Les barreres bioldgiques de I'organisme tenen, entre altres moltes funcions, la funcid
de prevencié de I'entrada d’agents exogens a l'interior de la cél-lula. Aquesta funcio

pot limitar el benefici terapéutic d’'un determinat farmac.

S’ha descrit que els siRNAs sén eliminats rapidament per filtracié glomerular al ronyé
degut al seu baix pes molecular (14kDa). S’ha vist que les cél-lules de Kupffer poden
capturar aquestes molécules, eliminant-les aixi rapidament de la circulacié i disminuir
I'accés als hepatocits. Se sap que també poden passar a través dels capil-lars de les

cel-lules endotelials per difusié simple degut a la seva carrega negativa.

Se sap que els siRNA amb un disseny de dsRNA sén molt més estables que els ssSRNA.

S’ha vist que després d’una injeccid intravenosa en un ratoli els siRNA soén
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extensament distribuits pel cos, amb una acumulacié preferent a fetge i ronyd [98], i

també a cor, melsa i pulmé.
2.6. Limitacions del mecanisme

- El mecanisme de RNA d’interferéncia pot afectar a un gran nombre de vies de
senyalitzacié no desitjades i provocar una activacié de la resposta immune,
donant lloc a la induccié d’una resposta d’interferé i citocines inflamatories.

- També pot provocar un silenciament no desitjat d’altres proteines diferents a
la diana (efectes off target). Per aixo és important saber els mecanismes que
activen aquests efectes.

- Se sap que aquest tipus de molecules tenen un aclariment rapid un cop han
entrat al cos, aixi que la seva efectivitat també depén de I'entrada i retencid

cel-lular de la molecula.
2.6.1. Activacid de la resposta immune

Els sistema immune és una de les primeres linies de defensa, reconeixement i
resposta front a substancies foranes. Les cel-lules immunes expressen molécules de
la familia de Toll like receptors (TLR), que reconeixen patrons associats a patogens
(PRR) virals, bacterians i fungics. La seva principal funcié és discriminar entre lo propi
i lo no propi. En mamifers hi ha 13 TLR, cada TLR reconeix uns patrons especifics.
Aquests desenvolupen un paper clau en el reconeixement de microorganismes i en
I"activacié del sistema immune innat i adaptatiu [99]. Estan localitzats a la membrana

cel-lulari en el compartiment endosomal/lisosomal.

En la via de senyalitzacid dels TLR, excepte el TLR3, es ddéna majoritariament
mitjangant un adaptador proteic anomenat MyD88, que ddna lloc a I'activacio dels
transcrits NF-kp i AP1 i la secrecid de citocines inflamatories. El TLR3 és el receptor
gue reconeix dsRNA, per tant és el candidat que també reconeix el siRNA en un
context d'immunomodulacié. S’ha vist que I’activacio de la resposta immune es pot

donar tant per una cadena sense, antisense, o per el siRNA complet [100].
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El reconeixement del siRNA per els TLR es ddna als endosomes, abans que el siRNA
entri al citoplasma. Es creu que, perquée el siRNA actui de forma eficient, aquest
hauria d’entrar directament al citoplasma, evitant els endosomes i passant per alt

I'activacié de la resposta immune.

Com es pot observar a la Figura 14, quan un siRNA és reconegut per la cél-lula,
aquesta s’activa i s’expandeix desencadenant |’activacié del sistema immune innat
per diferents vies de senyalitzacié. S’activen receptors citoplasmatics com PKR i RIG-I
[101].

PKR s’autofosforil-la i s’activa un cop s’ha unit al dsRNA, activa a EIF-2 i produeix una
supressio global de la sintesis de proteines i indueix la mort cel-lular programada,

també activa Nf-kB i indueix una resposta IFN tipus | [102].

RIG1 és un sensor intracel-lular de dsRNA capa¢ també d’induir una resposta
d’interferé. Hi ha estudis on demostren que ratolins knockout de RIG1 tenen
afectada la resposta viral front a dsRNA [102, 103]. RIG1 és un sensor intracel-lular
necessari per reconeixer els siRNA que tenen extrems roms, que s’uneixen millor que

els que tenen 2 nucleotids que sobresurten a I'extrem 3’ [104].

Els TLR 7, 8 i 9 s’expressen als endosomes i requereixen la maduracié endosomal per
una senyalitzacid eficient. Quan es reconeix uns siRNA una de les vies alternatives
d’activacié del sistema immune innat és activant la via de senyalitzacid NF-kB i IRF,

gue indueix la produccié de citocines inflamatories i IFN respectivament [100, 105].
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RNAI enddgen

SiRNA

Citoplasma

Figura 14. Activacid de la resposta immune mitjancada per un RNA d’interferéncia.
Modificat de [96].

El metode de lliurament del siRNA influeix en I’activitat immunoestimuladora de la
molécula (Figura 14). S’ha vist que injeccions de molécules siRNA acomplexades amb
un vector liposoma cationic a ratolins indueix la produccié de citocines inflamatories
com IL6 i INFa [106]. En canvi, el lliurament de siRNA nu, sense modificacions o
modificat amb colesterol no té un efecte immunoestimulador significatiu [102]. Se
sap que els siRNA nus sense modificar tenen una vida mitja molt curta en serum ja
que sOn degradats per nucleases abans de ser reconeguts pels receptors

corresponents.

La injeccid intravenosa d’un siRNA nu en rates mostra una vida mitja de 6 min i un
aclariment de 17.6 ml/min [107]. Els siRNA acomplexats amb vectors son més

facilment reconeguts per les cél-lules immunes que els siRNAs nus.
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2.6.2. Efectes “Off target”

Els efectes “off target” sdn silenciaments no especifics d’altres gens causats per un
siRNA dissenyat per una diana concreta. Pot ser degut a la falta de
complementarietat entre el siRNA i el mRNA. La especificitat dels siRNAs és molt alta,
pero a vegades la maquinaria del siRNA tolera homologies incompletes localitzades al

centre de la molécula siRNA sense perdre I’habilitat d’induir el silenciament genic.

Una altra rad per la que es poden produir aquest efectes és que, a part de la cadena
antisense, la cadena sense del siRNA també indueix un silenciament de gens no
especifics. S’ha vist que aix0 pot passar quan hi ha un minim de 15 pb de

complementarietat entre la cadena del siRNA i el mRNA [108].
2.7. Estrategies per millorar I’eficacia.

Per augmentar I'eficacia del mecanisme RNAi s’ha de millorar diferents aspectes com

son:

- Estabilitat en front a nucleases.

- Captacio del siRNA per part de la cel-lula.
- Propietat farmacocinetiques.

- Reduir efectes “Off-target”.

- Reduir 'activacioé de la resposta immune.

El disseny de la seqléncia del siRNA, la mida i I'estructura del siRNA és important per

millorar I'eficacia i reduir els efectes no desitjats.
2.8. Disseny del siRNA
2.8.1. Seqiiéncia

Per assegurar que la seqiéencia del siRNA és especifica per un sol gen es poden fer
servir diferents eines informatiques com els softwares de disseny de siRNA de les
diferents empreses que es dediquen a sintetitzar siRNAs, I'algoritme de Smith-

Waterman o la base de dades del BLAST (Basic Local Alignment Search Tool).
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Se sap que perqué un siRNA sigui potent ha de tenir un contingut de G/C entre 36 i
52%. Si el percentatge és major es dificulta la dissociacié entre les cadenes sense i
antisense, mentre que si el percentatge és menor es pot veure afectat el

reconeixement del mRNA diana [109].

Per millorar I'entrada del siRNA al complex RISC s’ha de disminuir I'estabilitat
termodinamica de I'extrem 5’ de la cadena antisense, aix0 s’aconsegueix posant els

nucleotids A/U en aquest extrem [110].

La capacitat immunoestimuladora del siRNA és deguda en part a la seva seqiéncia.
Per tant, s’han d’evitar algunes sequiéncies ja conegudes riques en G/U com UGUGU

0 GUCCUUCAA, que se sap que sén potencialment estimuladores [106].
2.8.2. Longitud

Els siRNAs d’entre 21 i 23 pb sén capacos de induir amb eficiéncia el mecanisme de
RNAI. S’ha descrit que siRNAs d’entre 25 i 30 pb sén unes 100 vegades més potents i
requereixen de concentracions més baixes. Aquests tipus de siRNA es creu que sén
més efectius perque son substrats directes de DICER [111]. Se sap que siRNAs de més
de 30 pb sén capagos d’induir una activacié de la resposta immune via activacié de
PKR [104, 112].

2.8.3. Estructura

L’estructura d’helix tipus A del duplex format per la cadena antisense i el mRNA és
necessaria per facilitar la interaccié entre el mRNA diana i RISC per donar lloc a la
degradacio del mRNA [113, 114].

Els extrems del siRNA també son importants i determina la seva capacitat de activar
la resposta immune. Els extrems roms, és a dir, els que no tenen cap nucleotid que
sobresurt a I'extrem 3’, és una estructura més eficag en activar la senyalitzacio de
RNAi a traves de PKR, pero a la vegada promouen més |'activacié de la resposta

immune [104, 111]. Els siRNAs asimétrics amb extrem rom a 5 i amb 2nt que
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sobresurten a l'extrem 3’ sén més eficacos que el siRNAs simetrics amb dos

nucleotids que sobresurten tanta 5’ coma 3'.
2.9. Lliurament de la molécula siRNA

El lliurament de la molécula siRNA a l'interior de les cél-lules per aplicacions in vitro
és una técnica molt estandarditzada en els laboratoris, pero per les aplicacions in vivo
s’han descrit diferents teécniques. Un bon mecanisme de lliurament in vivo hauria de

complir els seglients requisits:

- Unir la molecula de forma reversible.
- Protegir el siRNA de les nucleases.

- Evitar el compartiment endosomal.

- Ser biocompatible.

- Evitar la rapida excrecié pel fetge i ronyd.

S’han dissenyat diferents mecanismes de lliurament de la molécula per protegir el
siRNA. Aguests mecanismes poden ser des d’encapsulacié de la molécula, associacio

a liposomes, modificacions quimiques, etc. (Figura 15).

b ’.\;
8@ <0

Virus  Polimers cationics Dendrimers Péptids Liposomes

Incorporacié cel-lular

Biocompatibilitat

L \

Capacitat de '\5
carrega del tﬁt j

vector

Activitat biologica

Eficacia de transfeccié

Figura 15. Estrategies de lliurament d’una molécula siRNA. Modificat de [115].
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2.10. Modificacions quimiques

Es poden introduir modificacions a la part del sucre, als enllacos o a la base del
nucleotid per intentar millorar la farmacocinética, I'estabilitat del siRNA i reduir

efectes no desitjats sense afectar 'activitat biologica.

En principi qualsevol posicié de la cadena sense del siRNA es pot modificar. Es
important protegir I'extrem 3’ del siRNA ja que és reconegut per la 3’exonucleasa
(ERI-1) [116] quan entra a l'organisme. Les modificacions es poden introduir en
diferents posicions del siRNA, excepte en I'extrem 5’ de la cadena antisense ja que en
aquesta posicid hi ha un grup fosfat necessari per la interaccié amb el complex RISC
[91, 113, 117].

En els dos extrems de la cadena sense s’hi pot introduir un grup marcador per la
deteccid, com compostos fluorescents o radioactius [98, 118], o que facilitin el

transport i I'entrada cel-lular a través de la membrana [107] (Figura 16).

A Naked siRNA

31I 5 5, Y
RRRARRRRRARARRRARRRARS cadena antisense

lloc de Regid seed
tall

Modificacions

Estructura siRNA optimitzat

O base sucre 2’

/\P-S backbone

Figura 16. A) Estructura d’un siRNA nu estandard amb 21 parells de bases i els

extrems 3’ protuberants, la cadena sense i I'antisense estan representades en blau i
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taronja respectivament. B) Disseny d’un siRNA optimitzat amb modificacions

quimiques. Modificat de [119].
2.10.1. Modificacions de I’enllag fosfodiéster

Una de les modificacions més simples és la introduccié d’'un fosforotioat (PS).
Consisteix en reemplagar un dels dos atoms d’oxigen del fosfat internucleotidic per
un atom de sofre (Figura 17). Se sap que aquesta modificacid li proporciona
resisténcia en front a les nucleases i incrementa la vida mitja. S’ha vist, pero, que
siRNAs amb excés de PS s’uneixen a proteines seriques i poden induir toxicitat a llarg
termini [120, 121]. S’ha demostrat que siRNAs amb aquesta modificacié entren més
facilment a la cél-lula sense afectar la seva activitat [122] i que augmenta la seva

biodistribucid a diferents organs [98].

Una alternativa d’aquesta modificacid és el boranofosfat. Aquesta augmenta
I'estabilitat. L'atom d’oxigen és reemplagat per grup borano (-BH3), aixo indueix un
canvi de la polaritat de la molecula i augmenta la seva hidrofobicitat [123]. No és una
modificacid molt usada ja que la seva sintesi és dificil i s’ha vist que segons la seva

posicié pot inhibir I'activitat RNAI (Figura 17).
2.10.2. Modificacions de la posicié 2’ del sucre

Les modificacions en aquesta posicié incrementen I'estabilitat del siRNA front a
endonucleases i redueix I'activacié de la resposta immune. Les més comunes sén: 2’-
O-methyl (2’-OMe), 2’-deoxy-2'fluoro (2'F), ilocked nucleic acid (LNA) (Figura 17).

Les modificacions 2’-OMe i 2’F s’ha vist que conserven la forma de hélix A necessaria
per I'activitat del siRNA i augmenten la resistencia a nucleases [114]. L'efecte de la
modificacié 2’-OMe depen de la quantitat i de la posicié en qué es troba. S’ha vist
gue siRNAs amb la cadena sense completament modificada sén funcionals si la seva
estructura és de 20pb amb els extrems roms. En canvi, siRNAs de 19pb amb

nucleotids que sobresurten a 3’, no sén funcionals [124].
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Per altra banda, si el 2’-OMe s’alterna amb bases no modificades o amb
modificacions 2’'F, I'activitat és semblant a cadenes no modificades. Se sap que
aquest tipus de modificacions situades a la regidé “seed” de la moléecula redueix els
efectes off target sense afectar el procés de silenciacié [125]. Les modificacions 2’-
OMe que impedeixen la degradacié de la cadena sense també impedeixen I'activitat
RNAI, pero si aquestes estan situades a la posicid 1 i 2 de la cadena sense no afecta la

seva funcionalitat [126].

S’ha vist que la modificacio 2'F no té efectes adversos sobre el silenciament del gen,
(ni en I'especificitat) i que augmenta I'estabilitat de la molécula en plasma [127]. Les
modificacions LNA més comunes sén la connexié mitjancant un pont de metilé de
I'oxigen 2’ amb el carboni 4’ de I'anell de ribosa. Aixo bloqueja la conformacié 3’-
endo de la ribosa caracteristica del RNA [128]. Hi ha estudis que demostren que si la
modificacid LNA esta situada a I'extrem 3’ de qualsevol de les dues cadenes, o a
I'extrem 5’ de la cadena sense, preserva la integritat de la molécula i augmenta la
seva vida mitja. En canvi, si esta situat a I'extrem 5’ de la cadena antisense inhibeix

per complet I'efecte i I'activitat del siRNA [129].

A
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Figura 17. Principals modificacions quimiques que poden ser usades en siRNA. A)
modificacions a I'enlla¢ fosfodiester. B) modificacions a la posicié 2’ del sucre.
Modificat de [96].
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2.11. Bioconjugacio
2.11.1. Conjugacié amb lipids

L’objectiu de la conjugacié amb lipids és incrementar I'entrada de la moléecula a la
cel-lula, ja sigui per endocitosis o incrementant la permeabilitat cel-lular. El colesterol
és un lipid present a la membrana cel-lular que no té carregues positives. S’ha
demostrat en diversos estudis que la conjugacid del colesterol, ja sigui unit a peptids
o siRNAs, incrementa I'entrada de la molécula a la cél-lula sense afectar la seva
eficacia [107, 130, 131] (Figura 18).

En un d’aquests estudis es va demostrar que I'administracio intravenosa d’un siRNA
conjugat amb colesterol a I'extrem 3’ de la cadena sense contra la molécula ApoB,
s’aconseguia una inhibicié del 50% en fetge i un 70% en intesti, demostrant també
que el colesterol augmenta la vida mitja de la molecula en circulacid, la fa més

resistent a la filtracié renal i la protegeix de les nucleases [107].

Figura 18. Estructura d’un siRNA conjugat amb el colesterol a I'extrem 3’de la cadena
sense. Modificat de [119].

2.11.2. Conjugaciéo amb peptids

Aquest tipus de péptids permeten una rapida i eficient alliberacié de la molecula
siRNA al citoplasma. S’anomenen PTD o MPP, consten d’una seqiiéncia curta

d’aminoacids amb carrega positiva que sOn capacos d’interaccionar amb Ia
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membrana plasmatica, sense necessitat de receptor o de cap procés de pinocitosis o
endocitosis, i transferir directament la molecula a I'interior de la cel-lula [132] (Figura
19).

o

| NH2

HS—CGUACGCGGAAUACUUCGATT
TTGCAUGCGCCUUAUGAAGCU

NH, siRNA

HO—C—GWTLNSAGYLLKINLKALAALAKKIE—Cys—SH

HO—C—KKWKMRRNQFWIKIQR—Cys—SH
fo) Penetratin

Transportan
Diamide

I %
HO—C—KKWKMRRNQFWIKIQR— Cys—S——S—CGUACGCGGAAUACUUCGATT
TTGCAUGCGCCUUAUGAAGCU
Penetratin-siRNA
(|’ NH,
HO—C—GWTLNSAGYLLKINLKALAALAKKIL—Cys—S—S—CGUACGCGGAAUACUUCGATT
TTGCAUGCGCCUUAUGAAGCUCy, )

Transportan-siRNA

Figura 19. Estructura quimica d’un siRNA conjugat amb MMP. Exemple de la
conjugacié d’un siRNA amb dos tipus diferents de MMP: penetratina i transportina.
La molécula siRNA és sintetitzada amb un grup tiol, aquest grup és el que catalitza la

unié amb els MMP mitjancant la diamida. Modificat de [96].
2.12. Formacié de Complexes
2.12.1. Lipids cationics

Sén els vectors més usat per la transfeccié d’acids nucleics. Els lipids cationics formen
un complex electrostatic amb DNA i RNA. Aquestes interaccions electrostatiques del

siRNA tenen dos inconvenients:

- El complex final és molt gran i poc estable.
- L’encapsulacid és incompleta i per tant, el siRNA no acomplexat és degradat

abans d’entrar a la cel-lula.

Els lipids cationics se sap que interaccionen amb proteines sériques, lipoproteines,

heparina i glicosaminoglicans de la matriu extracel-lular, donant lloc a agregats i a
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una possible alliberacié del material abans d’arribar a la cél-lula. Se sap que també
poden activar el sistema del complement, donant lloc a una rapida eliminacié pels
macrofags del sistema reticuloendotelial [133]. Per resoldre aquests problemes, els
vectors liposomals han estat recoberts de PEG per minimitzar les interaccions amb
proteines seriques o activacié del complement i per millorar el temps de circulacié,
també s’estabilitza el complex i es redueix I'aclariment per part del macrofags [134,
135] (Figura 20).

Lipid cationi HSC/\/\/\/\/\/\/\/\ ﬁ/i‘/\/\NH -
ipid cationic S e 5 i s R ) )
P e - NHs= N N SNH+
cl cl
H, H, H3 H,
ch \i/ big
Lipid Helper HcC o O'F.’TOIV s
o}
CH, CH, CH, CH, O

Lipid PEG

Figura 20. Estructura quimica de lipid cationic i la seva formacié amb el grup

politetilenglicol . Modificat de [96].
2.12.2. Polimers cationics

Els polimers cationics també formen complexes de forma espontania amb els acids
nucleics degut a les interaccions electrostatiques entre el grup amino carregat
positivament del polimer i el grup fosfat carregat negativament dels acids nucleics. La
interaccid entre aquest complex carregat positivament i la membrana cel-lular
permet millorar I'entrada de la molecula a la cél-lula i incrementar la seva eficiéncia

de transfeccié [136].

S’han estudiat varis polimers cationics com a possibles vectors pel lliurament de la

molécula: histones, albumina, polipéptids com la polilisina, poliamines com PEl,
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dendrimers, etc. D’entre tots aquests polimers els més usats han estat els de PEL.
Aqguests poden tenir diferents mides i modificacions [137] i la seva eficiéncia és
deguda a un efecte tampd degut als seus grups amino. Se sap que la seva citotoxicitat
i la capacitat de transfeccio és proporcional al seu pes molecular. La conjugacié amb

el colesterol o PEG s’ha fet servir per disminuir aquesta toxicitat [138].
2.12.3. Liposomes

Moltes molécules han estat introduides a l'interior del liposomes per millorar les
seves propietats farmacocinétiques i disminuir la seva toxicitat. Els liposomes son
vesicules amb un compartiment aquds, format per una bicapa fosfolipidica que es

fusiona amb la membrana cel-lular i allibera la molecula a I'interior de la cel-lula.

Es un mecanisme de rutina en molts laboratoris, perd s’ha vist que algunes cél-lules
com els limfocits sén resistents a aquest tipus de transfeccié. Es va dissenyar una
variant del liposomes més completa per solucionar aquest problema, les particules
SNALP (Figura 21). Aquestes consten d’una bicapa lipidica que conté una barreja de
lipids fusogénics i cationics que permeten I'entrada cel-lular i I'alliberacié endosomal
dels acids nucleics. Estan recoberts d’'un lipid conjugat amb grups PEG que li
proporciona unes caracteristiques hidrofiliques neutres per la part externa que

estabilitza la particula i frena la rapida eliminacid sistemica [139].

Q Lipid catidnic
° Lipid fusogeénic
S Lpid Peg
f Colesterol

Figura 21. Composicidé quimica dels SNALPs. Adaptat de [119].
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2.13. Aplicacions terapeutiques

La terapia basada en siRNA té un interés i creix de forma exponencial per
desenvolupar nous metodes contra un ampli ventall de malalties, com sén el cancer,
malalties autoimmunes, trasplantament, infeccions, malalties neurodegeneratives,

xoc septic, degeneracié macular, etc.

Estudis recents amb aquest tipus de terapia han demostrat que la inhibicié de la
replicacio virica és efectiva en una amplia varietat de virus de RNA com el VIH, virus
d’influenza, hepatitis C, virus respiratori sincitial, Dengue, i altres virus de DNA com el

papil-loma virus huma, hepatitis B, Herpes simplex, etc.
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TEIXIT MALALTIA DIANA

) METODE
FORMULACIO REF
LLIURAMENT

HBsAg SiRNA Hidrodinamiciv | [140]
Gens virals shRNA Hidrodinamiciv | [141]
Hepatitis B Gens virals siRNA estabilitzat Hidrodinamiciv | [142]
siRNA estabilitzat i
Gens virals o Hidrodinamiciv | [143]
Fetge acomplexat amb lipid
Hepatitis fulminant Fas siRNA estabilitzat Hidrodinamiciv | [144]
siRNA estabilitzat i
Hipercolesterolémia ApoB acomplexat amb Hidrodinamiciv | [107]
colesterol
. siRNA acomplexat amb .
Gens virals o o iv [145]
Influenza polietileneimine
Pulmé Gens virals shRNA Intranasal, iv [145]
Virus respiratori
NS1 shRNA intranasal [146]
sincitial
Ataxia
. Ataxin 1 shRNA Intracerebel-lar [147]
espinocerebel-lar
CNS
Canal
Dolor neuropatic . siRNA Ith [148]
cationic
ull CNV induit per laser VEGF siRNA Subretinal [149]
CNV induit per laser VEGF siRNA Intravitreal [150]
Cel-lules germinals FGF-4 siRNA amb atelocol-lagen | Intratumoral [151]
. MMp9
Glioblastoma . shRNA Intratumoral [152]
catepsina B
Tumors
Carcinoma
. CEACAMG6 siRNA Iv [153]
pancreatic
Cancer colon CEACAMG6 Oligofectamine ip [154]
Ronyé Isquemia-reperfusio Fas Sali Iv [155]
X Artritis induida per Local
Reumatologia TNF PEI . [156]
col-lagen electroporacio
Malalties
i . Influenza virus PEI iv [145]
infeccioses

Taula 3. Estudis i metodes d’administracid i formulaciéo d’'un RNA d’interferéncia en

diferents models.
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3. Transplantament renal

L'acceptacié de I'empelt amb una minima immunosupressié és una dels principals
objectius del trasplantament. El rebuig immunologic juntament amb els efectes
secundaris produits pels farmacs immunosupressors sén els principals problemes
clinics en transplantament. La incidéncia de rebuig després d’un transplantament
renal ha millorat molt en els darrers anys ja que s’ha investigat en els mecanismes
moleculars i cel-lulars relacionats amb el rebuig. S’ha introduit diferents terapies
immunosupressores, aquestes indueixen un estat de tolerancia farmacologica que en
general, desapareix un cop retirat el tractament, produint-se la posterior pérdua de
I'empelt. Tot i aixi, encara que no es retiri la immunosupressié hi ha un percentatge
elevat d’empelts que es perden a llarg termini a causa de la nefropatia cronica de
I’empelt (NCA).

Equilibrar la necessitat d'immunosupressié per prevenir el rebuig de I'empelt, reduir
al minim la toxicitat del farmac, el risc d'infeccions i cancer continua essent una tasca

dificil en el trasplantament d’organ solid.
3.1. Epidemiologia i prevalenca

La introduccid de potents farmacs immunosupressors en les Ultimes tres decades ha
donat lloc a una dramatica reduccid en la incidéencia de rebuig agut en receptors de
trasplantament renal. No obstant aixd, la manca de biomarcadors no invasius de

rebuig fa que sigui dificil optimitzar la terapia.

L'aparicié de farmacs com els inhibidors de la calcineurina i altres agents
antiproliferatius han disminuit drasticament la taxa de rebuig agut. Actualment la
incidencia en el primer any del transplantament és del 15%. En canvi, al 1980 amb la

azatioprina la incidéncia era entre el 50-60%.
3.2. Fisiopatologia del trasplantament. Resposta immune innata

En el trasplantament la manifestaci6 més habitual en rebuig de I'empelt és

I’existéncia d’una inflamacio persistent. Les vies d’inflamacid activen molécules de la
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immunitat innata, que alhora s’ha vist que activen les vies de la immunitat adaptativa
[157] i agreugen el rebuig. A part també hi ha tota una série de factors externs que
també influeixen en I'evolucié de I'drgan, com sén I'edat del donant i del receptor,
malalties prévies, etc. Tots aquests elements poden coincidir de forma sinergica i

influir en el rebuig o la tolerancia de I'empelt (Figura 22).

Hi ha estudis que demostren que I'’empelt d’un receptor que ha tingut un donant viu
té una millor evolucié que un empelt d’un receptor d’un donant mort [158, 159]. Aixi
doncs s’ha demostrat que altres factors externs com sén el dany provocat per la
isquémia reperfusid i la mort cerebral també influeixen en I'evolucid de I'drganien la

activacio de la resposta immune del receptor.

Dany immune no especific
- Mort cerebral
- Dany isquémia-reperfusio

Caracteristiques del donant
- Edat
- Malalties prévies

Opcions terapéutiques:
Reperfussié de I'empelt Empelt
Tractament donant/receptor

Baixa qualitat donant
Activacié immunitat innata

TLR4

NK

DC
Cél-lules T

Activacio de la resposta
immune adaptativa

Rebuig *
Inhibicié de |a tolerancia

Figura 22. Factors que influeixen en I’activacio de la resposta immune i I'evolucié de
I'empelt. Modificat de [160].
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La isquémia és una conseqliencia inevitable del trasplantament i s’ha associat a un
augment en la incidéencia del rebuig tant agut com cronic [161]. El temps d’isquémia
gue pateix I'empelt, un cop s’extreu del donant i abans de ser trasplantat al receptor,
s’ha vist que activa els TLR, regula I'expressié d’antigens HLA i també que indueix una
cascada de secrecio de citocines, quimioquines inflamatories i molecules d’adhesié a
I'empelt, augmentant aixi el risc de rebuig [160]. Durant la reperfusid les cél-lules
dendritiques del donant residents a I'0rgan sén activades, les cél-lules T CD4+ del
receptor, juntament amb els monocits i macrofags infiltren 'empelt donant lloc a una
gran cascada de citocines i quimioquines, produccid de radicals lliures d’oxigen, etc.

Tots aquest factors donen lloc a I'activacio de la immunitat innata.

Les cél-lules dels empelts danyats poden expressar molécules lligands de TLR.
Aguests normalment detecten patrons moleculars associats a patogens, pero també
poden detectar teixits i molécules foranes. S’ha vist que un dels principals TLR
responsables de la resposta inflamatoria deguda al dany per isquemia reperfusio és
el TLR4 [162, 163]. En altres estudis amb ratolins mutants per TLR4, es demostra que,
després d’un temps d’isquémia llarg, la secrecid de citocines inflamatories com TNF,

IL6, MCP1 en aquests ratolins és menor que en ratolins normals [164].

3.3. Immunologia del trasplantament. Complex major d’histocompatibilitat

Una bona compatibilitat és fonamental per un bon pronostic inicial de 'empelt. Les
proteines del complex major d’histocompatibilitat tenen com a una de les seves
funcions principals unir fragments peptidics derivats d’agents patogenics i presentar-
los a la superficie cel-lular perque siguin reconeguts per les cél-lules T. La diferéncia
fonamental entre la via de presentacidé que segueixen els gens de classe | o els de
classe Il és que les molécules de classe | presenten péptids derivats de proteines
internes (per exemple proteines virals) als limfocits T CD8+, aquests antigens
endogens son degradats en péptids més petits pel proteasoma. En canvi les
molécules de classe Il presenten peéptids derivats de proteines extracel-lulars (per
exemple proteines de bacteris) als limfocits T CD4+, els antigens exogens son

degradats als endosomes. La unioé dels peptid amb les molecules de MHC es doéna al
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reticle endoplasmatic i després sén transportats a través de I'aparell de Golgi cap a la

membrana cel-lular on seran presentats als limfocits T CD4+ o CD8+ (Figura 23).

\ U / Cél-lula donant

Lligand
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Figura 23. Presentacié de [I'antigen pel complex major d’histocompatibilitat.
Modificat de [81].

3.4. Mecanismes efectors de la resposta al-logénica. Rebuig

Un cop ja s’ha efectuat I'expansid clonal en la fase d’estimulacio, les cél-lules
efectores derivades ataquen a I’'empelt mitjancant mecanismes cel-lulars i humorals.
Els mecanismes cel-lulars son més sensibles als immunosupressors classics que els

mecanismes humorals.
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El rebuig agut, que pot apareixer al cap de pocs dies del trasplantament, es
caracteritza per una pérdua rapida de la funcié renal. Es un factor immunologic de
risc important per al desenvolupament de la disfuncidé de I'empelt. L’aparicid
d’episodis de rebuig agut també té un impacte negatiu en la supervivéncia de
I'empelt a llarg termini. El rebuig agut és un element predictiu de la nefropatia
cronica de lI'empelt, que és responsable de la pérdua de I'empelt després del primer
any post trasplantament. No obstant aix0, no tots els episodis de rebuig agut tenen el
mateix impacte en la funcié de I'empelt a llarg termini. Factors com ara el moment
del rebuig, la gravetat i el nombre de rebuigs aguts, i el grau de recuperacio de la

funcié després del tractament influeix en el resultat a llarg termini.

Les dues principals formes histologiques de rebuig agut son:
- Rebuig agut cellular: es caracteritza per la infiltracio de l'empelt pels

limfocits i altres cél-lules inflamatories.

- Rebuig agut humoral: hi ha evidéncia morfologica de lesid tissular aguda,
anticossos circulants contra el donant especifics, i I'evidéncia immunologica

d’activacid de processos mediats per anticossos (C4d +).
3.5. Rebuig agut cel-lular
3.5.1. Mecanismes patologics

El rebuig agut cel-lular és mediat per cél-lules T. Es la forma més comuna de rebuig
agut. S’inicia quan els antigens del donant sén presentats per les APC als limfocits T
del receptor, les cél-lules dendritiques immadures de I'empelt porten antigens de

I’organ trasplantat cap als noduls limfatics i cap a la melsa del receptor.

Quan aquestes cél-lules dendritiques immadures maduren, activen les cél-lules T del
receptor, que es diferencien en varis subgrups i retornen a I'empelt, on s’inicia el

rebuig cap a I’'organ trasplantat.

Les cel-lules dendritiques i macrofags presenten I’antigen a les cel-lules T, pero les

cél-lules B, ceél-lules tubulars epitelials, cél-lules endotelials també poden presentar
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I'antigen capturant i presentant |‘antigen mitjancant les seves molécules de
superficie MHC [165, 166]. Els limfocits T citotoxics utilitzen dos mecanismes
diferents per activar I'apoptosis de la cel-lula diana, la perforina i la granzima B, que
permeabilitzen la membrana cel-lular i la interaccié de Fas (CD95) amb el seu lligand
(CD178).

Histologicament es caracteritza principalment per un cdmul de cél-lules
mononuclears a l'interstici, acompanyat per una inflamacié tubular i arterial. Les
cel-lules mononuclears penetren a I'espai intersticial, on inicien una cascada
d’inflamacié donant lloc a la produccié de IFNy, secrecié de quimioquines, alteracio
de la permeabilitat capil-lar i deteriorament de la estructura del parénquima (Figura
24).

3.5.2. Diagnostic i classificacio

Els criteris de diagnostic d’un rebuig agut cel-lular es determinen segons la
classificacié de Banff [167]. Es pot classificar en 5 tipus diferents segons el grau

d’afectacié i les caracteristiques patologiques:

- Tipus IA: Presencia de inflamacid intersticial > 25% i focus de tubulitis
moderada.

- Tipus IB: Preséncia de inflamacié intersticial > 25% i focus de tubulitis severa.

- Tipus llA: Arteritis (endarteritis) intimal lleu o moderada.

- Tipus lIB: Arteritis (endarteritis) intimal severa, que s’associa a una
obstruccio de les llums superior al 25%.

- Tipus llI: Arteritis transmural, necrosis fibrinoide de la paret arterial

acompanyada d’inflamacié limfocitica.
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Figura 24. Rebuig agut cel-lular. Després d’un procés d’adhesid, rodament, unio i
diapedesis mitjangat per selectines, integrines i altres molécules d’adhesié. Els
limfocits Ti altres cel-lules immunes entren a I'espai intersticial i envaeixen els tubuls,
causant inflamacid i destruccio tissular (A). Una de les caracteristiques d’aquest tipus
de rebuig és l'infiltrat intersticial (B) i la tubulitis (C). Modificat de [81].
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3.6. Rebuig agut humoral

El rebuig humoral és mediat per anticossos, és un rebuig vascular amb preséencia de
diposits de immunoglobulines i molécules de complement. Els anticossos contra el
donant poden ser contra diferents molécules com sén HLA, antigens de superficie de
les cél-lules endotelials, antigens del grups sanguinis ABO, etc. El rebuig humoral té
un pitjor diagnostic i requereix d’una terapia diferent al rebuig cel-lular. La majoria de
receptors no tenen anticossos contra HLA ja que no han estat préviament
sensibilitzats. La sensibilitzacié es pot donar en el cas d’embaras, transfusié sanguinia
o per un trasplantament previ. Aquest fet és un dels majors factors de risc per

desenvolupar un rebuig humoral.
3.6.1. Mecanismes patologics

Els anticossos contra el donant tenen com a diana preferent les molécules MHC, tant
de classe | com de classe I, expressades a I'endoteli dels capil-lars glomerulars
peritubulars. Aquesta unio indueix una activacié del complement i adhesi6 cel-lular
gue dona lloc a necrosis cel-lular, activacié plaquetaria i coagulacid. L'endoteli danyat
allibera molécules pro inflamatories que promouen l'agregacid plaquetaria, la
secrecié de citocines, quimioquines com la IL1, IL8, CCL2, que indueix adhesio
cel-lular dels leucocits al glomerul (glomerulitits), dilatacié dels capil-lars peritubulars

i la secrecid dels quimioatractans C3a i C5a (Figura 25).

El C4d, marcador classic d’activacié de complement, es localitza preferentment als
capil-lars peritubulars. L’activacié del complement i la formacié de complex d’atac a
membrana donen lloc a la necrosis endotelial local i apoptosis cel-lular. La deteccié
de C4d i anticossos circulants sén una de les principals evidencies d’un rebuig
humoral, encara que a vegades no les podem detectar les dues alhora (Figura 25). El
C4d és un fragment del C4b que conté un grup sulfhidric que forma un pont covalent

tioester amb les proteines i queda unit al teixit durant varis dies [168].

Altres caracteristiques son la preséncia de neutrofils als capil-lars peritubulars,

tubulitis, endarteritis, els capil-lars peritubulars perden les fenestracions, etc. [169].
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Un 90% dels pacients que tenen anticossos contra antigens del donant tenen també
C4d, pero hi ha un 10% de pacients que sén C4d negatius, [170]. Hi ha pacients als
quals no es detecten anticossos circulants pero si que tenen diposit de C4d. Hi ha
estudis que demostren que aquests anticossos que no es detecten circulants sén
absorbits per I'empelt, ja que s’han aconseguit eluir aquests anticossos en aquells

empelts que han fet rebuig [171].

Anticos donan < /
especific - Complement Plaguetes ‘

7 Adhesid cel-lular . —
Activacié del complement
Unid de I'anticos Cél-lula mononuclear

= Coagulacio
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S‘ /J{& g \\.d > }ji' \S‘ li po! ,_"—".' [
- N J : v - Cal-lula endotelial T —
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Patologia a I'empelt |
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Temps post trasplantament

Figura 25. A) Patologia en el rebuig agut humoral. B) Estadis de I'evolucié del rebuig

humoral. Fotografia representativa dels diposits de C4d. Modificat de [81]
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3.6.2. Diagnostic i classificacio

Els criteris de diagnostic d’un rebuig agut humoral es determinen segons la

classificacio de Banff [167] i son:

- Diposit de C4d i/o més rarament immunoglobulines en capil-lars peritubulars.

- Anticossos circulants contra HLA de donant o altres antigens endotelials.

- Dany tissular indicatiu de lesions agudes.

O

O

o O O

O

Necrosis tubular aguda.

Preséncia de neutrofils i/o cél-lules mononuclears a capil-lars
peritubulars, glomeruls.

Trombosis.

Inflamacié capil-lar o glomerular.

Lesions arterials, inflamacid transmural o intramural.

Necrosis fibrinoide.

La classificacio del rebuig humoral agut determina quatre estadis que es diferencien

segon les caracteristiques patologiques (Figura 25):

- Grau l: Preséncia de necrosis tubular aguda i inflamacié minima.

- Grau ll: Inflamacié capil-lar i glomerular i trombosis.

- Grau lll: Lesions arterials.

- Grau IV: Rebuig humoral cronic

3.7. Paper de la coestimulacio en el rebuig agut

Molts estudis han investigat el paper del senyal de coestimulacié en el rebuig agut.

S’ha vist que el bloqueig d’aquest senyal, ja sigui amb anticossos, receptors solubles,

delecioé genética o terapia génica, generalment prolonga la supervivéncia de I'empelt

en el rebuig agut.

Hi ha estudis pero, on veuen que el bloqueig d’aquest senyal no té efectes suficients

per prevenir el rebuig cronic, on es requereix la intervencié de més d’una via de

coestimulacio (Taula 4).
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MOLECULA DIANA ‘ RECEPTOR DONANT | REBUIG AGUT REBUIG CRONIC

B7 CTLA4 - J - [172, 173]
CD28 KO - N - [174]
CD40 KO KO J - [175] [176]
CD40 KO - N - [177]
CD40 - KO J - [177]
CD40L KO - N - [178]
CD40L - KO J - [178]

CD28+CD40L CTLA4/mAb - N N2 [179]
CD28+CD70 KO/mAb - J NZ [180]
CD40L+B7-3H mAb/ KO - J NZ [174]
CD28+CD137 DKO J [181]

Taula 4: Efectes del bloqueig del senyal de coestimulaci6 en models de

trasplantament de cor murins. Modificat de [182].
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4. Lupus Eritematds Sistémic
4.1. Concepte

El lupus eritematds sistemic (LES) és una malaltia autoimmune multisistemica
caracteritzada per la alteracié de la resposta immune, produccié d’autoanticossos
dirigits contra diferents antigens cel-lulars. Afecta a multiples organs i sistemes,
evoluciona clinicament en forma de brots, combinant periodes d’activitat i

d’inactivitat.
4.2. Epidemiologia i prevalenga

El LES és una malaltia considerada rara reconeguda per la Federacié Espanyola de
Malalties Rares (FEDER). La seva prevalenca depen molt de la poblacié estudiada,
edat, sexe i procedencia etnica. Se sap que en dones nord-americanes de raca negra i
xineses, tenen una major prevalenca que, per exemple, les africanes o asiatiques, on

s’han descrit molts pocs casos.

A la nostra regid la seva prevalenca és entre 4 i 50 casos per cada 100.000 habitants
(FEDER). La simptomatologia acostuma a apareixer entre els 15 i 40 anys, amb una
edat mitja dels 29-32 anys [183]. Hi ha un percentatge petit de poblacié en la qual els

simptomes poden apareixer durant la pubertat o després dels 55 anys (8-15%).

Aquest fet influeix en I'aspecte clinic i immunologic en la que posteriorment es
manifestara la malaltia. Si aquesta es manifesta a edats inicials, s’"ha descrit una
major incidencia de simptomatologia, neuropatia, etc. En canvi, si es manifesta a

edats avancades la incidencia dels simptomes i afectacions és menor [183].

El LES, igual que altres malalties autoimmunes, afecta amb més freqiiencia a les
dones en edat fertil que els homes (relaci6 dona/home: 9/1). El sexe també pot
influir en la manifestacié dels simptomes, s’ha descrit que hi ha una major incidéncia

de serositis com a manifestacio inicial de la malaltia en els homes [183].
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4.3. Epidemiologia de les manifestacions cliniques i serologiques

Les taules 5 i 6 reflecteixen les diferents manifestacions cliniques i immunologiques
del LES. L’asténia és la manifestacid sistemica més habitual, I'afectacidé cutania i
articular soén les manifestacions organiques més freqlients. Les afectacions
potencialment més greus com I'afectacio renal, serositica, neurologica i hematologica

son també relativament freqients.

MANIFESTACIO CLINICA ' PREVALENGA (%)
Artritis 84
Eritema malar 58
Febre 52
Foto sensibilitat 45
Nefropatia 39
Serositis 36
Fenomen de Raynaud 34
Afectacié neurologica 27
Ulceres orals 24
Trombocitopénia 22
Sindrome sec 16
Livedo reticularis 14
Trombosis 14
Limfadenopatia 12
Lesions discoides 10
Miositis 9
Anémia hemolitica 8
Afectacié pulmonar 7
Lesions cutanies subagudes 6
Corea 2

Taula 5. Prevalenca de les manifestacions cliniques associades al lupus eritematds

sistemic.
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MANIFESTACIO IMMUNOLOGICA  PREVALENICA (%)

Ab antinuclears (ANA) 96
Abanti-DNA nadiu 78
Abanti-Ro (SSA) 25
Abanti-La (SSB) 19
Abanti-RNP 13
Abanti-Sm 10
Factor reumatoide 18
Abanti-cardiolipina IgG 24
Abanti-cardiolipina IgM 13
Anticoagulant lupic 15

Taula 6. Prevalenca de les manifestacions immunologiques associades al lupus

eritematos sistemic.
4.4. Etiologia

L'etiologia del LES és molt complexa ja que s’ha vist que hi participen diversos
factors. Entre ells podem destacar els factors hormonals, genétics i ambientals. S’ha
vist que també hi participen factors epigenétics, immune reguladors, etc., que poden
actuar de forma seqliencial o simultania. L'accié d’aquests factors déna lloc a la
generacié d’autoanticossos, formacié d'immuno complexes, generacié de cel-lules T
auto reactives i secrecié de citocines inflamatories. Tots aquests elements inicien i

amplifiquen una inflamacié que provoca danys a diferents organs.
4.4.1. Factors hormonals

Se sap que els estrogens tenen un paper molt important en la etiologia d’aquesta

malaltia degut a les seglients consideracions:

- Hiha major incidéncia en dones [183].
- Aquest predomini del genere femeni desapareix en epoques on no hi ha
nivells d’estrogens elevats, abans de la menarquia i després de la

menopausa [184].
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- Estudis amb models animals (ratolins NZB/NZW) confirmen que
I'administraciéd d’estrogens accelera la malaltia a les femelles, mentre

que la testosterona la retarda [185].

Aquests resultats suggereixen que les malaltes lupiques tenen un augment de
produccié d’estrogens. Alguns estudis demostren que els homes afectats de LES
tenen els estrogens elevats i, en canvi, els androgens disminuits. EI mecanisme

exacte de modulacié immunologica de les hormones sexuals no esta del tot establert.

El cromosoma X també pot contribuir d’'una forma independent a les hormones en el
desenvolupament de la malaltia. En ratolins modificats geneticament s’ha vist que la

presencia de dos cromosomes X incrementen la severitat [186].
4.4.2. Factors genetics

Se sap que hi ha una predisposicié genética per el desenvolupament del LES [187]. Es
postula que la malaltia pot ser resultat de certs gens que actuen de forma additiva.
Tot i aixi, la penetrancia del LES és relativament baixa, és a dir, encara que es
tinguessin totes les variants genétiques possibles per desenvolupar la malaltia, podria

ser que aquesta no es manifestés [188].

En estudis familiars amb bessons homozigots s’ha descobert que la incidencia de la
malaltia és superior a I'esperada per I'atzar i vuit vegades superior a la incidéncia en
bessons dizigotics. Per tant, hi ha un important component genétic. No obstant, la

freqliéncia en altres familiars és molt baixa, entre un 3 i un 8% [188, 189].

Encara no s’han determinats tots els gens i variants genétiques i al-leliques que
determinen el desenvolupament de la malaltia. Diferents estudis han confirmat
I’existéncia de gens que predisposen a una susceptibilitat a patir la malaltia (Figura
26), altres que comporten una gravetat addicional, ja sigui per una efecte accelerador
o modificador de la malaltia. S’ha vist que la deficiéncia en C4 esta associada a una
menor eliminacié de les cel-lules B auto reactives (procés que es dona durant la
seleccid negativa) [190]. En canvi, deficiéncies en C1q indueix una mala eliminacié de

material necrotic [191].
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La majoria de polimorfismes d’un sol nucleotid (SNPs) associats a LES estan situats a
regions no codificants de gens relacionats amb la resposta immune [192]. Altres que
han estat associats estan situats en gens que contribueixen a una funcié anormal de
les cél-lules T (CD3Ci PP2Ac) [193, 194].

La epigenetica també juga un paper important en la regulacid i expressié de diferents
gens implicats en la malaltia. L’accessibilitat del DNA als factors de transcripcid és
regulada pel grau de metilacid6 del DNA i les modificacions de les histones

(acetilacions i metilacions).

S’han descrit defectes en la metilacid (hipo metilacid) d’algun gens involucrats en la
malaltia, com per exemple ITGAL, CD40L, CD70 i PP2CA.
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Figura 26. Localitzacié cromosomal dels locus i gens associats amb el lupus. Els gens
estan dividits en sis categories segons la seva funcié, cada categoria correspon a un
color. Hi ha una categoria addicional (grisa) que sén gens que no estan relacionats
amb les altres categories. Els cromosomes amb barres de color taronja pel voltant

indica un gran locus general associat a la malaltia. Modificat de [195].
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4.4.3. Factors ambientals

Els factors mediambientals es creu que poden ajudar a agreujar la malaltia. La
majoria de pacients tenen foto sensibilitat al raigs ultraviolats (UV). Les ones
electromagnetiques de rang patologic (UV-B, 280-320nm) estan presents a les
radiacions solars. Se sap que els queratinocits de la epidermis sintetitzen i alliberen
citocines pro inflamatories com per exemple IL1, TNFa, IL6 degut a la exposicid a raig
UV [196, 197]. Tot aix0 pot acabar en el desenvolupament d’un eritema fotosensible
caracteristic. Els raigs UV també poden alterar 'estructura de I’ADN i provocar la
formacié erratica d’anticossos (Figura 27). S’han descrit alguns farmacs associats a la
induccio de I'aparicid de la malaltia i que posteriorment han estat retirats del mercat
[198].

Factors

(ceneuca) ( Ambient |( Sis:‘m | (Hormones| Epige

Y Anticossos
%’i Y7

® /
Caren., LN  Collules T
Citosines .. ~. )
Q@@

A NN

Dany

Figura 27. Visi6 general de la patogénia del lupus eritematds sistemic. Modificat de
[195].
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4.5. Mecanismes patogenics.
4.5.1. Apoptosis i autoimmunitat

Alguns estudis correlacionen la preséncia d’autoanticossos amb dues principals
alteracions; I'increment de la apoptosis en els limfocits circulants i monocits; i el mal
reconeixement dels autoantigens alliberats durant [I'apoptosis. In vivo els
nucleosomes s’alliberen durant la apoptosis degut a la digestié de la cromatina per
endonucleases [199], per tant, I'increment de la apoptosis i el mal aclariment dels

€0ssos apoptotics, aporten un mecanisme per trencar la barrera de la tolerancia.

Al timus es dona el procés en el qual els timocits capacos de reaccionar contra
antigens propis sén eliminats per apoptosis. Es per aixd que es postula que aquest
procés esta involucrat en la seleccid del repertori de limfocits T i en el manteniment
de la tolerancia, ja que és el mecanisme pel qual s’eliminen les cél-lules que podrien

donar lloc a la resposta autoimmune [200].

En individus sans també hi trobem cél-lules B autoreactives, pero la seva quantitat es
regula per la apoptosis. Es creu que un defecte en la regulacié de les molecules
implicades en la apoptosis com Bcl-2 i Fas poden provocar un augment en la vida
mitja de les cel-lules auto reactives i, com a conseqliéncia, una concentracié d’auto

anticossos per sobre el dintell patogénic [201].

4.5.2. Epigenética

L'accessibilitat del DNA als factors de transcripcid, i la posterior expressié génica,
estan regulades per la metilacié del DNA i les modificacions de les histones (acetilacio
i metilacid). Els canvis epigenétics poden influir al desenvolupament del lupus en
diferents nivells, poden alterar la regulacié de gens que contribueixen o activen la
apoptosis, o poden contribuir a la hiper activacid dels limfocits T i B. Hi ha estudis que
demostren que les regions reguladores d’alguns gens involucrats en la malaltia, com
son ITGAL, CD40L, CD70, o PPP2CA, estan hipo metilats en pacients amb lupus [202-
204].
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4.5.3. Alteracio del limfocits T

Els limfocits T presenten alteracions estructurals i bioquimiques que podem implicar
respostes anomales. S’han trobat alteracions en les proteines de membrana, en els
sistemes de transduccié de senyals d’activacid, vies metaboliques, mecanismes de
regulacié de I'expressidé genica. Alteracions en la migracié polar de proteines de
superficie com CD3, CD4 i CDS.

També s’han trobat alteracions epigenétiques. S’ha vist que les cél-lules T de pacient
amb la malaltia activa tenen el DNA hipo metilat [205]. S’ha descrit que aquestes
cél-lules T desmetilades de pacients amb lupus tenen un augment de I'expressié de
receptors d’adhesié d’integrines com LFA-1, i que la sobre expressié de LFA-1 esta

demostrat que esta directament relacionat amb I'auto reactivitat [206].

S’ha demostrat que en pacients amb LES I'activacié del complex CD3 esta associada a
un increment de calci citoplasmatic i alteracions en la fosforilacié de molécules
implicades en la transduccié de senyals d’activacio. El receptor de la cél-lula T (TCR)
és modificat estructuralment, la cadena CD3T és substituida per una cadena FcR-y i el

senyal es transmet cap a una tirosina quinasa “Syk”.

Aquest fet es ddéna en zones de lipids rafts, zones en la membrana cel-lular
metabolicament actives i riques en colesterol, on convergeixen el TCR i vies de
senyalitzacié. CD44 és una molécula d’adhesid que facilita la migracié de les cél-lules
T als llocs d’inflamacié i que s’ha vist incrementada en pacients amb LES [207]. Un
cop el TCR ha enviat el senyal, I'increment de calci citoplasmatic indueix la supressié

de I'expressio de IL2 i promou I'expressié de IL17 (Figura 28).

La disminucié de I'expressio de IL2 redueix I'activitat de les cel-lules T citotoxiques,
fet que incrementa el risc a patir infeccions, una de les majors causes de malaltia i
fins i tot mort de les persones amb LES. També es veu afectada I'activacid de la mort

cel-lular, fet que perllonga la vida mitja de les cél-lules T auto reactives [208].

La IL17 és expressada en cel-lules T activades i juga un paper important en la resposta

immune contra bacteris i fongs [209]. L'elevada preséncia de cel-lules CD3+CD4-CD8-
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en sang provoca un augment de IL17 i IFNy i s’ha comprovat que també hi ha una

infiltracié d’aquestes cél-lules cap al ronyo [210].
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Figura 28. Visid general de les alteracions en els limfocits T del pacients amb SLE
Modificat de [195].
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4.5.4. Hiperactivacio dels limfocits B

Les cel-lules B tenen un paper fonamental en la malaltia LES. S’han descrit multiples
alteracions dels limfocits B. Els limfocits B a part de participar com a productors
d’autoanticossos tenen altres funcions efectores com la captacié de I'antigen i el seu
transport, presentacid de l'antigen a la cel-lula T, produccié de citocines i
guimioquines, migracid als llocs d’inflamacié on participen en el reclutament de

cel-lules inflamatories.

Durant els periodes actius de la malaltia hi ha una correlacié entre I'activitat de la
malaltia i el nombre de cel-lules B, hi ha un augment de cél-lules plasmatiques en
sang periferica [211]. Existeixen nombroses evidéencies d’una hiperactivacié i
hiperproduccié policlonal d'immunoglobulines per part dels limfocits B inclds en les

fases poc actives o inactives de la malaltia [212].

Aquestes cel-lules proliferen excessivament quan sén exposades a un estimul
mitogénic o a citocines produides pels limfocits T [213]. Un estudi demostra que hi ha
una sobre expressio d’antigens d’activacié en els limfocits B de pacients amb LES
inactiu en comparacio amb controls sans. Aquesta intensitat d’expressié es
correlaciona amb nivells circulants de IgG i IgM totals, suggerint una sobre activacio

persistents del sistema immune dels pacients amb LES [214].

S’ha descrit un augment en la concentracid serica de IL6 en pacients amb LES [215].
També hi ha un augment de I'expressié del receptor de la IL6 i augment de sintesis de
IL6 per part del limfocits B periferics que es considera una activacié autocrina. Les
causes d’aquest increment d’expressid, tant del receptor com de la citocina IL6 no es

coneixen.

En un estudi amb ratolins deficients per cél-lules B s’ha demostrat que es preveu
completament la malaltia, mentre que I'abséncia absoluta de anticossos solubles

només atenua I'aparicié de la malaltia [216].

Tots el subtipus de cél-lules B (B1 i B2 tant en el fol-licle com a la zona marginal)

contribueixen a la produccié d’autoanticossos.
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4.5.5. Produccié d’autoanticossos contra antigens

A part de tots els factors esmentats que influeixen en la malaltia, el LES es comporta
com una malaltia mitjancada per immunocomplexes. Si analitzem el repertori de la
resposta d’anticossos front a antigens endogens i exogens en pacients amb LES i
sans, podem deduir que aquesta hiper producciéd d’anticossos és deguda a un
mecanisme d’activacid general dels limfocits B seguida d’una expansié de subtipus B
seleccionats [217]. Aquesta sobre produccié d’anticossos és la que posteriorment
causara inflamacié i dany a diferents organs (Figura 29). Els anticossos contra
components nuclears, com el nucleosoma, DNA o histones, s’ha vist que hi sén
presents anys abans del diagnostic i que la seva acumulacid progressiva precedeix els

brots caracteristics de la malaltia [218].
4.5.6. Anticossos anti DNA

La deteccié en plasma d’anticossos anti DNA és un factor diagnostic en el LES, es
detecten en un 60-70% del pacients amb LES. Aquest anticossos sén IgG d’alta
afinitat, cationica i capacos de fixar el complement [219]. Hi ha anticossos de baixa
afinitat que apareixen en altres malalties reumatiques, perd que no tenen tan valor
diagnostic [220]. Aquests anticossos contra el DNA es poden dividir en tres grups:
aquells que reaccionen contra el DNA, contra les histones o contra estructures de la

cromatina. Tots aquests elements es troben al nucleosoma (Figura 29).

Els anticossos anti IgG DNA produits per limfocits de pacients amb LES tenen major
reactivitat creuada que els produits per pacients sans, mentre que els IgM tenen una
afinitat normal semblant en ambdds grups. El grau de reactivitat creuada
correlaciona amb el grau d’activitat de la malaltia i amb la concentracié serica d’anti
DNA [221].

No es coneix la causa de I'aparicid d’anticossos anti DNA. Es creu que els limfocits B,
després d’una fase d’activacié inespecifica inicial, desenvolupen una sintesis més
selectiva d’auto anticossos amb canvi de classe i repertori, guiats per un senyal

antigenic inductor de mutacié somatica i expansié clonal.
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4.5.7. Immunocomplexes

Els immunocomplexes (IC) circulants juguen un paper molt important en la patogenia
del LES. Tot i aixi, mesurar les concentracions de IC no serveix per monitoritzar la
malaltia. Aix0 és degut a la gran heterogeneitat, tant fisico-quimica com
d’especificitat, a la dificultat per identificar tots els antigens corresponents, a

I’escassa correlacid entre les concentracions sériques i tissulars, etc.

Els nucleosomes alterats durant I'apoptosis coincideixen amb altres autoantigens en
les vesicules apoptotiques a la superficie de les cel-lules. En condicions normals,
aquestes cel-lules en apoptosis sén rapidament eliminades per les cel-lules
fagocitiques que les envolten. En la patologia del lupus hi ha un increment de
material apoptotic i una alteracié en l'aclariment o eliminacié de les cel-lules

apoptotiques.

Aquest fet pot donar lloc a una resposta immune contra el contingut d’aquestes
vesicules. Es a dir, els immunocomplexes formats per anticossos anti nucleosoma
(majoritariament 1gG 2 i 3) i nucleosoma poden provocar la majoria de les lesions
tissulars. Aquests immunocomplexes es poden unir a components de la membrana
basal de diferents organs amb carrega negativa i desencadenar una reaccid

inflamatoria.

Un cop els immunocomplexes sén dipositats, no poden ser fagocitats per les cél-lules
mesangials i es dipositen al subendoteli, aixd provoca la primera onada de migracio i
infiltracié de cel-lules efectores i polimorfonucleades. La reaccié inflamatoria és
iniciada a través de receptors gamma Fc dels macrofags, cél-lules dendritiques,
neutrofils, cél-lules mesangials, etc. i també per la secrecié de mediadors pro
inflamatoris, com sén IL6, IL1, TNF, MCP1, per part de les cel-lules mesangials i
epitelials [222].

La preséncia d'immunocomplexes també promou la immunitat adaptativa que
indueix la maduracié de les cel-lules dendritiques, secrecid de IFN, presentacid

d’antigens a la cél-lula T, etc. (Figura 29).
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4.5.8. Complement

El sistema del complement esta implicat en la patogenia del LES [191, 223], es
considera que té un paper dual, ja que per una banda exerceix una funcié protectora
ajudant en I'eliminacidé d’'immune complexes i cossos apoptotics, i per altra banda pot

contribuir a la inflamacié i dany tissular (Figura 29).

Gran part dels pacients amb LES tenen baixa activitat del complement i disminucio
dels nivells de C3 i C4. Se sap que la deficiéncia d’alguna de les proteines de la via
classica del complement, que és la que domina en la patologia de LES i la que
interacciona amb els immunocomplexes, esta associada a la susceptibilitat de

desenvolupar la malaltia, especialment les proteines inicials de la cascada d’activacio.

L'aparicié d’anticossos anti C1q estan associats a una evolucid més severa de la

malaltia, que acostuma a incloure la glomerulonefritis.
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4.6. Nefritis lapica (LN)

L'afectacid renal en el LES és una causa important de morbiditat i mortalitat [224]. La
seva incidéncia es dona entre un 30 i un 60%. Es major en la poblacié asiatica (55%),
africana (51%), o hispana (43%) que la caucasica (14%). Son situacions cliniques
freqlients que tenen un mal pronostic si no sén diagnosticades i tractades de manera

adequada.

Hi ha estudis que calculen que amb una terapia immunosupressora d’ampli espectre
la remissi6 completa pot arribar al 50% [225], mentre que el percentatge de

recaiguda és del 30% després de 2 anys [226], també poden aparéixer efectes toxics.

El curs desfavorable de la LN pot conduir a insuficiencia renal (IR) i a la necessitat de
tractament substitutiu: dialisi i trasplantament de I'0rgan. Es calcula que un 25% dels
pacients desenvolupara IR en els deu anys de l'inici de la malaltia. La supervivéncia
dels pacients amb nefropatia ltpica ha augmentat considerablement en els ultims 25

anys.

En la LN tots els compartiments anatomics del ronyd es poden veure afectats (Figura
30), encara que destaca el dany glomerular, els mecanismes etiopatogénics sén
variats i aix0 explica les diferents varietats anatomo patologiques. La nefritis [Upica és
iniciada pels diposits al glomérul de auto anticossos i immuno complexes que
promouen l’activacié de la cascada inflamatoria, que inclou també el complement
[227].

S’indueix el reclutament de cel-lules inflamatories, les cél-lules del parénquima renal
son activades a traves de TLRs i produeixen mediadors inflamatoris, que augmenten
la sintesi de molécules d’adhesid per part de les cel-lules endotelials. Aquesta cadena
d’esdeveniments produeixen un dany podocitari que acaba provocant proteinuria i

disminucié de la sintesi de membrana basal glomerular.

Se sap que els podocits tenen un paper molt important en el dany renal ja que el
dany podocitari en malalties croniques acaba provocant glomerulosclerosis [228]. La

possible trombosis de la microvasculatura i la mort de cél-lules endotelials
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contribueix a la hipoxia renal que, causa estrés, mort cel-lular, atrofia tubular i

indueix la sintesi de molécules que activen receptors de la resposta innata [229].

Tota aquest cadena d’inflamacid es va auto activant i amplifica el dany renal [230]
(Figura 31). Hi ha activacié de cél-lules musculars llises i fibroblasts que indueixen
fibrosis i son un factor predictiu negatiu per el pronostic de la nefritis lupica. S’ha

demostrat la presencia de teixit limfoide secundari en el parénquima renal [231].
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Figura 30. Patogenesis de la nefritis [Upica. Modificat de [232]
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Figura 31. Alteracions en la regulacié de la resposta imune en SLE. Modificat de
[233].

4.6.1. Classificacid de la nefritis lapica

Per valorar la LN a partir de la biopsia renal s’han aplicat historicament una successié
de classificacions, que han anat evolucionant al llarg dels dltims 40 anys gracies a la

identificacio i definicié de diferents tipus de lesions.

La classificacid histologica de la nefropatia lUpica va ser proposada per I'Organitzacié
Mundial de la Salud el 1974 i va ser revisada els anys 1982, 1995 i el 2003. L'ultima
revisié, actualment vigent, és proposada per la International Society of Nephrology
and Renal Pathology Society (ISN/RPS).
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Aquesta agrupa les lesions en 6 classes que van des de la classe |, amb minimes

lesions, fins a la classe VI, en la que el teixit renal esta esclerosat com a conseqtiéncia

d’una lesié inflamatoria cronica (Taula 7) (Figura 32).

També s’ha definit un index histologic d’activitat i cronicitat en les lesions

glomerulars en la nefritis lapica:

- index d’activitat:

O

o O O

O

O

Proliferacid cel-lular, hipercel-lularitat endocapilar amb o sense
infiltrat leucocitari i reduccio de les llums tubulars.

Cariorrexis / necrosis fibrinoide.

Necrosi fibrinoide.

Trencament de la membrana basal glomerular.

Semi llunes cel-lulars o fibrocel-lulars

Diposits subendotelials identificables per microscopia optica.

Agregats intraluminals. Trombus hialins

- index de cronicitat:

o O O O O

Esclerosi glomerular (segmental o global)
Adhesions fibroses

Semi llunes fibroses

Atrofia tubular

Fibrosis intersticial
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TIPUS ‘ SUBTIPUS MO ‘ IF
Tipus I. . Diposits immunes
) . Glomerul normal )
Mesangial minima mesangial
Diposits immunes
mesangials. Poden
Tipus II. ) ) ) existir diposits
) Hipercel-lularitat mesangial de qualsevol )
Mesangial y . . subendotelials o
) ) grau o expansio de la matriu mesangial o }
proliferativa subepitelials aillats
visibles per IF o per
ME pero no per MO.
Glomerulonefritis focal activa o inactiva,
segmentaria o global, endo o extracapilar
. Diposits immunes
que afecta <50% de tots els glomeruls
. - - - — subendotelials focals,
Tipus IlI. A Lesions actives: proliferacié focal
a - — - — amb o sense
Focal Lesions actives i croniques: proliferacio )
A/C ) . alteracions
focal i esclerosi .
mesangials.
c Lesions croniques inactives amb cicatrius:
esclerosi focal
GN difusa activa o inactiva, segmentaria
o global, endo o extracapilar que afecta a
>50% de tots els glomeéruls.
IV-S (A) Lesions actives: Proliferacié segmentaria
IV-G (A) Lesions actives: Proliferacid global Diposits immunes
Lesions actives i croniques: Proliferacio subendotelials
. IV-S (A/C) L . .
Tipus IV. segmentaria i esclerosi difusos, amb o sense
Difusa ° Lesions actives i croniques: Proliferacio alteracions
IV-G (A/C) . . .
global i esclerosi mesangials.
Lesions actives inactives amb cicatrius:
IV-S (C) ) -
esclerosi segmentaria
Lesions actives inactives amb cicatrius:
IV-G (C) .
esclerosi global
Tious V Diposits immunes subepitelials globals o segmentaris o seqieles
Ipus V. . . .
morfologiques, amb o sense alteracions mesangials, tant per MO,
Membranosa ) )
com ME, o IF. Pot combinar-se amb Tipus Ill o IV
Tipus VI. Esclerosi global superior al 90% dels glomeruls amb o sense
Esclerosi avangada activitat residual.
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Taula 7. Resum de la classificacid histopatologica de la nefritis ldpica. MO:
microscopia optica, ME: microscopia electronica, IF: immunofluorescencia. Adaptat
de [234]. ® Indicar la proporcid de gloméruls amb lesions actives i/o esclerbtiques.b
Indicar la proporcié de gloméruls amb necrosi fibrinoide i/o semillunes. Indicar i
graduar I'atrofia tubular, inflamacid intersticial i fibrosi, gravetat de I'arteriosclerosi o

altres lesions vasculars.

Figura 32. Fotografies representatives de lesions corresponents als diferents tipus de
nefritis lUpica. De dalt a baix i d’esquerra a dreta: LN classe Il, LN classe Il (A), LN
classe IV-S (A), LN classe IV-G (A), LN classe IV-G, LN classe IV-G (A/C), LNclasse IV-G
(A), LN classe IV AND V, LN classe V, LN classe VI.
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4.6.2. Models murins experimentals del LES

L'estudi en soques murines capaces de desenvolupar de forma espontania malalties
autoimmunes similars a les humanes ha permeés la comprensid de I'etiopatogéniai ha
aconseguit realitzar important avencos. En el cas del LES existeixen diferents models
murins que presenten manifestacions cliniques i analitiques similars a la malaltia

humana, ja sigui desenvolupant la malaltia de forma espontania, induida per alguna

substancia o per modificacions del material genetic (Taula 8).

Espontanis ‘ Induits Geneéticament modificats

MRL lpr/lpr EICH Knock-out Transgenics
NZB Transferencia Clq Bcl-2
d’anticossos
patogenics
NZB/NZWF1 Transferencia de | TGFB1 INF&
limfocits B
NOD Activacio cadenes Id IL2
SWRxNZB/WF1 | Immunitzacié amb | IL10
DNA
BXSB Pristane CTL4
C3H/gld TCR
CD40L

Taula 8. Models murins experimentals per la nefritis llpica

New Zealand Black / New Zealand White F1 (NZB/NZWF1)

La primera generacid (F1) obtinguda del creuament entre els ratolins NZB i NZW és
considerada com el model muri més semblant a la patologia LES humana. La malaltia
és mes greu i apareix més precogcment en femelles, també apareixen en elevades
guantitats els anticossos anti dsDNA, ANA, etc. La mort és deguda a I'aparicid de

glomerulonefritis [235, 236].

86



Silenciament génic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

Ambdues soques parentals, tant la NZB com la NZW, contribueixen genéticament a
les alteracions immunes propies de la malaltia [237, 238]. Els animals NZB/WF1
hereten una série de gens, aproximadament uns sis de la soca NZB i dos de la soca
NZW. Aquest fet comporta una gran variabilitat en el fenotip autoimmune de cada
animal [239-241] (Figura 33).

Algunes de les caracteristiques de la soca NZB/WF1 heretades de la soca NZB son:

- Hiperactivitat dels limfocits B, en NZB és detectable a partir del primer
mes de edat, pero a NZB/WF1 apareix més tardanament.
- Secrecio elevada d'immunoglobulines [238].

- Limfadenopatia lleu i esplenomegalia [242, 243].

La proteinuria apareix entre els 5 i 7 mesos i I'azotémia entre els 6 i 12 mesos. La
mortalitat depéen del sexe, les femelles tenen un promig de supervivencia menor a la
dels mascles (35 i 58 setmanes respectivament). El dany histologic renal apareix tant
en els compartiment vascular, tubular i intersticial. Inclou des de proliferacié
mesangial, proliferacié extracapil-lar i endocapil-lar, aparicié de diposits glomerulars,
esclerosis glomerular, atrofia tubular, infiltracio per diferents tipus cel-lulars

(limfocits mononuclears, monocits, macrofags), fibrosis intersticial, etc.

Els anticossos anti DNA son els més caracteristics i contribueixen a la nefritis [243]. Hi
ha altres tipus d’anticossos contra dsDNA, ssDNA, dsRNA, tRNA, polinucleotids,
histones, ubiquitines, cromatina, crioglobulines, etc [244]. Els anti DNA IgM
apareixen entre els 3 i 5 mesos d’edat i els anti DNA IgG apareixen entre els 5 i 7

mesos d’edat en les femelles.

Aquests Ultims tenen subgrups antigénics que sén responsables, en part, de la
nefritis. S’ha vist que la transferencia de certs anticossos anti dsDNA IgG2 de ratolins
NZB/WF1 a BALB/c inicialment sans, indueixen nefritis [245, 246]. També s’han
detectat anticossos contra eritrocits, encara que pocs animals acaben desenvolupant
anémica hemolitica [247], anticossos anti fosfolipids IgM i IgG i anti cardiolipina
[248].
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Wis

Figura 33. Fotografies de models murins experimentals de ratolins de nefritis lupica.
1) Soca NZB. 2) Soca NZW. 3) Soca NZB/NZWF1.
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El senyal de coestimulacié de CD40-CD40L juga un paper molt important en
I'activacié del sistema immunitari. S’ha demostrat que s’activa en un context
d’estimul antigénic, ja sigui autoimmune o al-loimmune, on inicia una cascada
de processos i senyals que finalment donen lloc a una resposta immune

inflamatoria.

En el cas del trasplantament renal se sap que CD40 juga un paper molt
important en el reconeixement de I'al-loantigen i la inflamacié provocada per
la isquemia reperfusié. En el cas de la nefropatia lipica es ddna un

reconeixement autoimmune que també inicia una cascada inflamatoria.

S’ha vist que el bloqueig d’aquest senyal de coestimulacié, generalment
utilitzant anticossos especifics, com a estrategia terapeutica per evitar el
rebuig ha estat efectiva en molts models experimentals animals. En models
autoimmunes s’ha aconseguit reduir la incidencia de la malaltia, perllongar la

supervivencia i disminuir la inflamacié associada i el dany cronic.

Alguns estudis descriuen els efectes adversos de problemes trombdembolics
que s’han observat derivats de I'ds d’anticossos contra CD40L, fet que ha
limitat la utilitzacié d’aquests i altres farmacs dirigits a aquesta diana. Aquest

efecte es va relacionar amb I'activacio de les plaquetes.

En les Ultimes décades també hi ha hagut un augment de compostos basats
en acids nucleics que tenen un gran potencial per ser usats com a agents
terapeéutics. Aquestes molécules sén utilitzades per inhibir I'expressié de gens
especifics, bloquejant la traduccié del mRNA i provocant la seva degradacio.
Aguesta tecnologia gaudeix d’'una gran efectivitat, precisié i alhora pot ser un

efecte reversible.

L’abordatge de la molécula CD40 és un nou enfoc del bloqueig d’aquesta via.
La diana no és la cél-lula T si no la ceélllula presentadora d’antigen o la
interaccié entre la cel-lula T i la cel-lula B. La terapia génica contra CD40

permetra un tractament més especific i eficient d’aquesta diana, amb una
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tecnologia d’aplicacié futura probablement més efectiva que les terapies

convencionals.

Basats en totes aquestes evidencies, la terapia genica contra CD40 utilitzant la
tecnologia de RNA interferéencia, ja sigui local o sistemica, permetria evitar la
sobre activacio del sistema immunitari tant en un context al-loimmune com

autoimmune i controlar el dany inflamatori derivat.
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A.- OBJECTIUS PRINCIPALS DEL MODEL AL-LOIMMUNE:
Objectius del primer estudi

- Estudiar el paper de la isquemia freda en el model de rebuig agut
mediat per anticossos.

- Analitzar com afecta la isquémia freda a l’estructura molecular,
histologica i bioquimica de I'empelt en el model de rebuig agut.

- Veure quin paper hi juga el CD40 en aquest procés.

Objectius del segon estudi

- Evitar el rebuig i perllongar la supervivencia de I'empelt renal
bloquejant el senyal de coestimulacié CD40 mitjancant terapia génica
local en un model experimental de rebuig agut.

- Estudiar l'eficacia i I'efecte funcional del bloqueig del senyal de
coestimulacié. Estudi a nivell molecular del paper de CD40-CD40L.
Estudi funcional, histopatologic, bioquimic i molecular de mediadors

de lesio.

B.- OBJECTIUS PRINCIPALS DEL MODEL AUTOIMMUNE:

- Provar I'eficacia del siRNA anti CD40 de ratoli in vitro en un cultiu de
cél-lules dendritiques, entrada cel-lular i bloqueig d’expressié de
CD40.

- Posta a punt de I'administracid sistemica del siRNA en un model de
ratoli. Estudi de distribucid i quantificacio de la molécula en els
diferents organs. Avaluar I'eficacia de la inhibicié de CD40.

- Estudiar I'impacte del silenciament genic del senyal CD40-CD40L en
un model de nefritis ldpica experimental. Estudi funcional,

histopatologic, bioquimic i molecular de mediadors de lesid.
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ARTICLE 1

Cold ischemia, innate immunity and
deterioration of the glomerular filtration
barrier in antibody mediated acute

rejection

E. Ripoll, V. Nacher, A. Vidal, E. Herrero, N. Bolafos, J. Torras,

JM. Grinyd, J. Ruberte, |. Herrero-Fresneda

NDT Nephrol Dial Transplant. 2012 Aug;27(8):3296-305. Epub 2012
May 3.
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Resultats

Article 1: Cold ischemia, innate immunity and deterioration of the

glomerular filtration barrier in antibody mediated acute rejection. NDT

Objectius:

L’objectiu principal d’aquest treball era estudiar el paper de la isquémia freda
en aquest tipus de rebuig, caracteritzar les lesions histologiques bioquimiques

i moleculars degudes al procés i veure quin paper juga CD40.

Per aix0 es va plantejar grups de treball amb trasplantament singénic, model
Wistar Agouti/Wistar Agouti amb i sense isquémia freda (Cl); i al-logeénic,
model Brown Norway/Wistar Agouti amb i sense isquémia freda; per veure
les diferéncies entre els grups que farien rebuig i els que no, i com influia la

isquémia en I'evolucié dels grups.

Resultats:

Model de rebuig agut humoral mediat per anticossos (AbAR).

El grup préviament havia demostrat, com era d’esperar, que la supervivencia i
funcié renal eren diferents entre rates amb un trasplantament singénic
(Model WA/WA i CI-WA/WA) o al-logénic (BN/WA i CI- BN/WA). Mentre que
la isquemia no modificava aquests resultats en els grups singenics, aquesta si
qgue era important en el grups al-logénics, on augmentava molt la mortalitat
(material suplementari S5). Es pot observar el desenvolupament d’una
insuficiencia renal severa en els grups al-logenics, mentre que els grups
singénics (tinguin o no isquémia) recuperaven els nivells basals de creatinina

sérica pre-trasplantament (Taula 2).

Els resultats de les histologies convencionals mostren un teixit preservat en el
grup singénic sense isquémia (WA/WA), mentre que es mostra un dany

moderat tubulo-intersticial en el grup en el qual se li ha afegit isquémia (ClI-
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WA/WA). Els ronyons dels grups al-logénics mostren un dany caracteristic de
rebuig vascular cel-lular, mentre que els que se li ha sumat el dany isquemic
tenen un clar patré de dany tubulo intersticial causat per la isquémia, amb
signes de rebuig vascular, inflamacié, arees on hi ha denudacié endotelial, i

per tant, un clar patré caracteristic de rebuig agut humoral (Figura 1).

Els diposits de C4d i 1gG en el capillars peritubulars incrementen
significativament en resposta a la isquémia tant en els grups singénics, com en
els al-logenics. La isquémia, per tant, influeix en el diposit de C4d i 1gG pero no
als anticossos especifics contra el donant (DSA), que sembla que depén més
de I'ambient al-logénic. Els DSA sén presents en tots els grups al-logénics i
absents en els grups singénics. Algunes rates amb trasplantament al-logénic
sense isquémia i que mostren un anticossos contra el donant positius no
mostren una histologia tipica de rebuig humoral, pero en canvi, si que totes
les rates amb trasplantament al-logénic amb isquémia i amb anticossos
positius si que desenvolupen rebuig humoral. Per tant, tenint en compte la
classificaci6 de Banff, trobem diferencies significatives entre els grups
al-logenics i els grups singenics, corroborant aixi el patré histologic de rebuig

agut mitjangat per anticossos (Taula 2).

Activacio de la immunitat innata i adaptativa.

Per determinar la resposta immune innata es van quantificar la expressié
genica de diferents gens relacionats com sén TLR4, MyD88 i factors endogens
com HSP70 i fibronectina. Aquest dos ultims es va observar que la seva
expressid augmentava en els grups al-logenics amb isquemia. Els valors més
alts de TLR4 i MyD88 es van veure en aquells grups en el quals el component
immune i no immune van convergir sinergicament en l|'activacido de la

resposta innata. (Taula2)

La microscopia confocal de TLR4 i fibronectina va mostrar una clara
colocalitzacié d’ambdues proteines en els glomeruls d’empelts isquémics tant
a la setmana 1 com a la 24. Es va observar que les cél-lules inflamatories

infiltrants eren positives per TLR4 a la superficie (Figura 3).
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Pel que fa a les citosines inflamatories implicades, I'analisi d’expressio génica
de TNFa com IFNy mostrava un augment de la sintesis d’aquests components
en els trasplantaments al-logénics. Aquests grups també mostraven alts
nivells de TGFB i una baixa expressié de I1L12p40. Els nivell de proteina de IL10
es mostraven incrementats en els grups al-logénics (Taula 2), no es van veure

diferencies significatives dels nivells de IFNy, IL2 i IL4.

Per analitzar la via de coestimulacié de CD40 es va quantificar el mRNA i
I’expressié proteica dels empelts. Els resultats de la immunohistoquimica van
mostrar una expressié de CD40 a les cel-lules epitelials tubulars de tots el
grups. En els grups al-logénics també es va localitzar expressié al glomerul i a
les cel-lules de la paret vascular. Els resultats de I'analisi per western blot
mostraven un augment de proteina als grups al-logénics mentre que els valors

dels grups singénics eren similars als d’animals no trasplantats.

Podem concloure per tat, que el reconeixement al-logenic és el factor més
important per una sobre expressio de CD40 i que la isquemia freda no
I'incrementa en aquesta condicions. No obstant, la isquemia si que
incrementa I'expressié de CD40 en un ambient singenic (Figura 2). També s’ha
observat una correlacié entre els nivells de CD40 de mRNA i els nivells
d’anticossos contra el donant, tant contra MHCI com MHCIl (material

suplementari 7)

Alteracio de la barrera de filtracio.

Es va analitzar I'alteracié de la barrera de filtracid glomerular, quantificant i
analitzant el col-lagen IV de la capsula de Bowman i del cabdell glomerular.
Per analitzar el paper de la isquemia i la seva influéncia en la sintesis de

col-lagen IV, es va analitzar I’expressié genica de HIF i P4H.

La sintesis de col-lagen IV era modulada de forma diferent a la capsula de
Bowman i al cabdell glomerular per la isquémia o al-logenicitat. A la capsula
de Bowman la sintesis era menor en el grups on hi havia isquémia o

al-logenicitat. En canvi, la sintesis al cabdell glomerular responia
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contrariament augmentant la sintesis en els grups on hi havia isquémia i
al-logenicitat (Figura 4). La expressio genica de HIFla i P4AHa2 era major en

aquells empelts on hi convergien els dos factors (Taula 2).

També es va analitzar la sintesis de col-lagen IV en uns grups historics
equivalents d’un estudi amb grups de rebuig cronic (Model Fischer-Lewis amb
seguiment de 24 setmanes) també amb trasplantament singénic o al-logeénic
amb o sense isquemia. En aquest cas, exceptuant el grup singénic sense
isquémia, tots els altres desenvolupaven una proteinldria progressiva i
diferents graus de glomerulopatia del trasplantament (Material suplementari
S8). En els grups al-logénics es van observar dobles contorns a la membrana
basal glomerular. La quantificacié de la sintesis de col-lagen IV en aquest
grups mostra que tant la isquéemia freda com el component aloreactiu
indueixen un grau similar de sintesis de col-lagen IV al cabdell glomerulariala

capsula de Bowman, augmentant aixi el seu gruix. (Figura 4)

103



Resultats

NDT Advance Access published May 3, 2012

Nephrol Dial Transplant (2012) 0: 1-10
doi: 10.1093/ndt/gfs003

Original Article

NDT

Cold ischaemia, innate immunity and deterioration of the glomerular
filtration barrier in antibody-mediated acute rejection

Elia Ripoll"*, Victor Nacher** August Vidal®, Esther Herrero', Niiria Bolafios', Juan Torras',
Josep M. Grinyé', Jestis Ruberte? and Immaculada Herrero-Fresneda'

'Experimental Renal Transplant, Laboratory of Experimental Nephrology, Bellvitge Biomedical Research Institute, University Hospital
of Bellvitge (IDIBELL-HUB), L’Hospitalet, Barcelona, Spain, “Department of Animal Health and Anatomy, Center of Animal
Biotechnology and Gene Therapy (CBATEG), Universitat Autonoma de Barcelona, Barcelona, Spain and *Pathology Service, Hospital

Universitari de Bellvitge, L’Hospitalet, Barcelona, Spain

Correspondence and offprint requests to: Immaculada Herrero-Fresneda; E-mail: iherrero@idibell.cat

*These authors contributed equally to this work.

Abstract

Background. In renal transplantation, cold ischaemia (CI)
determines acute rejection through innate immunity among
others. Acute rejection episodes are a risk factor for late
allograft dysfunction and proteinuria. This implies some
alteration of the glomerular filtration barrier (GFB). Be-
sides its effects on acute rejection, we hypothesized that
CI might somehow damage the GFB being directly respon-
sible for late proteinuria.

Methods. On rat kidney allografts suffering from antibody-
mediated acute rejection with or without CI and compared
with syngeneic grafts, we quantified the gene expression of
innate and adaptive immune mediators and assessed the
capillary glomerular basement membranes (CapBM) by
immunostaining collagen-IV (ColIV). CollV was also as-
sessed in equivalent groups from a previous chronic study
followed up for 24 weeks.

Results. CI up-regulated enzymes critical in the stabiliza-
tion of collagen chains, increasing CollV deposition and
thickening the CapBM. ClI increased the C4d and IgG de-
posits within grafts, amplified innate immunity (heat shock
protein 70, fibronectin, Toll-like-receptor-4 and MyD88)
and synergized with alloreactivity in triggering adaptive
response through CD40.

Conclusions. Initial CI increased the ColIV deposition in
CapBM, damaging the GFB and being responsible for part
of the proteinuria associated with late allograft dysfunc-
tion. This deterioration of the GFB is related to the early
innate immunity activation and subsequent up-regulation
of CD40 in acute rejected grafts. In chronic rejected
allografts, thickened CapBM may be a consequence of
an unresolved immune—inflammatory response worsened
by CIL

Keywords: AbAR CD40; cold ischaemia; collagen-1V; GFB; TLR4

Introduction

Cold ischaemia (CI) synergizes with allorecognition during
the rejection process, providing an immune-stimulatory
signal that lowers the threshold for activation of the im-
mune response and increases the immunogenicity of the
graft [1, 2]. This synergism seems to be caused, at least
in part, by the activation of innate immune mechanisms
through Toll-like-receptor (TLR) signalling [3]. TLRs in-
duce the transcription of inflammatory cytokines and stim-
ulate the costimulatory signals [4, 5], which besides being
activated by innate defence mechanisms, are central players
in the adaptive immune response.

Initial CI also affects late allograft outcome [6]. In kidney,
late allograft dysfunction is characterized by renal insuffi-
ciency and progressive proteinuria, with histological inter-
stitial fibrosis and tubular atrophy (IF/TA) and transplant
glomerulopathy (TGP). Proteinuria reflects some structural
alteration of the glomerular filtration barrier (GFB) [7]. The
GFB is made up of the fenestrated capillary endothelial cell,
its basement membrane (CapBM) and the podocyte. The
glomerular basement membrane (GBM) is a specialized part
of the extracellular matrix containing type IV collagen
(CollV), fibronectin and heparansulphate among others.
CollV—the main constituent among the collagenous com-
ponents of the GBM—has different alpha chains configuring
its distinct triple helical isoforms [8, 9]. Two main isoforms
can be found within the GBMs: the epithelial isoform
(x324a5(IV)) located in the CapBM and the endothelial
isoform (a1a192(IV)) found both in the CapBM and in
the Bowman’s capsule (BowBM) [10]. Thus, the CapBM
is composed of the alala2(IV) and the a3u4a5(1V) iso-
forms. Alterations in any of these alpha chains are known
to result in pathological syndromes characterized by haema-
turia and varying degrees of proteinuria [11, 12].

In a previous kidney transplant model with highly re-
sponding rat strains, we observed a humoural rejection
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pattem aggravated by CI [13, 14]. Additionally, CI also
intensified late proteinuria in chronically damaged allog-
rafts [14]. It seems obvious that initial CI would conse-
quently affect late allograft outcome because CI
determines acute rejection, and acute rejection episodes
are a risk factor for late renal allograft dysfunction [1, 6].
However, we wondered whether CI per se might be respon-
sible for the late proteinuria observed in previous studies
[14, 15].

‘We hypothesized that CI would somehow modify the
CapBM during the acute rejection process by the intensifi-
cation of the innate immunity, and this would probably be
reflected in its late outcome. To assess this hypothesis, we
considered the expression of some innate and adaptive im-
mune mediators and evaluated the deposition of CollV in
the GBMs. All these parameters were determined on acute
rejecting renal allografis from a preceding study [13] that
underwent either CI or not, and they were compared with
syngeneic grafts with or without previous CI. In addition,
CollV was also assessed in chronically rejected kidney
allografts from another previous study followed up for
24 weeks [14].

We found that CI augments the complement and anti-
body deposits within grafts, up-regulates the gene expres-
sion of innate mediators and thickens the CapBM by
the direct accumulation of CollV. This deterioration of
the GFB is related to the early innate immunity activation
and subsequent up-regulation of CD40 in acute rejected
grafts. In chronic rejected allografts, thickened CapBM may
be a consequence of an unresolved immune-inflammatory
response worsened by initial CI.

Materials and methods

Animals and surgical technique

Renal transplants were performed between inbred male rats (250 g body
weight): Wistar-Agouti (WA) rats as recipients of Brown Norway (BN) or
Wistar-Agouti kidneys for allogeneic or syngeneic transplants, respec-
tively. For CL kidneys were preserved in Euro-Collins (4°C, 2.5 h). Sur-
gical technique was as previously described (www.renal-transplantation.
com). Recipient rats were bi-nephrectomized at the moment of transplan-
tation. Animals (Charles River by Harlan UK Limited) did not receive any
immunosuppressant and were maintained in accordance with the Guide-
lines of the Committes on Care and Use of Laboratory Animals and Good
Laboratory Practice.

Groups and folfow-up

WAWA’ (n = 10): i syngeneic plant; ‘CL-WA/WA’ (n =
12): syngeneic transplant with CI; ‘BN/WA’ (# = 14): immediate alloge-
neic transplant and *CF-BN/WA’ (n = 10): allogeneic transplant with CI.
Serum creatinine (sCr, pmol/L) was determined on blood samples col-
lected from the tail vein every 2 days beginning the day after surgery.
Allogeneic rats were followed up until their clinical appearance and sCr
values recommended sacrifice. Syngeneic rats, with indefinite mean sur-
vival time, were sacrificed at the 7th day after transplantation to compare
their grafts with those in the allogeneic groups. At sacrifice, plasma and
serum samples were collected. Grafts were processed for histological and
immunohistochemical studies and a part was immediately frozen in liquid
nitrogen and stored at —80°C for western blot (WB) and gene expression
assays.

Histological studies

Coronal graft slices (1-2 mm) were fixed in buffered formalin,
dehydrated and embedded in paraffin. For light microscopy, tissue
sections (34 pm) were stained with haematoxylin—eosin and periodic

105

Silenciament génic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatdria en models animals.

E. Ripoll ez al.

acid-Schiff. A pathologist blinded to the treatment groups assessed all
sections following the Banff criteria [16].

Immunokistochemistry

Representative tissue sections were immunoperoxidase-stained for CD40
and C4d and immunofiuorescence-stained for C3, IgG, TLR4, fibronectin
and CollV in paraffin-embedded sections as defailed in Supplementary
material S1. C3 and IgG were directly observed under fluorescence light
microscopy. Positive C4d, C3 and IgG samples were semiquantitatively
scored from 0 to 4+. CD40 immunostaining was only utilized to localize
the CD40 protein expression.

CollV fluorescence was examined with confocal microscopy (Leica
TCS-SL spectral) and quantified with the AnalySIS® software (Soft Imag-
ing System). At least 10 glomeruli were measured in each specimen (See
details in figure legends).

Quantification of circulating donor-specific antibodies

The presence of circulating donor-specific antibodies (DSA) Class I and
Class II were quantified as described in Supplementary material S2. A
fluorescence increase of 15% with respect to the negative control was
considered as positive. Results were expressed as percentage of positive
cells with respect to the total CD3+ spleen cells.

Quantification of plasmatic cyfokines

For the quantitative measurement of interferon (INF)-y, interleukin (IL)-2,
IL-4 and IL-10 in rat plasma, the SearchLight® Rat Cytokine/Chemokine
Array and SuperSignal® ELISA Femto Chemiluminescent Substrate
(Pierce Biotechnology Inc.) were used following the manufacturer’s in-
structions. The protein quantification is made by an enzyme-substrate
reaction that produces a luminescent signal. This signal is proportional
to the amount of each cytokine in the original sample and is detected with a
cooled CCD camera. Results are expressed in pg/ml.

Western blot (WB)

To detect CD40 protein in kidney grafts, WB was performed incubating
membranes with 1:50 anti-CD40 antibody (see details in Supplementary
material $3). Control non-transplanted kidneys were used to normalize
results. The membranes were exposed for 1 min to reveal the spots. The
intensity of every spot was quantified on scanned films with the Quantity
One quantification software (Biorad). Since WB was used as estimation,
results were only normalized by the mean value of control non-trans-
planted kidney spots.

Quantification of gene expression in renal grafis

Total RNA was extracted and reverse transcribed to complementary DNA
(cDNA). Tissue ¢cDNA for CD40 (Table 1), HIF-1a, prolyl-4-hydroxylase
(P4H)-02, heat shock protein (HSP70), fibronectin, tumour growth factor-
B (TGF-p), IL-12p40, tumour necrosis factor (TNF)-a, INF-y, TLR4,
MyD88 and 188 was amplified and quantified by real-time polymerase
chain reaction as previously described [14] and detailed in Supplementary
material $4. Pooled values of healthy non-transplanted kidneys were used
as the reference value. Results were expressed as ‘many fold of the un-
known sample’ with respect to the reference value (arbitrary units).
Statistical analysis

Overall survival was analysed using the Kaplan—Meier and log-rank meth-
ods. sCr differences at any time point, DSA, gene expression and plasma
proteins were analysed by analysis of variance and subsequent Scheffe’s
test. For histological comparison of Banff classification, IgG, C3 and C4d
deposits, chi-square P-value was calculated from the contingency table.
Values of P <0.05 were considersd as statistically significant. Data are
presented as mean £+ SEM.

Results

A model of antibody-mediated humoural acute rejection
(AbAR)

As we previously showed [13], survival and renal function
differed between syngeneic non-rejecting (WA/WA and
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CI-WA/WA) and allogeneic rejecting groups (BN/WA and
CI-BN/'WA). While CI did not modify survival in synge-
neic conditions, it increased mortality when added to a
strong allogeneic background (Supplementary material
S5). In this line, severe renal insufficiency developed from
the 5th post-transplant day in rejecting groups, while seram
creatinine in WA/WA and CI-WA/WA animals recovered

Table 1. Rat CD40 oligonucleotides®

3

pre-transplant baseline values (sCr = 53 = 9 pmol/L)
(Table 2).

Conventional histology showed well-preserved renal
architecture in all WA/WA kidneys and only moderate
tubulointerstitial damage in CI-WA/WA animals. The
BN/WA kidneys showed characteristic features of cellular
vascular rejection. CI-BN/WA kidneys displayed clear

Rat CD40 oligonucleotide Fluorescent reporter and quencher dyes Sequence

Forward primer FAM 5'-CCGGGAAACCGACTAGTTAGC -3
Reverse primer FAM 5"-CGGTTGGCATTGGGTCTTCT-3"
Probe NFQ 5'-CACTGCACAGCTCTTG-3"

*The primers and probe 1o detect the target sequence of rat CD40 (Gene Bank: AF241231.2) were designed with the File Builder software (Applied

Biosystems).

Table 2. Determined parameters®

WA/WA CI-WA/WA BN/WA CLBN/WA
Renal function and survival
sCrl 137 *+ 3344 233 * 214y 168 * 3315 223 * 28
sCr3 127 *+ 5040y 244 + 5203, 142 * 58 246 = 100,
sCrs 91 = 28,4, 119 = 39,4, 139 + 138, 121 = 15,5,
sCr7 62 * 344 68 = 49 440 + 44b<, 5, 456 = 795,
sCr9 NA NA 669 + 68 =0
MST NA NA 86 + 0. 58 = 134
Surv d7 100% 100% 8590 50%"
ADbAR markers
Cdd+/m 210 10/12° 14514® 1010"
1eG+/m 09 5/10% 10/12° /6%
C3+/m 09 2/10 11/14° 9/9"¢
DSA+/m 0/4 07 e 6/6"°
%DSA-I 0.05 + 0.07 0.19 = 0.11 085 + 120° 79.4 = 23b¢
%DSA-I 0.10 = 0.17 003 =0.13 924 + 934 807 = 156>
humv/cell/n 0/0/10 3/0/12 11/1/14%< 10/0/10°¢
Cl-induced CollV synthesis
HIFla 1.49 + 040 1.68 = 0.50 277 * 0.36 3.96 = 0.86"°
P4Hx2 157 + 034 140 = 0.53 204+ 074 6.52 = 134054
Innate response related
Fibronectin 1.75 = 0.61 289 = 0.53 3.01 £ 0.55 1422 = 706>
HSP70 0.18 = 0.05 027 = 0.05 0.18 = 0.04 0.54 = 028"
TLR4 032+01 1.56 = 0.1° 322+ 174 1846 + 79454
MyD8§ 0.15 = 0.05 037 = 0.18 267+ 115 111 = 47bed
S
IL12p40 3511 33x12 0.78 £ 0.4 082 =03
TGFp 0.8 =03 05 =01 111 = 2.6 14.4 = 34°°
Lio 43 +05 38 =04 137 = 1.5 118 = 15°°

“Survival and renal function: (#) indicates the number of surviving rats at each time point. Serum creatinine (sCr) is expressed in ymol/L. Syngeneic rats
with and without CI were sacrificed at day 7 after transplantation in order to compare their grafts with those in allogeneic groups. For the statistical
analysis, the mean survival time (MST, days) of these groups was estimated from our previous experience in 100 days. Antibody-mediated acute
rejection: ‘n’ indicates the mumber of assessed samples for each parameter in each group. DSA+ (both Class I and Class II) was determined on recipient
(Wistar-Agouti) serum samples incubated with donor (Brown Norway) spleen cells and measured by fow cytometry. Donor splenocytes were isolated by
Ficoll® density gradient and used when fresh. Different controls were added: serum from non-transplanted WA rats as naive; serum from a transplanted
‘WA rat with high anti-HLA antibody titre as positive and splenocytes from Lewis rats as negative. Serum fmm nun-mnsplmmd WA rats did not
present preformed DSA against BN splenocytes. From the histological ination and h: | markers d g grafts were classified as
humoural AbAR (hum) or cellular (cell), and they are shown with respect to the total number of samples in each gmup Gem: expression of CI- and
innate immunity-related mediators: mRNA (fold/not transplanted kidneys) is expressed as mean = SEM. Cytokines: the mRNA of IL12p40 and TGF-§
was quantified by quantitative real-time polymerase chain reaction (fold/non-transplanted kidneys). Protein levels of IL- 10 were quantified in plasma
samples and expressed as pg/mL. NA, not applicable.
P anova < 0.05 versus WA/WA.
“Panova < 0.05 versus CI-WA/WA.

anova < 0.05 versus BN/WA.
“Praesr < 0.05 versus WA/WA.
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ischaemic tubulointerstitial damage and early vascular re-
jection with swollen endothelial cells and/or extensive
areas of total endothelial denudation, suggesting humoural
acute rejection (Figure 1).

The C4d and IgG deposits within peritubular capillaries
significantly increased in response to CI in syngeneic rats.
In the allogeneic combination, both the complement and
especially the IgG deposits were angmented by CI. Ischae-
mia influenced the intragraft deposition of C4d and IgG but
did not affect the incidence of DSA, which seems to depend
on the allogeneic milieu. DSA were present in all the
allografted animals but absent in the isografted rats. Some
DSA+ BN/WA animals did not show histological features
of humoural rejection. However, all CI-BN/WA grafts
were DSA+ and displayed histological humoural rejection.
Thus, the Banff classification resulted in significant differ-
ences between allogeneic and syngeneic groups, corrobo-
rating the AbAR pattern of the model (Table 2).

Fig.1. H: lin and eosin rep

{X200). Details {X400) of fibrinoid i isk) and
endothelium (arrow) in the vessel wall of CLBN/WA (F).

pOp
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Activation of innate and adaptive immunity

To consider the innate immune response, we quantified
the gene expression of TLR4 and MyD88 as well as the
endogenous triggering factors HSP70 and fibronectin. Both
HSP70 and fibronectin were up-regulated in the C-BN/WA
grafts with a trend towards an increase in HSP70 under the
sole influence of CI. Accordingly, the maximum values of
TLR4 and MyD88 were found in those kidneys, in which
both immune and non-immune factors showed a synergistic
effect on the innate response activation (Table 2).

The confocal evaluation of TLR4 and fibronectin immu-
nostaining showed a clear colocalization of both proteins
within the glomeruli of cold ischaemic grafts either at 1 or
24 weeks. In addition, there is a clear mark of TLR4 on
the surface of infiltrated inflammatory cells (Figure 2 and
Supplementary material S6). With respect to the cytokines
involved in the immune-inflammatory reaction, both TNF-a

hs. (A) WA/WA (X200), (B) C-WA/WA (X200), (C) BN/WA (X200), (D) CI- BN'WA
ic nuclei remain (arrowhead) in the vessel wall of BN/WA (E) and denuded
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Fig. 2. Fibronectin and TLR4 colocalization. Confocal photomicrographs (X630) of fibronectin (green), TLR4 (red) and nuclei (blue) in samples of the
acute [(A) WA/WA, (B) CI-WA/WA] and chronic models [(C) Synl, (D) AlloI]. Within the glomernilus of syngeneic animals, TLR4 was scarcely
expressed in the epithelial cells of the Bowman’s capsule (A). Contrarily, in cold ischaemic kidneys, TLR4 was expressed in glomerular cells of the
capillary tuft (podocytes, mesangial and even endothelial cells) and in the epithelial cells of the Bowman’s capsule where it clearly colocalizes with
fibronectin (arrows in B to D). Some of these epithelial cells seem to express additional fibronectin as it is notably seen in D, where it forms an extra line
surrounding the Bowman’s capsule by its urinary space. In addition, TLR4 is also specifically expressed by infiltrated inflammmatory cells (arrow heads in

B). Other representative images can be seen in Supplementary material S6.

and especially INF-y messenger RNA (mRNA) were signif-
icantly elevated in the BN/WA and CI-BN/WA groups
(results not shown). Interestingly, these rejecting groups also
displayed high levels of TGF-B and low exptession of
IL12p40. The plasmatic protein levels of IL-10 showed a
significant increase in both rejecting groups (Table 2),
but there were no significant differences between plasmatic
levels of IFN-v, IL-2 and IL-4 (results not shown).

To assess the activation of the CD40 costimulatory
pathway, we evaluated its mRNA and protein expression
in tissue grafts. Immunohistochemistry located CD40 in
tubular epithelial cells in all samples. Inrejecting BN/WA
and CI-BN/WA kidneys, it was also found in glomerular
and wall vascular cells. The WB analysis showed
larger spots in both BN/WA and CI-BN/WA samples
while WA/WA and CI-WA/WA marks were similar to
control non-transplanted kidneys. As corroborated by
CD40 gene expression, allorecognition as the main factor
over-expressing CD40 and CI did not further enhance
it. However, CI increased CD4( expression under synge-
neic conditions (Figure 3). Finally, there was a positive
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correlation between CD40 mRNA and both DSA-I and -IT
(Supplementary material 87).

Alteration of the GFB

We assessed the possible alteration of the GFB, focussing
on the changes in CollV deposition in the CapBM. Since
CollV isoforms are different in the BowBM, we also
assessed deposition there. To consider the role of CI on
CollV changes, we studied the HIF-P4H axis as well.

The CollV deposition in the BowBM showed a non-
significant trend towards thinning with ischaemia and allo-
genicity. In contrast, the CapBM became significantly
thicker with ischaemia, especially in the CI-BN/WA grafts
(Figure 4). In addition, the higher gene expression of HIF-
la and P4H-a2 in those grafts confirmed the relationship
between ischaemia and CollV synthesis (Table 2).

We also assessed the CollV in equivalent groups from a
previous chronic study made with the well-known Fischer-
to-Lewis model followed up for 24 weeks in which, except
for the syngeneic non-ischaemic group (Syn), all the
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Fig. 3. CD40 analysis. {A) Immunohistochemistry. Rep ive ph i hs (X200) of each group; {a) WA/WA, (b) CI-WA/WA, (c) BN'WA,
(d) CI-BN/WA. (B) WB. R ive spots of les and control non- m.usplamed kidney. Asterisks correspond to post-mortem graft samples.

CD40 spots appearsd between Bands 5 and 6 of the pmtem ladder, corresponding to 43 kDa. The estimated quantification of spots was made by Quantity
One guantification software (Biorad). The absolute intensity values for each spot were normalized with respect to the mean value of control

non-transplanted spots. Results were exp d as the lized mean i ity value = SEM: 1.13 * 0.12wamwa; 0.93 = 0.02cwamwa;
1.77 = 0.07Panwa; 1.94 £ 0. IOE"C.BN,WA, 2Panova < 0.05 versus WA/WA, PP, ova < 0.05 versus CEWA/WA. {C) Gene exprsswn. The graft
CD40 mRNA was quantified by ive real-time pol chain reaction. Results (fold/n lanted kidneys) are exp d as mean = SEM.

*Panova < 0.05 versus WA/WA, PP yoya < 0.05 versus CEWA/WA. P, < 0.05 versus WA/WA.
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B BowBM ) CapBM
INT INT/Area INT INT/Area
WAWA  30041=1915 338+23: 77971+23180 8626
CLWAWA 25055+4356 310+56 : 166901+ 34814> 182+ 382
BN/WA 20270 =1813» 287 +47 : 119940+ 27355 131+ 30
CLBN/WA 20844 =2145° 298 +27 1215527 22 466° 232 = 24%
ANOVAP 0.0468 NS 0.0045 0.0042
Syn 69 655+ 5870 471+25: 99477 = 7401 98=6
Synl 69773 =3785 469=28: 1045646417 1205
Allo 97534 £ 5836% 516+32: 115705=6792 121 +4e
Allol 117299 £8329%< 527 +33 1 126723 +9593>  128=72
ANOVA P <0.0001 NS NS 0.0450

Fig. 4. Collagen IV deposition in basal membranes. (A) Confocal photomicrographs (X400) of collagen IV (green) and iodidium propide (red) in

samples of the acute (a to d) and chronic (e to h) models. (a) WA/WA, (b) CI-WA/
ule (BowBM) and capillary tuft (CapBM). CollV
Tescence intensity
it all measurements (pinhole, gains and offset values). On X400 photomicrographs, the
perimeter of each glomerulus and its capillary tuft were manually delineated in each samy 5
intensity was normalized to the backg
within each area were obtained (INT) and expressed in arbitrary units. To compare between distinct glome:
to the glomerular area (INT/area) and expressed in arbitrary units as mean = SEM. °P <

(B) Image analysis of the basal membranes of the Bowman’s ¢
AnalySIS® software. To ensure that differences observed in levels of
detectors, the confocal parameters were kept constant throughot

mea: The CollV fiu C:

ured in each

WA, P < 0.05x0va versus BN/WA

animals (Synl, Allo and Allol) displayed progressive pro-
teinuria and different degrees of TGP (14 and Supplemen-
tary material S8). In both chronically rejected groups Allo
and Allol, disruptions and double contours were observed
at high resolution in the GBM. The examination of those
samples from the chronic model revealed that both CI and
alloreactivity induced a similar degree of CollV accumu-
lation within the CapBM, thickening the GFB (Figure 4).

Discussion

Little is known about the exact mechanisms by which is-
chaemia accelerates acute rejection and aggravates late
graft outcome. The activation of innate immunity has been

110

(c) BN/WA, (d) CI-LBN/WA,

orescence was quan
ed to changes in the sensitivity of

ot be attrit

and areas were calculated (mm”). Ten to 15 glom

und intensity of each sample. The normalized intensities
the intensity was normalized with respect
0.05sn0va versus WA/WA | bp < 0.05 snvova versus CI-WA/

suggested as one of the possible mechanisms [17-20].
Here, we provide more evidence in that direction and point
to the deterioration of the GFB as another possible
mechanism.

Goldstein [21] postulated that the acute antigen-inde-
pendent injury that occurs during organ transplantation re-
leases innate immune ligands, the nature of which remains
to be elucidated. Our results confirm prior data reporting
HSP70 and fibronectin as being among these released
TLR4 ligands. Following stress, the HSP70 could act as
an endogenous ‘danger signal’ [22] and interact with TLR4
to stimulate inflammatory cytokine production [19, 23-25].
Cellular fibronectin, produced in response to tissue injury
and implicated in inflammation-associated tissue remodel-
ling, also binds to TLR4 [26] as showed here for the first
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time within glomeruli of ischaemic grafts. TLR4 and
MyD88 are required for iitiation of ischaemia/reperfusion
injury and both increase in response to it [27, 28]. It has
been said [29] that stimulation of TLRs might not be es-
sential when sufficient antigen is present, as is the case in
transplant. However, our results show that the TLR4/
MyD88 pathway is over-activated only in ischaemic allog-
rafts, suggesting that even in a strong allogeneic context,
the effect of CI on innate immunity may have more
consequences than was originally thought.

One of the pathways activated by TLRs is the costimu-
latory signal. It is accepted that HSPs can interact with
antigen-presenting cells through different putative recep-
tors including CD40 [25]. Wang ef al. [30] suggested that
HSP70 induces the proliferation of memory T cells through
the indirect regulation of CD40/CD40L expression in den-
dritic and T cells. Czapiga et al. [31]established a link
between endogenous danger signals and acquired immune
activation, pointing to CD40/CD40L as a bridge between
alloantigen-independent injury and cell-mediated immune
response. The nuclear staining of CD40 found in our grafts
would reflect the previous binding of the CD40L to the
CD40 receptor in the plasma membrane, which is required
for CD40 accumulation in the nucleus [32, 33]. Other
studies correlate TLRs with costimulatory signals
[34, 35] connecting ischaemia‘/reperfusion injury with ei-
ther CD40 [36] or TLR4 [28]. Ours is the first in which both
CD40 and TLR4 are reported to be up-regulated in re-
sponse to CI. However, in contrast to innate mediators,
CI miight not be decisive in CD40 expression when alloan-
tigens are present.

Our results also demonstrate a positive correlation
between CD40 mRNA and circulating DSA. This does
not necessarily imply a cause—eftect relationship. Rather,
it may suggest a simple association between CD40 and the
humoural AbAR pattern of the model.

The complement system, which plays a central role in
the humoural response, is another regulator of innate im-
munity. Cross-talk between complement and TLR connects
innate and adaptive responses [37]. The C3 fragment is also
known to promote TH2 responses [38]. Accordingly, our
rejected grafts displayed higher levels of IL-10 and TGF-
and a reduction in the pro-inflammatory TH1 subunit
IL12p40, similar to what happens in liver dendritic cells
following ischaemia [39]. At early post-transplant, TGF-3
and IL-10 act as regulatory cytokines, reducing graft
inflammation and subsequent IF/TA [40, 41].

The ‘counter-regulation hypothesis’ [42] states that con-
tinuous stimulation induces the production of ‘anti-danger’
signals, such as IL-10 and TGF-B. Rieger and Bar-Or [43]
propose that memory B cells that integrate sufficiently
strong stimulatory signals, such as combined engagement
of TLR, B-cell receptor and CD40, produce IL-10 to down-
regulate the local immune response. Thus, the gene expres-
sion profile of our ischaemic allografts, added to their
cireulating DSA and IL-10, would reflect a ‘self-protecting
response’ designed to limit excessive tissue damage.

There is a proven relationship between DSA and TGP
[44]. Both in patients and in the F344 to Lew model, Joos-
ten et al. [45, 46] support the idea that it is mediated by
humoural immune responses against GBM’s components.
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Other data related complement, antibody-mediated cell in-
jury and CD40 with regulation of matrix metabolism and
glomerular damage [38, 44, 47, 48]. Given the convergence
of these factors in our allografts, it seemed interesting to
hypothesize that their GFB might be damaged. We found
that CI increased CollV in the CapBM. This is in agree-
ment with other studies, in which thickened BM was de-
scribed following acute renal damage. In human renal graft
biopsies, Utsumi er al. [49] found increased CollV in BM,
suggesting that changes in CollV during acute rejection
were also due to ischaemic damage and might be a defence
mechanism to protect the kidney from the immune attack.
Moreover, they suggested that such changes still remain
after graft function recovery. Wieczorek ef al. [50] showed
progressive synthesis of collagens in the evolution from
acute to chronic rejection. In this line, CollV was also
increased here in chronically rejected grafts, linking protei-
nuria [14] with the alteration of the CapBM. De Heer et al.
[51] have already shown the presence of anti-GBM anti-
bodies in the same F344 to Lew model of chronic allograft
nephropathy. Taking into account that the F344-to-Lew
model is highly reproducible, one can assume the presence
of such circulating anti-GBM antibodies in our chronically
followed animals. Ivanyi et al [52], in chronic renal allog-
rafts, reported thickening of the glomerular capillaries re-
lated with antigen-independent factors. Here, the influence
of CI per se on the CapBM thickening was supported by
the CollV increase in CI-WA/WA and Synl grafts. The up-
regulation of HIF-1a and P4H-o2 in CI-BN/WA kidneys
confirms the irmpact of ischaemia in the allograft synthesis
of CollV. The P4H is a critical enzyme for the stabilization
of collagen chains [53]. Exposure to hypoxia increases the
P4H gene through HIF, enhancing the formation of 4-hy-
droxyproline, and thereby increasing the CollV protein
levels [53]. In glomerular capillaries, the endothelial and
the epithelial CollV isoforms are in close contact [12, 54].
Because the endothelial isoform is more prone to proteol-
ysis [12], the endothelial-rich BM (such as that of cerebral
microvessels [55] or BowBM) becomes softer under the
metalloproteases (MMP) attack [56]. In contrast, thicken-
ing of CapBM results from the accumulation of CollV
promioted by CI directly through HIF and P4H. It is also
possible that CollV is indirectly increased here by tissue
repair. Since CollV accumulation in basal lamina is sufficient
to stimulate the restoration of injured cells [57], and, together
with fibronectin, it is up-regulated atter njury and localized to
the regenerating cells [ 58], the elevated fibronectin and CollV
found here may well be a marker of damage/repair. Moreover,
this tissue damage/tepair cycle would be consistent with the
‘self-protecting response’ exhibited by ischaemic allografts.

Our results point to CI as causative agent of CollV
deposition in the CapBMIt activates innate immunity and
up-regulates CD40. The inflanmatory mediators thus in-
duced are further amplified by the subsequent adaptive re-
sponse. Increase in many of these mediators could be an
atterpt at self-protection as a reaction to cell damage, but
it may also be its cause, perpetuating a cycle of self-damage/
repair that would eventually lead to late allograft dysfunc-
tion. In chronically rejected allografts, thickened CapBM
could be a consequence of an unresolved initial immune—
inflammatory response.
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Supplementary data

Supplementary data are available online at the NDT
website. Colour versions of Figures 1-4 are available
online as supplementary data.
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Figura S8

Representative photomicrograph (Methenamine silver PAS stain, x630) of
an allogeneic ischemic (Allol) kidney at 24 weeks showing characteristic
histological lesions of transplant glomerulopathy: endocapillary
hipercellularity and segmentary double contours of the glomerular
basement membrane (arrow).
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Article 2: In vivo therapeutic efficacy of intra-renal CD40 silencing in a model
of humoral acute rejection. Gene Therapy 2011 Oct; 18(10): 945-52.

Objectius:

Tenint en compte I'experiencia anterior del grup en el disseny del siRNA anti
CD40 huma, i el paper del senyal de coestimulacié CD40 en I'activacié de la
resposta immune; I'objectiu principal d’aquest treball és dissenyar un siRNA
anti CD40 de rata, i provar la seva eficacia per prevenir el rebuig i augmentar
la supervivencia de I'empelt, en un model de trasplantament renal de rata

amb rebuig agut humoral.

Inicialment es va dissenyar un estudi in vitro per seleccionar el siRNA més
eficient dels possibles siRNAs dissenyats. A I'estudi de trasplantament el
model de rebuig agut humoral es va fer amb una combinacid de rates Brown
Norway com a donants i rates Wistar Agouti com a receptores. Es van fer
diferents grups de tractament, NoTreat: grup tractat amb 30ug siRNA
scrambled com a control, Rp: grup tractat amb rapamicina 05 mg/kg durant
els 15 primers dies després del trasplantament, SiCD40: grup tractat amb
30ug siRNA anti CD40, siCD40-Rp: grup de combinacid del dos tractaments. El
siRNA es va administrar localment acomplexat amb un vector, intra-
arterialment al ronyd, previament extret de I'animal donant i rentat, i seguit

de la electroporacioé de I'drgan.

Resultats:

Seleccid i caracteritzacio dels siRNAs anti CD40 de rata.

Es van dissenyar i sintetitzar nou siRNAs que tenien com a diana diferents
posicions de la regid codificant de la molécula mRNA de CD40 de rata
(Taulal). La seva eficacia es va provar en cél-lules HEK-293 amb el sistema

Gene Eraser TM Luciferase Supression-Test. Es va transfectar un constructe de
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la fusid entre el siRNA CD40 i la luciferasa. L’activitat luciferasa es va

determinar dos dies després de la transfeccid (Figura 1).

Cinc dels siRNAs eren eficacos en inhibir I'expressié de CD40, I'activitat més
eficac la van assolir els TNFRSF5-1 i TNFRSF5-2 amb un 82-84 % d’inhibicié. Es va
escollir el siRNA TNFRSF5-2 com a futur candidat pels futurs estudis i es va anomenar
siCD40.

Efectes del silenciament de CD40 en la supervivencia i funcid renal.

Els animals no tractats van desenvolupar insuficiéncia renal severa després de
5 dies post transplantament i amb una supervivéncia mitja de entre 7 i 9 dies.
El tractament amb 0.5 mg/Kg/dia de rapamicina no va evitar la insuficieéncia
renal ni millorar la supervivéncia (Figura 2). Hi va haver set rates que van tenir
una supervivéncia elevada, aquestes pertanyien al grup tractat amb siCD40.
Cinc d’aquestes van tenir una insuficiéncia renal estable durant I'estudi (sCr al
voltant de 250-300 pumol/L), les altres dues van assolir una supervivéncia
indefinida amb una funcié renal estable al llarg de I'estudi (sCr100=69 i
130umol/L)

Efecte del silenciament de CD40 en el patrd de rebuig.

La histologia dels animals no tractats mostra una afectacié variable de dany
tubulo-intersticial, edema perivascular, hemorragia, necrosis fibrinoide, tant a
la paret dels vasos com al glomeérul, denudacié endotelial i infiltrat
majoritariament compost per polimorfonuclears i limfocits. Totes aquestes
caracteristiques indiquen un rebuig de tipus humoral (Figura 3A). El animals
tractats amb dosis sub-terapéutiques de rapamicina desenvolupen un patré
de rebuig mixt, és a dir, tenen caracteristiques tant de rebuig humoral com
cel-lular, hi ha infiltracié cel-lular a tot el parénquima renal, trobem cariorrexis
i activacio de I'’endoteli (Figura 3B). Respecte els animals tractats amb siRNA
anti CD40, un 12 % tenen caracteristiques de rebuig humoral, un 49% tenen

un patro de rebuig cel-lular (Figura 3Ci D).

La majoria dels animals no tractats el seu empelt era positiu per C4d i I1gG en
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els capil-lars peritubulars, mentre que en els animals tractats amb siRNA CD40

es reduia aquesta positivitat (Taula2).

Els anticossos especifics contra el donant (DSA) eren presents en un 83% dels
animals no tractats, en canvi, el tractament amb rapamicina o siRNA CD40
redueix |'aparicid dels anticossos, i el grup de doble tractament a part de

reduir la preséncia també redueix la positivitat. (Taula 2)

Expressid local i sistemica de CD40.

Tots els empelts renals presentaven un grau variable d’expressié de CD40, és
present en cel-lules tubulars epitelials (TECs), als vasos, a les cél-lules
musculars llises (SMCs) i al glomérul. En els grups on CD40 és silenciat,

I’expressié proteica desapareix en TECs, en glomeéruls i vasos.

En els empelts renals d’animals no tractats s’observa una sobre expressié de
CD40 unes 20 vegades superior respecte a empelts sans no trasplantats. La
rapamicina redueix parcialment aquesta expressio. El silenciament de CD40
amb el siRNA provoca una reduccié de I'expressié de CD40 semblant a valors
d’empelts singenics (unes 3 vegades). El doble tractament amb siRNA CD40 i

rapamicina no va provocar una reduccié major de I'expressio (Taula 3).

Per avaluar altres efectes del silenciament local de CD40 a nivell sistémic es va
quantificar dins la poblacié limfocitaria de la melsa el percentatge de cel-lules
B (CD45 RA+) i I'expressio CD40. Els dos grups tractats amb siRNA CD40 tenen
reduida la poblacié de cél-lules B respecte als no tractats i un percentatge

d’expressio de CD40 menor (Taula 2)

Expressid genica renal de mediadors d’inflamacio.

L'expressid genica renal de TLR3, TLR4 i MyD88 esta disminuida en els grups
tractats amb siRNA, particularment al grup de doble tractament respecte al
grup no tractat, aquests resultats indiquen que el siRNA no activa la resposta
innata. Les molecules reguladores de complement, CFl i CFH, també estan

disminuides en tots els grups de tractament. En un estudi anterior en cél-lules
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endotelials in vitro ja haviem vist un augment d’expressié de I'apelina com a
conseqliencia del silenciament de CD40, en aquest estudi confirmem una
disminucié de I'expressié d’apelina en el grup no tractat, que mostra un grau

de dany vascular elevat (Figura 4).

L’analisi de factors locals pro inflamatoris en els animals no tractats ens indica
una sobre expressié d’aquests (Taula 3). Citocines anti inflamatories com al
IL11 estan augmentades en els grups tractats amb siRNA CD40. La IL15 també
esta disminuida en els grups on CD40 és silenciat. El receptor de la IL7 esta

disminuit en tots els grups de tractament (Taula 4).

La immunohistoquimica de IL7R mostra una expressio preferent a cel-lules
tubulars epitelials i cél-lules vasculars endotelials (Figura 3E). En el grup
tractat amb rapamicina s’evidencia una lleu disminucié de I'expressié del
receptor (Figura 3F) mentre que els grups tractats amb siRNA mostren una

clara reduccid en tubuls una expressio quasi bé nul-la en vasos (Figura 3G i H).

L'expressié de NFkB és reduida en tots els grups de tractaments amb siRNA,
particularment quan el silenciament de siRNA es combinava amb dosis sub
terapéutiques de rapamicina (Taula 3). A favor d’aquests resultats, la
translocacio de NFkB del citoplasma a nucli és reduida en els grups tractats
amb siRNA (Taula 4), en canvi és augmentada en el grup no tractat o tractat
amb rapamicina, sobre tot evidenciat en les cél-lules de l'infiltrat intersticial i

en les cel-lules endotelials vasculars.
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In vivo therapeutic efficacy of intra-renal CD40 silencing
in a model of humoral acute rejection

E Ripoll', R Pluvinet>*3, J Torras!, R Olivar?, A Vidal?, M Franquesa', L Cassis', JM Cruzado!, O Bestard’,

™M Grinyél‘ﬁ, JM Aran®® and 1 Herrero-Fresneda!

The humoral branch of the immune response has an important role in acute and chronic allograft dysfunction. The CD40/CD40L
costimulatory pathway is crucial in B- and T- alloresponse. Qur group has developed a new small interfering RNA (siRNA)
molecule against CD40 that effectively inhibits its expression. The aim of the present study was to prevent rejection in an acute
vascular rejection model of kidney transplant by intra-graft gene silencing with anti-CD40 siRNA (siCD40), associated or not
with sub-therapeutic rapamycin. Four groups were designed: unspecific siRNA as control; sub-therapeutic rapamycin; siCD40;
and combination therapy. Long-surviving rats were found only in both siCD40-treated groups. The CD40 mRNA was
overexpressed in control grafts but treatment with siCD40 decreased its expression. Recipient spleen CD40+ B-lymphocytes
were reduced in both siCDA0-treated groups. Moreover, CDAO silencing reduced donor-specific antibodies, graft complement
deposition and immune-inflammatory mediators. The characteristic histological features of humoral rejection were not found

in siCDA0-treated grafts, which showed a more cellular histological pattern. Therefore, the intra-renal effective blockade of the
CD40/CD4O0L signal reduces the graft inflammation as well as the incidence of humoral vascular acute rejection, finally

changing the type of rejection from humeoral to cellular.

Gene Therapy advance online publication, 7 April 2011; doi:10.1038/gt.2011.39

Keywords: CDA40 silencing; cestimultation blockade; renal transplant; humaral rejection

INTRODUCTION
The humoral branch of the immune response has an important role in
both acute and chronic allograft rejection.’”? The appearance of
alloantibodies after renal transplantation is a critical setback that
results in allograft loss.! Ligation of CD40 on B-cells is crucial for
antibody praduction,” which can be inhibited or delayed by the
blockade of the CD40/CD40L pathway. ™

The costimulatory molecule CD40 is constitutively expressed on a
wide variety of cells®? Its ligand, CDMOL, is also expressed more
broadly than initially believed®>®. In renal transplantation, CD10 is
overexpressed on tubular epithelial cells (TECs), macrophages and
T-cells.'? CD40 expression is homogeneous in the tubulo-interstitium
in all grades of acute rejection, whereas in grafts suffering acute vascular
rejection, grades 11 and 111, it is strongly expressed on endothelial cells.!!
Vascular damage involves strong activation of the endothelium and it is
well known that CD40 actively participates in these processes.®!?

Systemic blockade of the co-stimulatory signal has been shown to
reduce rejection and improve survival >3 1% Exciting results using

monaoclonal antibody against CD40L, leading to long-term acceptance
of renal allograft in non-human primates, have been reported. How-
ever, thromboembolic complications with this antibody have impeded
its clinical development.''%

Our group has developed a human small interfering RNA (siRNA)
molecule against CD40 that effectively inhibits its expression. In vitro
silencing of CD40 combined with transcriptional profiling has
demonstrated its participation in several downstream cellular pro-
cesses involved in acute humoral rejection, such as coagulation,
endothelial cell activation and inflammation.'>!¥ The aim of the
present study was to assess the in vivo therapeutic efficacy of intra-
renal graft silencing of CD40 with a newly developed siRNA anti-rat
CD40 in a model of humoral-like acute vascular rejection.”” Aware of
the need for combined therapy in studies blocking the CD40/CD401
pathway, we also assessed the effects of the addition of sub-therapeutic
doses of rapamycin.

The in vivo results shown in this study demonstrate the effectiveness
of pre-transplant local silencing of CD40, blocking the CD40/CD40L
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Table 1 Sequence composition and target localization of the siRNAs designed to screen for efficient rat CD40 mRNA silencing
siIRNA anti-rat CD40 Rat CD40 mRNA targeted region Sequence
siRNA-2 124-145 5"-ACAGUACCUCCAAGGUGGCUU-3" 3~ UUUGUCAUGGAGGUUCCACCG-5"
siRNA-4 171-192 5ACCGACUAGUUAGCCACUGUU-3" 3 UUUGGCUGAUCAAUCGGUGAC-5
siRNA-B 212-233 5-UGCCAACCGUGCGACUCAGUU-3" 3~UUACGGUUGGCACGCUGAGUC-5"
siRNA-10 2590-251 5°.CUCAAUCAAGGGCUUCAGGUU-3" 3" UUGAGUUAGUUCCCGAAGUCC 5
siRNA-12 299-320 5"GGGECUUCAGGUUAAGAAGGUU-3" 3" UUCCCGAAGUCTAAUUCUUCE- &
siRNA-21 517-538 5" GUGUCAUCCAUGGACAAGCUU 3" 3" UUCACAGUAGGUACCUGUUCG 5
SIRMA TNFRSFS 1 157-175 5" GCUCUUGAGAAGACCCAAUUU 3" 3" GTCGAGAACUCUUCUGGGUUA 5
sIRNA TNFRSFS-2 183-211 5" GGCGAAUUCUCAGCUCACUUU-3" 3" GTCCGCUUAAGAGUCGAGUGA 5"
sIRNA TNFRSF5-3 66-84 5-GUGUGUUACGUGCAGUGACUU-3" 3*-GTCACACAAUGCACGUCACUG -5
sIRNA-C — 5 ACUACAAGACUCGUGACCAUU-3" 3" UUUGAUGUUCUGAGCACUGEU 57
Abbreviaton: sIRNA, small interfering RNA.
co-stimulatory signal, as a strategy to prevent humoral rejection 12
switching to a more cellular patern. T
¥ *
RESULTS 3 o8 *
Selection and characterization of effective anti-rat CD40 siRNAs £ os
Nine siRNAs were designed and generated to target different positions 3
within the coding region of rat CD40 mRNA (Table 1). o 04 *

The RNA interference efficacy of each of the nine synthesized 3 o2y * *
sIRNAs was tested in HEK-293 cells using the GeneEraser Luciferase
Suppression-Test System (Stratagene, La Jolla, CA, USA). These Lavy Y 2 o » » o & @ o
siRNAs were co-transfected into HEK-293 cells along with a lucifer- ‘481‘ 455‘ & f' f’ f" f ’5\" 'ag? ags"'
ase/CD40 fusion construct, Luciferase activity was determined at & &

2 days post-transfection (Figure 1), f’ .;?9’ f‘

Five of the designed siR.NAs‘had gi;;.niﬁcant knockdown cfﬁ‘cal.“,'\ Figure 1 Knockdown efficiency of siRNA sequences against rat CD40. The
although the most potent silencing efliciency (82-84%) was achieved  synthesized siRNAs were assayed in HEK293 cells overexpressing a
with the siRNAs TNFRSF5-1 and TNFRSF5-2 (Figure 1}. Thereby, we  luciferase-rat CD40 partial complimentary DNA gene fusion (see Materials
chose siIRNA TNFRSF5-2 (renamed as siCD40) for the subsequent — and methods for details). Results are given as mean values #s.d. from three
in vivo study. independent experiments performed in triplicate. analysis of wariance,

: *P<0.05 vs siRNA-C,
Effect of CD40 silencing in renal function and survival
NoTreat animals developed severe renal insufficiency from the 5th day
post-transplantation dying before 9 days. Treatment with 0.5 mgkg™"
per day of rapamycin was unable neither to avoid renal insufficiency nor 1 =
to increase survival (Figure 2). Seven long-surviving rats were found in .
both siCD40-treated groups. Five out of those (three in the siCD40 = 08 o stcDsonp 1435 Sadaariaah
group and two in the siCD40-Rp group) displayed stable chronic renal 2
insufficiency (sCr around 250-300 pmol 1= 1), surviving for 39, 48, 53, r‘% 08
57 m}d 57 (1ay§. The remaining two rats (siCD40-Rp group) achieved £ 04
indefinite survival with stable renal function throughout the study 3
(5Cr10g=69 and 130 pmol1~") (Supplementary Figure SI-4). 02
Effect of CD40 silencing in the rejection pattern 0 . . . , , ,
Conventional histology of NoTrear grafts showed a variable degree of 20 40 60 80 100
tubule-interstitial damage, perivascular edema and hemorrhage, fibri- Time
noid necrosis either in the vessel wall or in glomeruli, endothelial  Figure 2 Cumulative survival. The siCD40 group doubled the mean survival
denudation and cell infiltration mainly composed by polymorpho-  time of NoTreat group. The combination of both treatments significantly
nuclear cells but few lymphocytes; all these features were indicative of ~ prolonged mean survival time. In both siRNA-treated groups, seven rats
acute vascular humoral rejection (Figure 3a). survived more than the mean survival time. Log Rank test, P=0.0009. * vs
i . L . b

Grafts treated with sub-therapeutic rapamycin displayed mixed — NoTreat, ®vs Rp
features of both cellular and humoral rejection: there was notable
cell infiltration in all renal parenchyma including the vessels, with the
characteristic humoral signs of karyorrhexis and activated endo-  cellular rejection, occasionally affecting vessels and more frequently
thelium in vessel walls (Figure 3b). displaying slight tubulitis and interstitial infiltrate mainly composed

Only 12% of both siCD40-treated groups displayed features of by lymphocytes (17% grade 111, 3% grade 11A, 5% grade 1A and 24%
acute vascular humoral rejection. In all, 49% of grafts presented  borderline). Altogether, under light microscopy the siCD40-treated
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Figure 3 Representative photomicrographs. (a-d) Haematoxylin/Eosin, =x40; (e-h) IL-/R immunostaining, =20, (a) Grafts treated with unspecific siRNA
(NoTreat); (b} Grafts treated with sub-therapeutic rapamycin (Rp); (c) Grafts treated with rat anti-CDA0 siRNA (siCD40); (d) Grafts treated with the
combination therapy (siICD40-Rp); (e) NoTreat graft showing intense IL-/R expression in tubuli (asterisk) and vessels {arrow); (f) Rp; {g) siCD40;
{h) sICD40-Rp.
Table 2 Rejection pattern
Group Humaraiicellularin Cad+in lgG+in DSA+/n % [DSA+ % CD40+ % CDA5RA+ % CO40+ CDA5SRA+
MoTreat 9/1/14 79 mn 5/6 8l7:16.1 54.8x14 20.7:36 17.2£33
Rp 37714 310 710 5/10 343z12.3 43.4:17 23.8:z34 19.0£3.9
SicD4n 3/7/20 2116 1115 1014 6352116 41.3+75 9.9=1.5° 611240
SIiCD40Rp 21321 218 ansa 3z 24.6z10.13¢ 434:z48 14520 10.1£1.50
P 0.0025 0.0011 0.0512 0.0475 0.0149 0.6559 0.0452 0.0098
DSA, donar-spectic antibod es; 5G, G.
"0’ ind cates the number of assessed samples for each parameter in each group. The percentages of DSA positive cells, splenceytes expressing CDA0, COABRA (B cells) and double staining with
respect 1o the tofal number of spieen cel's were anayzed by ANOVA and Scheffe’s test, z° for the rest of the parameters. P<0.005.
s NoTreat.
tys Rp.
s 51040,
animals presented a more cellular and apparently chronic pattern of  expression disappeared in glomeruli and vessels, and TEC immuno-
rejection (Figures 3¢ and d). staining diminished (not shown).

Five out of the seven long-surviving rats, treated with siCD40, CD40 gene expression in NoTreat gralts was overexpressed 20-fold
displayed only grade 1 tubulitis and interstitial infiltrate with some  compared with control non-transplanted kidneys. Rapamycin partially
degree of fibrosis. The other two rats, which achieved indefinite  reduced CD40 expression. Intra-graft gene silencing effectively
survival, displayed a normal histology in one case, and only grade 2 reduced CDM40 expression to syngeneic values (3.4540.75). The
tubulitis with interstitial infiltrate in the other. addition of siCD40 plus rapamycin did not further reduce CD40

In the NoTrear group, most of the grafts were C4d™ and IgG™ in  gene expression (Table 3)
peritubular capillaries, while CD40 silencing reduced the positivity for To evaluate the effect of intra-graft CD40 silencing on the systemic
these humoral parameters {Table 2. B-cell response, we used FACS to quantify the percentage of CD45RA+

In addition, donor-specific antibodies (DSA) were evident in 83%  (B-cells), CD40+ and double labelled splenocytes at the moment of
of NoTreat animals whereas serum from non-transplanted WA rats did ~ sacrifice. Results showed that both groups treated with siCD40 had
not present pre-formed DSA against BN splenocytes (1.77 £0.53%  fewer B+ splenocytes than the NoTreat group. Furthermore, the siCD40-
DSA+ cells). Treatment with either rapamycin or siCD40 partially  treated group expressed the lowest percentage of CD40+/CD45RA+
reduced the DSA. Importantly, the combination of both treatments  splenocytes, and supplementation with rapamycin did not reduce this
reduced not only the presence of DSA but also the percentage of  cell population further (Table 2 and Supplementary Figure SI-2).
positive cells (Table 2 and Supplementary Figures SI-1 and S1-3).

Some DSA-positive animals did not show histological features of  Intra-graft expression of mediators
humoral rejection. However, all grafts displaying a histological pattern  Intra-graft gene expression of TLR3, TLR4 and the downstream inter-
of antibody-mediated acute humoral rejection were DSA-positive.  mediate MyD88 was reduced in both siCD40-treated groups, particularly
Most of the DSA-negative animals presented cellular rejection. in the siCD40-Rp group. In contrast, its expression was strongly

activated in the NoTreat group. Complement regulators CFH and CFI

Local and systemic CD40 expression were also downregulated in all treated groups, especially in the combined

All renal structures expressed variable CD40+ immunostaining: TECs,  therapy (Table 3 and Supplementary Figure SI-3). Therefore local

vessel SMCs and glomeruli. When CDM40 was silenced, protein  injection of siRNA does not scem to activate innate immune responses.
Gene Therapy
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Table 3 Gene expression of immune-inflammatory mediators in renal grafts
TLR3 TLR4 MyD88 CF1 CFH
NoTreat 0.49=0.17 952=1.78 7.65x0.92 473151 263+0.39
Rp 0.1920.03° 6.48=0.98 10.53x1.63 l4g=0.38* 099:0.17%
SICDA0 0.26 0.05* 542=z1.18 5.94+1.86° 2.26=0.68 l128+0.27%
SICD40Rp 0.19:0.037 471z1.87° 3.52+072" 0.58£0.13%¢ 0.59+£0.14%¢
P 0.024 0.2162 0.0177 0.0022 <0.0001
NFiBp65 s iL7-R B3] cn40
NoTreat 27.72=38 5.47=1.07 418058 198+3.0
Rp 13.22=1.6% 0.91x0.272 292+069 11.0+4.42
siCD40 13.42z2.6" 1.18z0.25* 1.89x0.48° 7.66%2.34%0 41%1.0¢
siCD40Rp 928:z1.6° 1.21=0.14* 1.90£0.52° 2721061 23:0.7°
P 0.0002 0.1074 0.0011 0.0254 0.0091
Abbreviation: NFxB, nuclear factor kB
At sacrfice, the grafts were mmediarely frozen in liquid nitragen and stored at —BO °C. Gene expression was quant tisd by TagMan real-tme PCR and expressed as fold time with respect 1o
non-transplanted kidney tssue. ANOYA, Scheffe’s test P<0.005,
ys NoTreat.
s Rp.
s 5iICD40
s 5ICDADRp.

We previously showed a clear upregulation of apelin in endothelial — acceptance. The 14% (3 out of 21) of graft viability gives a nice
cells as a consequence of siRNA-mediated CD40 silencing in vitro.'>  positive answer to this question. It was not the aim of this study to
In the present in vivo study we confirm a downregulation of apelin  avoid acute rejection and achieve 100% survival. If this was the case,
gene expression in NoTreat animals which, as shown, had severe acute  then we would have assayed a more sustained CD40 silencing and/or
vascular damage. Upon CD40 silencing, apelin expression returned to we would have probably employed a weaker model. In fact, the present
values similar to syngeneic rats, but this effect was not observed in s a virulent model of acute rejection and the treatment utilized is too
rapamycin treatment (Figure 4). punctual. We knew in advance that a single intra-graft pre-transplant

Analysis of the local pro-inflammatory status in NoTreat rats  injection would not be sufficient to prevent mortality. However, we
showed the expected cytokine overexpression (Table 3). The anti- made use of this approach to test the potential power of our siCD40
inflammatory IL-11 was overexpressed by CD40 silencing, followinga  molecule.
similar expression pattern to apelin in the treated groups. In contrast, We added a sub-therapeutic dose of a well-known immuno-
1L15 expression was specifically downregulated upon CD40 silencing;  suppressant to synergize with the CD40/CD40L co-stimulatory path-
whereas 11-7R expression was reduced in all treated grafts (Table 4).  way blockade. This dose of rapamycin used here in monotherapy was
Further staining of grafts for IL-7R expression showed preferential  clearly sub-optimal for preventing rejection. However, its combination
localization in tubular epithelial and vascular endothelial cells with CD40 silencing was sufficient to significantly delay rejection and
(Figure 3e). In Rp group there was a slight decrease in IL-7R  to prolong survival. Indeed, two rats achieved indefinite survival
expression (Figure 3f), while both siCD40-treated groups showed a  with this combined therapy. Our interpretation is that intra-graft
clear reduction in tubuli and almost null expression in the vessels CD40 silencing switched the strong graft rejection to one more
(Figures 3g and h). casily controlled with conventional immunosuppression. Thus, com-

Finally, downstream of the inflammatory cascade, the gene bining CD40 intra-graft silencing with reduced doses of mTOR
expression of the nuclear factor kB was reduced by all treatments, inhibitors might constitute an useful immunosuppressive strategy in
particularly when CD40 silencing was combined with the sub-  the future.
therapeutic dose of rapamycin (Table 3 and Supplementary Figure S1-3). In the early phase after transplantation, rapid recognition and
Accordingly, nuclear factor B nuclear translocation was reduced in  adequate treatment of the diverse mechanisms of allograft immune-
siCD40-treated grafts {Table 4). In contrast, it was translocated from  inflammatory response are decisive.”! As Sacks and Zhou suggested™,
cytoplasm to nuclei in the NoTreat and Rp groups, especially in  donor kidney pre-treatment appears as a valid strategy to modify the
interstitial infiltrate and vascular endothelial cells. sensitivity of donor kidneys, and may have application in human renal

therapy. Our present strategy using intra-graft CD40 silencing reduces
DISCUSSICN the humoral vascular acute rejection incidence, shifting towards a
The present study was designed as proof of concept to assess the cellular rejection pattern. Under light microscopy, NoTreat kidneys
potential intra-graft role of our CD40-siRNA molecule. Local silencing  evidenced a typical pattern of humoral vascular rejection. In both
of CD40 through a single dose at recovery of organs, in a model of  siCD40-treated groups, not only inflammation was prevented but also
lidney transplantation with severe humoral vascular damage, causeda  the type of rejection had changed. This rejection shift was also
shift in the rejection pattern, reduced circulating DSA and improved  evidenced by the reduction in complement deposits in the peritubular
rat survival. Moreover, this local treatment was clearly effective  capillaries of siCD40-silenced groups. In addition, the expression of
blocking graft CD40 gene expression, leading to a changed immuno-  the complement regulatory proteins CFH and CFl was reduced inside
logical environment in the graft. We wanted to know whether  the treated kidneys, indicating a lower local activation of complement
modulating locally the immune graft state redounded in better as a consequence of CD40 silencing. It is well known that intra-graft
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A 18 B
o APELIN
14
X 12 Group I 5EEs | Glomeruli | VECs
% 1 NoTreat 116+03 | 05+02 05+03
] Rp 1.2+0.1 0.3+0.1 0.3+0.1
& siCD40 | 21+02°°| 1+02° | 1.5+03°°
siCD40Rp | 1.0+0.0° | 0.6+ 0.1 |0.28+0.042°
P <0.0001 0.0578 0.0004
No treat Rp siCD40 siCD40Rp
Figure 4 Apelin expression. (A) mRNA quantification of apelin expression in the kidney. Values are expressed as fold time respect to non-transplanted kidney
tissue. Analysis of variance, Scheffe's test P=0.0626, © vs Rp, © vs siCD40. (B) Semi-quantification of apelin expression in TECs, glomeruli and vascular
epithelial cells, graded from O to 4+. Kruskall-Wallis test, P<0.005 3 vs NoTreat, ® vs Rp, © vs siCD40. (C) Representative photomicrographs of apelin
immunostaining (x20). Apelin expression was detected in a variable degree in TECs (asterisk), glomeruli (arrow head) and vascular epithelial cells (arrow).
Apelin was slightly positive in NoTreat group with severe acute vascular damage (a), Rp group (b) and siCD40-Rp group (d); siCD40 group showed an intense
immunostaining in the vessels and glomeruli (c). Detail (x40) of NeTreat (e) and siCDA0 (f) groups. Note the intense staining of the vessel (arrow) in the
siCD40 group.
Table 4 Evaluation of IL-7R and NFxB protein location by synthesis of complement can have a profound effect on acute allograft
immunostainning rejection 3
LR B Alloantibody-mediated humoral rejection results from high-titter
- * de nove DSA formation, leading to a high risk of carly graft loss.!
TECs VECS TECs Celf infiltrate vECs  OMF model was pre‘wauslyvde?cnbed as hu.muml-.hke as it dlspl.a;;
vascular damage with fibrinoid necrosis and perivascular edema.
NoTreat 2.2104 1.0£0.3 4/4 314 2/3  Now we confirm that in this model, in which pre-transplant DSA were
Rp 1.4+03 07£02 1/4 2/4 13 not present in WA rats, there was a massive formation of DSA
siCD40 0.9+0.28  0.5%0.1 1/5 0/4 0/4  probably due to early peri-transplant B-cell activation.®" In this
sCD40Rp  0.9:0.2°  0.220.1%" 114 114 0/4  highly stringent model, intra-graft CD40 silencing was unable per se to
P 0.0251 0.0312 0.0574 0.0487 NS reduce circulating DSA, as expected from local treatment. However,
Abbreviations: IL, nterleukin; NFxB, nulear factor xB. when combined with a sub-therapeutic dose of rapamycin, an additive
IL-7R was semi-quantitatively graded from O to 4+ and analyzed by Kruskall-Walls test, systemic reduction was found. A similar outcome has recently been
P<0.005. R . o . L . .
NFxB was consicered positive when nuclei were immunastained. Resuits are expressed as reported with a high sensitization skin grafting mouse model, in which
:;mNbe{ of positive samples vs number of assessed samples, Resuits were analyzed by y”-test. selective systsrnic blockade for CD154 predominantly impaired the
oTreat,
bysRp. generation of humoral irl'n-l'xunity.2$
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Interactions between costimulatory ligands and their receptors are
crucial for the induction and regulation of innate and adaptive
immune responses. As a consequence of cell damage, injured cells
release certain molecules that act as endogenous ligands for TLR4,
which, upon activation, signal through MyD88.2% 3 Moreover, it is
well known that double-stranded RNA molecules are exogenous
ligands for TLR3. In our grafts, locally injected with the siCD40,
TLR3 expression was reduced, which seems to discard the possibility
that either this molecule or the methodology used activated the
innate immune response. Furthermore, the lower expression of
TLR4 and MyD88 is consistent with a modulation of the innate
immune response and indeed would favor the reduction in tissue
damage.

The graft inflammatory background was locally modulated toward
an anti-inflammatory situation by CD40 silencing, IL15 and IL7R act
as pro-inflammatory cytokines that support lymphocyte proliferation
and activation. IL15 expression in TECs is upregulated by CD40L and
correlates with acute graft rejection.® As expected, CD40 silencing
reduced IL15 production, probably influenced by the direct blockade
of CD40/CD40L signalling and the consequent reduced activation of
NFkB.* On the other hand, we observed a higher local expression of
the anti-inflammatory 1L-11. There is in vivo evidence that IL-11
treatment enhanced recipient survival by suppressing cytokine pro-
duction.?* 3 This anti-inflammatory effect is mediated by its ability to
block the nuclear translocation of NFkB. In our siCD40-treated grafts,
NI®B expression was downregulated and its translocation to the
nucleus was blocked. This could be an indirect consequence of
CD40 silencing through 1L-11, or a direct effect of this silencing on
NFKB, as we previously showed in our in vitro study.'?

A plausible explanation for the benefits of our local CD40 silencing
could be its targeting of the direct pathway. Local silencing of the
donor kidney may involve not only dendritic cells but also non-
professional resident APC participating in the direct pathway. Both
T- and B-cell adaptive immune responses must be controlled to
prevent sensitization to alloantigen and to prolong graft survival.®
Although CD40-CD40L  blockade predominantly impairs B-cell
responses, it is not sufficient to completely block T-cell activation.®
This might explain why a single local dose of siCD40, even when
combined with the sub-therapeutic dose of rapamyein, was insuffi-
cient to induce indefinite survival in most of the treated rats. Clearly,
our local treatment with siCD40 only blocks intra-graft CD40
expression. However, this local treatment had a systemic effect on
splenocytes, reducing the number of B-cells and, particularly, the
number of CD40+ B-cells. Tt could be hypothesized that the primary
lymphoid organs produce fewer B-cells and consequently fewer
circulating B-cells and antibodies®® as a consequence of the reduced
intra-graft immune-inflammatory response induced by local siCD40
treatment.

We previously showed that the CD40/CD40L dyad influences a
myriad of pathways involved in graft vasculopathy.'* One of the most
strikingly downregulated mediators was the vasoactive peplide apelin.
In this study, we corroborate the relationship between CD40, apelin
and graft vascular immune-inflammation. Thus, NeTreat animals
showed inhibition of apelin expression, but its expression levels
were similar to those in non-transplanted kidneys when CD40/
CDA0L was blocked. Apelin is expressed at various sites within the
cardiovascular system and in kidney endothelium.**" Malyszko
et al* recently showed low apelin amounts in allograft recipients.
Those patients showed pronounced endothelial damage together with
an increase in inflaimmatory markers, suggesting that apelin may be
associated with inflammation. Interestingly, when CD40 silencing was
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associated with rapamycin, it failed to maintain normal apelin levels.
Though rapamycin did not modify the effect of exogenously adminis-
tered apelin in experimental myocardial reperfusion injury,’” it did
inhibit apelin in our model. This may be due to the fact that
rapamycin and apelin have opposite actions on intracellular signalling,
whereas apelin activates the phosphorylation of p70S6K,* through the
phosphorylation of STAT3,° rapamycin inhibits apelin-mediated
phosphorylation®" A similar effect could account for the siCD40-
induced gene overexpression of IL11, which was also inhibited by
rapamycin.

Present in vive results show the effectiveness of pre-transplant local
silencing of CD40 as a strategy to prevent antibody-mediated rejec-
ton, changing it into a more cellular pattern. In terms of clinical
importance, strategies of cellular rejection treatment are generally well
controlled with conventional immunosuppression, whereas humoral
rejection continues to be an unresolved drawback. Yet this local
treatment may require systemic siCD40 delivery to achieve indefinite
survival, as that would block both the direct and indirect antigen-
presentation pathways. These initial results open the door to clinical
trials silencing CD40 not only in the transplantation setting, but also
in other autoimmune and inflammatory diseases where CD40, B-cells
and antibodies have a key role.

MATERIALS AND METHODS

siRNA design and screening

siIRNA duplexes targeting the partial rat CD40 mRNA sequence (GenBank
NCBI, Bethesda, MD, USA, Accession no. AF241231) were designed as
previously described (www.mpibpc.gwdg.defabteilungen/100/105/sirna.html).
For the initial screening, six siRNAs were synthesized by i vitro transcription
(Silencer TM siRNA construction kit, Ambion, Austin, TX, USA), and three
more {TNFRSF5-1, TNFRSF5-2 and TNFRSF5-3) were chemically synthesized
{Cenix BioScience; Silencer pre-designed siRNAs, Ambion). A scrambled non-
silencing siRNA was used as control for off-target effects.

To assess the rat CD40 mRNA silencing efficiency of siRNA molecules, we
employed the GeneEraser Luciferase Suppression-Test System (Stratagene,
La Jolla, CA, USA). A 547pb CD40 partial coding sequence was cloned into
the 3’UTR of the luciferase gene to form the targeting vector pTarget-luc-CD40.
Tt vitro transfection of siRNAs (100 ny) was performed in HEK-293 cells using
Oligofectamine (Invitrogen, Paisley, UK). After 6 h, the cells were transfected
with pTarget-luc-CD40 (400 ng DNA; Polyfect Transfection Reagent, Qiagen,
Hilden, Germany). After 48 h of incubation, the luciferase activity from lysates
was determined (Luciferase Assay System, Promega, Madison, WI, USA;
Luminometer TD-20/20, Turner Designs, Sunnyvale, CA, USA). For normal-
ization of transfection efficiency, co-transfected pCMV-[igal was determined
(up to 500ng DNA).

Protocol of siRNA transfer to renal tissue

To set up the siRNA transfer protocol we performed preliminary studies
evaluating the siRNA dose, carrier vector and administration procedure. The
protocol that offered optimal tissue transfer was as follows. Chemically
synthesized siRNA duplexes (Qiagen) were dissolved in diethylpyrocarbonate
water. Following renal washing with 1 ml of EuroCollins solution at 4 °C, donor
kidneys were intra-arterially infused with 30ug of either siCD40 or control
unspecific siRNA duplex in a final 1ml volume of isotonic saline solution.
Immediately after siRNA infusion, kidneys underwent electroporation held
with a tweezers-type electrode. The electroporation protocol (six pulses of
20 ms for each, 1 Hz frequency, at 100V em™") was applied twice per kidney to
ensure that the whole tissue was covered by the tweezers-type electrode. (See
Supplementary information).

Animals and surgical transplantation technique

For functional assessment of CD40 silencing, inbred male Wistar Agouti rats
(250 g BW) received an allogeneic kidney from Brown Norway rats (250 g BW)
{Charles River by Harlan UK Limited, Bicester, UK). Kidneys were preserved
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in FuroCollins solution while the recipient was prepared for transplantation.
The surgical technique has been described previously®® (http://www.
renal-transplantation.com). Recipient rats were binephrectomized at the
moment of transplantation. Animals did not receive any immunosuppressant
and were maintained in accordance with the Guidelines of the Committee on
Care and Use of Laboratory Animals and Good Laboratory Practice.

Treatments and groups. Follow-up

NoTreat group: unspecific siRNA as control (n=16); Rp group: daily oral sub-
therapeutic rapamycin (0.5 mgKg~?, Sirolimus, Wyeth, Madrid, Spain) for the
first 15 days after transplantation (n=14); siCD40 group: siCD40 (n=21); and
siCD40-Rp group: siCD40 and sub-therapeutic rapamycin (n=21).

Serum creatinine (sCr, pmoll™') was determined by Jaffe’s reaction
(Olympum Auteanalyzer, Hamburg, Germany) every 2 days beginning the
day after surgery. For the survival study, rats were ideally followed for 100 days.
The indefinite survival was established at this time point. Upon sacrifice, grafts
were excised and processed for histological and molecular studies.

Histological studies

Coronal 1-2 mm-thick slices of graft kidneys were fixed in buffered formalin,
dehydrated and embedded in paraffin. For light microscopy, 3-4 um-thick
tissue sections were stained with hematoxylin-eosin and periodic acid-Schiff.
A pathologist blinded to the treatment groups assessed all sections for tubulitis,
interstitial infiltration, vasculitis, glomerulitis, mesangiolysis, acute tubular
necrosis, peritubular capillary infiltration, capillary thrombosis, intimal arteritis,
fibrinoid necrosis, transmural infiltration, endothelial denudation and hemor
rhage, following the Banff criteria for acute/active lesion scoring.*

Immunohistochemistry
Representative paraffin-embedded tissue sections were immunoperoxidase-
stained for CD40 (1:50; Research Diagnostics Inc., Flanders, NJ, USA), NFkB
p65 subunit (1:1000; Abcam PLC, Cambridge, UK), apelin (1:500; Phoenix
Pharmaceuticals, Belmont, CA, USA), IL-7R (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and C4d (1:30; Biomedica Gruppe, Vienna, Austria) and
immunofluorescence-stained for IgG (1:300; Sigma, Madrid, Spain). Negative
controls were performed by immunostaining-matched serial sections without
the primary antibodies. The immunoperoxidase-stained samples were revealed
with diaminobenzidine (D-5637, Sigma) and counterstained with hematoxylin.
For IgG, samples were directly observed under fluorescence light microscopy.
CAd and 1gG (assessed in peritubular capillaries), apelin and IL-7R were
semi-quantitatively scored: 0 denoted negative staining, 1 positive staining in
<25% of the sample, 2 positive staining in 25-50%, 3 positive staining in
50-75%, and 4 positive staining in 75-100%. NFxB p65 immunostaining was
considered positive when it was located inside the nuclei of different cells
(TECs, VECs and interstitial infiltrate). CD40 immunostaining was only used
to localize the protein expression without further semi-quantification.

Quantification of gene expression in renal grafis

For molecular studies, the kidney was immediately frozen in liquid nitrogen
and stored at —80°C. Total RNA was extracted and reverse-transcribed to
complimentary DNA as previously described.** Negative controls for reverse
transcription were carried out using distilled water. Tissue expression levels for
CD40 and other immune-inflammatory mediators were quantified by TagMan
real-time PCR (ABI Prism 7700, Applied Biosystems, Madrid, Spain) using the
comparative Cy method (Applied Biosystems).

PCR reactions and amplification were performed as previously described.®
Pooled values of healthy non-transplanted kidneys were used as the reference
value. Results were expressed as ‘many fold of the unknown sample’ with
respect to the reference value (arbitrary units).

Quantification of circulating donor-specific antibodies

The presence of circulating DSA class-1 was quantified on recipient serum
samples incubated with donor spleen cells and measured by flow cytometry.
Plasma samples were collected at the moment of sacrifice. Donor splenocytes
were isolated from a Brown-Norway rat spleen by Ficoll (GE Healthcare,
Uppsala, Sweden) density gradient and freshly used. Different controls were
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added: serum from non- transplanted Wistar Agouti rat as naive; serum from a
transplanted WA rat with high anti-human leukocyte antigens antibodiy titer as
positive control, and splenocytes from Lewis rat as negative control.

Briefly, 5x 10° splenocytes were incubated with 25 ul of recipient serum for
30min at room temperature, washed in phosphate-buffered saline, incubated
in the dark (30min, 4°C) with a 1:25 mix of anti-CD3 (eBioscience, Ltd,
Hatfield, UK) and anti-IgG Fc portion (Jackson Immuno Research, West
Grove, PA, USA), fixed with 1% paraformaldehyde and analyzed by flow
cytometry. Fluorescence increase of 15% with respect to the negative control
was considered as positive. Results were expressed as percentage of positive cells
with respect to the total number of CD3+ spleen cells.

Quantification of the CD40- and CD45RA-positive population in

the spleen

At sacrifice, the recipient’s spleen was harvested in phosphate-buffered saline.

The splenocytes were isolated by Ficoll density gradient and crio-preserved at
180°C.

To quantify the percentage of CD40+ and CD45RA+ splenocytes, cells were
thawed and recovered by standard methods. In all, 5x10° splenocytes were
incubated in the dark (20min, 4°C) with antibodies (5pl CD40 and 2pl
CD45RA, BD Pharmingen, Madrid, Spain). After washing with phosphate-
buffered saline, 7-amino-actinomycin D' (1:10) was added to control cell
viability. Cells were analyzed by flow cytometry. Results are expressed as mean
percentage of positive cells to the total number of splenocytes.

Statistical analysis

Overall survival was analyzed using the Log Rank test. Serum creatinine
differences at any time point, gene expression, plasma cytokine levels and
DSA titters were analyzed by analysis of variance followed by Scheffe’s test. For
histelogical parameters and DSA presence, y* P-value was calculated from the
contingency table. Semi-quantitative immunostaining was analyzed through
the non-parametric Kruskal-Wallis test. Values of P<0.05 were considered as
statistically significant. Data are presented as mean + s.e.m.
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ARTICLE 3

Silencing CD40 slows the progression of

experimental autoimmune nephritis
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Resultats

Article 3: Silencing CD40 slows the progression of experimental autoimmune
nephritis

Objectius:

L'objectiu d’aquest article era posar a punt I'administracié sistemica del
siRNA, i avaluar el paper de CD40 en un model de nefropatia cronica i de
caracter autoimmune com és el cas de la nefropatia lUpica. Per fer-ho es va
dissenyar préviament un model de sobre expressié de CD40 administrant LPS
per posar a punt I'administracid sistemica. Es va canviar la formulacié del
siRNA utilitzat préviament, al tractar-se d’'una malaltia sistemica que afecta
varis organs es va dissenyar un siRNA modificat quimicament amb
modificacions que li proporcionaven proteccié a la degradacié i se li va
conjugar una molécula de colesterol, fet que millorava I'entrada a la cél-lula.
En el model de nefritis IGpica es van utilitzar ratolins NZB/W F1 i es van fer
diferents grups de tractament: untreated (no tractat), CYP: grup tractat amb
ciclofosfamida 50mg/kg cada 10 dies, CTLA4: grup tractat amb CTLA4 i.p 50ug
3 cops per setmana, siCD40-1w: grup tractat amb siRNA anti CD40 50ug 1 cop
per setmana i siCD40-2w:grup tractat amb siRNA anti CD40 50ug 2 cops per
setmana. Els animals es van comencgar a tractar als sis mesos i es van sacrificar

als nou mesos.
Resultats in vitro:

Transfeccio del siRNA a cel-lules dendritiques (DC).

El cultiu de cél-lules dendritiques derivades del moll d’os té una durada de 8
dies obtenint un 90% de puresa. Per establir un protocol de transfeccié del
siRNA i introduir-lo a les cel-lules dendritiques es va utilitzar un siRNA marcat
amb Cy5.5. Es va comparar dues formulacions diferents de la molécula
(ambdues a una concentracio de 2 uM), la primera consisteix en un siRNA nu
(siRNA-Cy5.5), i l'altre sera la molécula modificada quimicament, se i
afegeixen modificacions per millorar I'entrada cel-lular (unié a un colesterol) i
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modificacions de proteccié en front a les RNAses (fosforotioat i 2’0 Metil
RNA) (Chol-siRNA-Cy5.5)

L’expressié de CD40 a les cél-lules dendritiques és inhibida per la molécula
siRNA.

Un cop establerta la millor formulacié es va avaluar la capacitat d’inhibicié del
siRNA a DC estimulades amb LPS (12h). Els resultats mostren que les DC no
estimulades, independentment del siRNA administrat, no modifiquen
I'expressié de CD40, en canvi, quan les cél-lules sén estimulades amb LPS
augmenten aquesta expressio. Les que van ser tractades amb siRNA anti CD40
observem una reduccié del 35% de I'expressié d’aquest gen respecte a les
cél-lules control o tractades amb siRNA scrambled

Determinacié del mecanisme del siRNA. 5’RACE PCR.

Es va determinar mitjancant la técnica 5’RACE PCR que la molécula siRNA
induia el seu efecte degut a la degradacié del mRNA diana, i no per altres
possibles efectes off-target. Es va obtenir cDNA a partir de 5ug de mRNA de
ronyons tractats amb siRNA amb un primer primer especific dissenyat
(GSP1:5’GCCGACTGGGCAGGGATGACAGACG3’). Posteriorment es va afegir
una cua TdT als fragments resultants de la primera PCR, per detectar els
productes resultants de la activitat de la molécula siRNA es va utilitzar un
segon primer (GSP2:5’AGCCAGGGATACAGGGCGTGTGC3’) i un primer
complementari a la cua TdT. Mitjangant un gel d’agarosa del 2% tenyit amb
bromur d’etidi es van revelar els fragments amplificats. Es va poder
demostrar, doncs que el siRNA degrada el mRNA diana pel lloc indicat (se sap
gue una molecula siRNA inicia el tall del mRNA diana entre els nucleotids 10 i
11 de la cadena antisense).

Resultats model LPS:

Cinetica d’expressid renal i hepatica de CD40 induit per LPS i avaluacio de la
capacitat d’inhibicié del siRNA anti CD40.

Es va administrar 5ug de LPS ip. (0111:B4) a diferents animals i es van
sacrificar diferents grups en diferents dies per analitzar la cinética d’expressio

de CD40 en front a aquest estimul (Figura 1a). Es va observar un augment de
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I'expressié de CD40 tant a ronyd com a fetge (20 i 35 vegades més
respectivament) passades 4 hores de l|'administracio de LPS, i aquesta
expressid retornava a valors normals en ronyo al cap de 24 hores; es va
observar que en fetge I'expressié de CD40 es mantenia elevada fins 48h
després de I'administracié. Un cop caracteritzada la cinética de CD40 es van
fer grups d’animals tractats amb 50ug de siRNA anti CD40 o siRNA scrambled
i.p, aquest es va administrar una hora abans d’administrar LPS i el animals es
van sacrificar quatre hores després. Els resultats mostraven que I'expressio de
CD40 en ronyd es mantenia reduida un 65% aproximadament els tres primers
dies i aquesta reduccié es perllongava progressivament fins als 5-7 dies
(Figura 1b). A nivell hepatic s’observava un patré similar amb un reduccio del
60%. Com a control es va analitzar I'expressi6 de TLR4 en els dos grups
d’animals i es va veure que I'administracié de LPS induia un augment en
I'expressié de 30 vegades i que I'administraciéd del siRNA anti CD40 reduia

aquestaa 12.

Biodistribucié del siRNA anti CD40.

Per veure quina distribucié tenia aquest siRNA un cop administrat a
I’organisme es va sintetitzar conjugat amb un fluorocrom, el Cy5.5. Es van fer
diferents grups d’animals als quals se’ls hi va injectar o bé 50ug de siRNA o el
fluorocrom sol, tant ip. com iv.; els animals es van sacrificar a diferents temps
i es va analitzar la intensitat mitja de fluorescéncia (MFI) del ronyo, fetge i
melsa a un microscopi confocal (Figura 2 i Figura S2). En tots els teixits i punts
analitzats es veia un clar augment de la MFI en animals als quals es va
administrar siRNA front als que només se’ls va administrar el fluorocrom.
Fetge i melsa mostraven una captacié major del siRNA que el ronyd, encara
que tots tres eren significatius en front al control. Passades 24h de
I’'administracié els nivells de fluorescéncia ja disminuien, el pic maxim s’assolia
passats 30 minuts o una hora de I'administracid i es mantenia estable durant
quatre hores. No es van veure diferéncies significatives entre I'administracio

intravenosa o intraperitoneal (Figura 2). Un grup reduit de ratolins lapics
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també se’ls va injectar el siRNA marcat amb el fluorocrom una hora abans del

sacrifici, aquests van mostrar un patré de biodistribucié similar (Figura 2b).
Resultats model nefropatia lipica:

Supervivencia animal, proteindria, albumindria i anticossos anti dsDNA: La

supervivencia es va analitzar pel métode Kaplan Meier i va ser del 100 % pels
grups de CYP, CTLA4 siCD40-2w, 88% per siCD40-1w i 70% pel grup LES al final
del tractament. La proteindria i albumindria va augmentar progressivament al
grup no tractat, els grups tractats amb CLTA4 i siCD40-1w van mostrar una
reduccidé parcial d’aquest augment progressiu, i els grups tractats amb CYP o
siRNA dos cops per setmana mostraven una reduccié practicament total
adquirint valors practicament normals de funcid renal (Figura 3a). La evolucio
dels nivells d’anticossos en el grup no tractat també va mostrar un patré
similar, va augmentar progressivament amb el temps, el tractament amb CYP
va frenar aquest augment des del inici del tractament, els grups tractats amb
siRNA mostraven una reduccié dosi depenent del nivells d’anticossos, el grup
de tractament amb siRNA un cop per setmana va assolir valors similars al grup
tractat amb CTLA4, mentre que el grup tractat amb siRNA dos cops per
setmana va assolir valors similars als de CYP, significatius tot dos grups

comparat al control (Figura 3c).

Histologia i biodistribucid.

La histologia del animals supervivents va ser analitzada per un patoleg expert
en patologia renal el qual no sabia a quin grup pertanyia cada mostra. Es van
analitzar semi-quantitativament (score de 0-3) lesions tipiques de nefritis
[Upica com sén: expansié mesangial, proliferacid endocapilar i extracapilar,
diposits glomerulars, infiltrat intersticial, atrofia tubular i fibrosis intersticial.
Els animals no tractats mostraven lesions tipiques de la malaltia, com sén
glomerulonefritis, inflamacio intersticial, agregats proteics tubulars, presencia
d’infiltrat, etc. Tots els grups de tractament presentaven un grau menor de
dany histologic (Figura 4). El valor mig de cada grup va ser LES=8, CYP=4.3,
CTLA4=1.6, siCD40-1w=3.8; i siCD40-2w=1.6. Cal destacar |'abséncia de
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proliferacié extracapilar, infiltrat intersticial, atrofia tubular o fibrosis
intersticial al grup tractat amb siRNA dos cops per setmana, que presentava

una histologia molt millor que el grup tractat un cop per setmana.

El silenciament de CD40 redueix els diposits glomerulars de 1gG i C3

Tots els tractaments van reduir els diposits glomerulars de IgG respecte al
grup no tractat. El grup de CTLA4 i siCD40-2w van tenir valors similars de
reduccid de diposits, que eren inferiors al grup de CYP. Els diposits de C3
també van ser reduits en tots els grups de tractament, en aquest cas els
resultats dels grups de CYP i siCD40-2w van ser similars i inferiors als grups
tractats amb CTLA4 i siCD40-1w (Figura 5a).

Expressid genica renal de CD40 i guantificacid proteica.

Els resultats mostren una reduccié significativa dels valors d’expressié6 CD40
als grups tractats amb CYP i siCD40-2w comparat amb el grup control i CTLA4
(Taulal). L'expressié de CD40L va disminuir significativament en tots els grups
de tractament. La sintesis local del factor del complement C3 va ser reduida
significativament en tots els grups de tractament excepte siCD40-1w. No es
mostrava activacio significativa de TLR3, TLR4 i TLR9. L'expressio de citosines
pro inflamatories com és IL6 va ser significativament reduida en tots els grups
excepte siCD40-1w. Els components de lI'inflamasoma AIM2, NALP3 i IL1b
també van ser significativament reduits en tots els tractaments. L’expressio
de FOXP3 i IL10 es va reduir en tots els grups respecte al grup no tractat i
particularment al grup CYP. L’apelina es va veure augmentada només en el
grup de siCD40-2w.

Es va semi quantificar I'expressio de la proteina CD40 als diferents
compartiments del ronyo i es va veure una clara reduccié en tots els grups de

tractament a l'interstici, al glomérul i al compartiment vascular (Figura 6a).
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CD40 soluble i IDO.

La malaltia lipica provoca un augment de CD40 criculant, al grup de no
tractament es veu un clar augment de proteina CD40 circulant (319198 versus
76112 pg/ml en un ratoli sa) que es redueix significativament en tots els grups
de tractament (Figura 6b). Els nivells de la proteina immune moduladora IDO
també es van veure reduits en tots els tractament excepte al grup siCD40-2w

(Figura 6c).

Analisis de les poblacions limfocitaries a la melsa.

La caracteritzacid de les poblacions limfocitaries es va fer per citometria de
flux (Taula 2), es va observar una disminucié significativa de la poblacié CD3+
en tots els tractaments, la ratio de les subpoblacions CD4+/CD8+ es va veure
reduida als grups CYP i siCD40-2w. Respecte a la poblacié de cel-lules B,
només el tractament amb CYP va reduir la poblacié (CD19+), tot i que cal
destacar que el tractament amb siRNA va provocar una disminucié de
I'activacié (CD19+CD25+CD69+/CD19+CD69+). Aquest fet suggereix que amb
el tractament amb CYP aconseguim una reduccié de la poblacié general de
cél-lules B, mentre que el bloqueig del senyal de coestimulacié redueix la seva

activacio.

Caracteritzacio de l'infiltrat inflamatori i localitzacié de cél-lules plasmatiques

secretores de 1gG a ronyd.

Es va semi-quantificar i localitzar la presencia de céel-lules plasmatiques i CD3+.
L'infiltrat inflamatori CD3+ al tubulo-interstici es va veure disminuit en tots
els grups de tractament excepte en siCD40-1w (Figura 7a), en els grups de CYP
i siCD40-2w aquesta disminucié era estadisticament significativa respecte el

grup no tractat.

La preséncia de cel-lules secretores d’anticossos anti dsDNA a ronyé es va
analitzar i localitzar amb una tincié contra col-lagen IV i IgG (Figura 7). Al grup
sense tractar es van localitzar cel-lules plasmatiques a la zona

tubulointersitcial del cortex renal, on es localitzen majoritariament també les
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cel-lules dendritiques, macrofags i altres cél-lules inflamatories. En tots els
grups de tractament es va observar un disminucié significativa de la presencia

d’aquestes cel-lules, particularment els grups tractats amb CTLA4 i siRNA.

SILENCING CD40 SLOWS THE PROGRESSION OF EXPERIMENTAL
AUTOIMMUNE NEPHRITIS

ABSTRACT

Lupus nephritis (LN) is an autoimmune disorder in which co-stimulatory
signals have been involved. Here we tested a cholesterol-conjugated-anti-
CD40-siRNA in a model of LPS to check its in vivo potency, tissue distribution,
and biological effects. Then, we report the effects of Chol-siRNA in an
experimental model of mice with established lupus nephritis. Our results
show an evident delivery of the compound to renal, spleen and hepatic
tissues regardless of administration route (l.V/I.P). The CD40-mRNA
suppressive effects of our Chol-siRNA on renal and hepatic tissue were
remarkably sustained over a 5-7 days after a single preliminary dose of Chol-
siRNA. The intra-peritoneal administration of Chol-siRNA to NZB/WF1 mice
resulted in a reduction of anti-DNA antibody titers, and histopathological
renal scores as compared to untreated animals. The higher dose of Chol-
siRNA prevented the progression of proteinuria as effectively as
cyclophosphamide, whereas the lower dose was as effective as CTLA4. Chol-
siRNA markedly reduced insterstitialCD3+ and plasma cell infiltrates as well as
glomerular deposits of IgG and C3. Circulating soluble CD40 and activated
splenic lymphocyte subsets were also strikingly reduced by Chol-siRNA. Our
data show the potency of our compound for the therapeutic use of anti-CD40-

siRNA in human LN and other autoimmune disorders.
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1. INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder
affecting multiple organ systems including the kidney, skin, lung, heart,
hematopoietic system, and the brain. Type IV glomerulonephritis leading to
severe proteinuria, chronic renal failure and end-stage renal disease (ESRD)
remains one of the most dreaded complications of SLE and is associated with

significant morbidity and mortality (1,2).

In lupus nephritis insufficient clearance of apoptotic nucleosomes has been
postulated as the likely trigger of a T-cell response leading to the formation of
autoantibodies which then bind to the glomerular basement membrane and
promote inflammation (3,4). Renal infiltration by B and T-cells, macrophages,
and dendritic cells is a prominent feature of progressive LN leading to renal
failure (1). Some studies have highlighted the importance of T-cells in
stimulating the production of autoantibodies by B-cells in SLE (5). Such
stimulatory role by T-cells requires the presence of co-stimulatory signaling
dyads, such as CD28/B7 or CD40/CD154, without which B-cells may fail to

proliferate or even undergo apoptosis (6,7).

Among the therapeutic armamentarium available to treat LN,
cyclophosphamide (CYP) and steroids can effectively delay the progression of
renal disease (8,9), although failure to achieve remission has been reported in
18-57% of patients. Furthermore, the long term toxicity of CYP and high-dose

steroids discourages their chronic use to maintain disease remission (10).

NZB/W F1 mice spontaneously develop an autoimmune disorder which
resembles human SLE (11,12), including the formation of auto-antibodies
against multiple epitopes of chromatin and nucleosomes and the presence of
haemolytic anemia, proteinuria, and overt nephritis (13,14), thus providing a

suitable experimental model in which to test potential new therapeutic
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agents. For example, treatment with CTLA4 and a suboptimal dose of CYP has
been shown to significantly prolong survival, although without evidence of
reduced glomerular immune-complex deposition. Therefore, blocking co-
stimulatory signals necessary for T cell activation appears to prevent disease
progression in these animals (1,15,16). The co-stimulatory dyad CD40/CD154
(CD40-ligand) has been previously implicated in the pathogenesis of LN and

other autoimmune disorders (17,18).

The administration of LPS is known to dramatically enhance CD40 expression
(19,20). LPS, a Gram-negative cell wall component recognized by the specific
receptor TLR4, is an adjuvant for the adaptive immune response, which up-
regulates costimulatory molecules on antigen presenting cells (19). It has
been demonstrated that LPS induces CD40 mRNA and protein expression in
both murine and human kidney, heart, brain, small intestine and circulating
macrophages (19,20) thus providing a uniquely challenging experimental
model where to test the potency and durability of effect of our specifically
designed CD40-siRNA.

RNA-interference (RNAi) is an evolutive innate cell mechanism of post-
transcriptional gene silencing, which has been successfully replicated by the
administration of synthetic double-stranded small inhibitory RNA (siRNA).
Rapid degradation by exo/endonucleases constitutes a serious challenge to
the successful intracellular delivery of siRNAs in vivo and their ultimate
biological activity. The in vivo potency of a siRNA is thus largely predicated
upon sequence specificity and its stability against nucleases (21,22). The latter
can be achieved through chemical stabilization of the backbone with
phosphorothioate (PS) and 2’-O-methyl sugar modifications on the sense and
antisense strands (23,24), or other chemical modifications. The conjugation of
cholesterol to the 3’ end of the sense strand by a pyrrolidine linker is also
critical to improve cellular uptake Addition of cholesterol prolongs circulating
half live but it does not influence its silencing activity (25). Chemically
stabilization or cholesterol conjugation of siRNAs has improved in vitro and in

vivo pharmacological and pharmacokinetic properties.
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Our group has developed a small inhibitory RNA (siRNA) molecule against
murine CD40-mRNAwhich effectively inhibits its translation into CD40
receptor protein (26). Therefore we here report our experience with a
chemically stabilized, cholesterol-conjugated anti-CD40 siRNA (Chol-siRNA) in
a model of LPS-induced CD40 up-regulation to assess its potency, distribution
and durability of effect following systemic administration. We also focus on
the inhibitory effects of our Chol-siRNA CD40 in NZB/W F1 mice with

established autoimmune nephritis.

2. METHODS
2.1. CD40-siRNA properties

The CD40-siRNA sequence used in this study has been previously described by
our group (siRNA TNFRSF5-3) (26). It consists of a 21-nucleotides sense strand
and antisense strand resulting in a two nucleotides overhang at the 3’ end of
the antisense strand (sense 5'-GUGUGUUACGUGCAGUGACUU-3’, antisense
3’-GTCACACAAUGCACGUCACUG-5).

Cholesterol siRNA (Chol-siRNA): The siRNA was chemically stabilized with
partial phosphorothioate backbone and 2’-O-methyl sugar modification on
the sense and antisense strand, as previously described (25). And, conjugation
of a cholesterol molecule to the 3’ end of the sense strand of the siRNA
molecule by means of a pyrrolidine linker was done (25). Scrambled siRNA
(SC) was used as control. The synthesis was carried out by an external
manufacturer (Microsynth, Switzerland). To generate siRNAs from RNA single
strands, equimolar amounts of complementary sense and antisense strands

were mixed and 100% annealed.

Melting point of siRNA molecules was determined using a Jasco V-650
spectrophotometer (Easton, MD, USA) equipped with a Peltier unit.
Oligonucleotides strands were annealed at 902C for 3 minutes and then
cooling to 209C prior to the melting experiment. Samples were heated at

linear temperature ramp of 0.52C/min. Melting temperature was obtained as

141



Resultats

the maxima of the first derivative. The melting point of the siRNA without
modifications is 792C and for the Chol-siRNA is 712C.

2.2. 5’RACE

5’ RACE PCR was performed using the 5’ RACE system for rapid amplification
of cDNA ends kit (Invitrogen, Madrid, Spain) according to the manufacturer’s
instructions. Total (5ug) mMRNA from kidney samples of siRNA treated groups
was converted into cDNA using reverse transcriptase and a specific primer
(GSP1:5’GCCGACTGGGCAGGGATGACAGACG3’). To detect cleavage products
specific cDNA is then directly amplified by PCR using a specific primer (GSP2:
5’AGCCAGGGATACAGGGCGTGTGC3’) and an adapter primer complementary
to the RNA adaptor that targets the tail region. Amplification products were
resolved by agarose gel electrophoresis and visualized by ethidium bromide

staining.
2.3. Bone marrow preparation and dendritic cell culture

Femurs and tibiae of ICR mice were left in RPMI-1640medium (Biological
Industries, Kibbutz BeitHaemek, Isarel). 5x10° cells were grown in 5 ml
complete medium: RPMI supplemented with Penicillin (100U/ml, Reactiva,
Almeria, Spain), Streptomycin (100 pg/ml, Reactiva), L-glutamin (2uM,
Reactiva), 10% heat inactivated and filtered FBS and 20ng/ml GM-CSF (R&D
systems, Minneapolis, MN, USA) at 372C in a humidified atmosphere with 5%
CO2. On day 3, 5 and 8 medium was removed and fresh complete medium
was added. The percentage of immature dendritic cells was 15,% 48% and

90% respectively.
2.4. DC activation and siRNA transfection

At day 8 two sets of independent experiments were done; one of them to
evaluate the transfection of CD40 siRNA molecules: dendritic cells were
incubated with nude unmodified siRNA-Cy5.5 or Chol-siRNA-Cy5.5at 2 uM.

142



Silenciament genic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

The other set aimed to evaluate siRNA in vitro activity: cells were incubated
with nude Chol-siRNA or scrambled siRNA at 2uM. At day 9 DCs were
stimulated with 10ng/ml LPS (serotype 0111:B4, Sigma, Madrid, Spain). After
12h of LPS stimuli, cells were analyzed by flow citometry using a BD FACS
Cantoll Cytometer and analyzed by FACS DIVA software (BD Biosciences, San
Jose, CA, USA). To characterize the phenotype we used the following
antibodies: anti-CD11c (clone HL3) and anti-CD11b (clone M1/70) and anti
CD40 (clone HMA40-3) and their respective isotype controls. All antibodies
were provided by BD Biosciences, conveniently titrated, mixed together and

formulated for optimal staining performance.
2.5. Mice, study design and follow up

For biodistribution analysis, six to eight week old male ICR animals
(experimental protocols are detailed in Supplementary materials), and for
lupus studies, NZB/NZW F1 female mice were used (The Jackson Laboratory,
Charles River, Spain). The experiments were carried out in accordance with
current EU legislation on animal experimentation and were approved by our
institutional Ethics Committee for Animal Research. Mice were housed in a
constant temperature room with a 12-hour dark/12-hour light cycle, and were

given free access to water and a standard laboratory diet.

Six-month old NZB/NZW F1 mice were divided into the following five groups:
CYP (n=9) intraperitoneal CYP, 50mg/kg every 10 days; CTLA4 (n=9)
intraperitoneal CTLA4 (ORENCIA, abatacept, Bristol Myers Squibb, Spain) 50
pg thrice weekly; siCD40-1w (n=9) intraperitoneal CD40-siRNA 50 pg once
weekly; siCD40-2w  (n=8) intraperitoneal CD40-siRNA (Microsynth,
Switzerland) 50 pg twice weekly. Untreated (n=11) untreated. No scrambled
siRNA was used in this part of the study because we previously demonstrated
its no effect either in in vitro and LPS in vivo studies. Mice were treated for 12
weeks.

Body weight was determined twice monthly from the beginning to the end of

follow-up. Mice were placed in metabolic cages to collect 24h urine
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specimens before the onset of treatment and monthly thereafter. Blood was
obtained from the tail vein at monthly intervals. Kidneys were processed for
histological and biochemical studies at the end of the study or at death. The
spleen was collected, weighted and used to extract splenocytes.

Six additional animals from the untreated group were administered I.P and .V
with Chol-SiRNA Cy5.5 labeled to determine organ biosdistribution of our

siRNA in lupus disease.

2.6. Proteinuria, albuminuria and renal function

24h-urinary protein was determined by pyrogallol red and creatinine
concentration was determined by Jaffe’s reaction (Olympum Autoanalyzer
AU400, Hamburg, Germany) in the Veterinary Clinical Biochemistry

Laboratory of Universitat Autonoma de Barcelona.

24h-urinary albumin was determined using a commercially available ELISA KIT
(Active motif, Carlsbad, California, USA) according to the manufacturer’s
instructions. The intensity of the fluorescent signal is directly proportional to

the albumin concentration in the sample.
2.7. Anti-DNA antibodies

Levels of anti-DNA antibodies were measured, using a commercially available
ELISA kit (Alpha Diagnostic International, San Antonio, Texas, USA) according

to the manufacturer’s instructions.

2.8. RNA extraction, RT and gene expression analysis: Quantitative real-time
PCR (qPCR):

For molecular studies, the kidney was immediately snap-frozen in liquid
nitrogen and stored at -802C. RNA was extracted from kidney animals with

PureLink™

RNA Mini Kit (Invitrogen, Spain) according to the manufacturer’s
instructions. All samples had an A ,60/280 ratio < 1.8 purity. RNA was stored at -
802C.A total amount of 500ng of RNA was used to do the reverse

transcription using the High-Capacity cDNA reverse Transcription Kit (Applied
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Biosystems) following the manufacturer’s instructions. Negative controls for

reverse transcription were carried out using distilled water.

Tissue expression of immune-inflammatory mediators were quantified by
TagMan real-time PCR (ABI Prism® 7700, Applied Biosystems, Spain) using
the comparative CT method (Applied Biosystems, Spain). Tagman gene
expression assays used were purchased from Applied Biosystems: CD40
(Mm_00441891_m1), IL1b (Mm_01336189_m1), NLRP3
(Mm_00840904_m1), Apelin (Mm00443562_m1), C3 (Mm01232779_m1),
CD40L  (MmO00441911 m1), CD55  (MmO00438377_ml),  FOXP3
(Mm00475165_m1), IL6 (Mm99999064_m1), IL10 (Mm00439614_m1), MCP1
(MmO00441242_m1), RANTES (MmO01302428_m1) TLR3 (MmO00628112_m1),
TLR4 (MmO00445273_m1), TLR9 (Mm00446193_m1), AIM2
(Mm01295719_m1) and Eukaryotic 18S (431941E) as endogenous control.
Controls, which were composed of distilled water, were negative for target

and reference genes.
2.9. Plasma ELISA for CD40 and IDO in lupus nephritis

CD40 protein and indoleamine 2,3-dioxygenase (IDO) was determined in
plasma samples at the end of the study using the commercially available ELISA
kit RayBio® Mouse CD40/TNFRSF5 (Raybiotech, Norcross, Atlanta, GA, USA)
and ELISA kit for IDO (Uscn Life Science, Wuhan, China) according to

manufacturer’s instructions.
2.10. Phenotypic spleen population analysis by flow citometry

Spleen was collected in PBS, the splenocytes isolated by Ficoll® (GE
Healthcare, Uppsala, Sweden) density gradient and cryo-preserved at -1802C.
For quantifying the percentage of different populations, cells were thawed,
washed and recovered by standard methods. 2x10°splenocytes for tube were
incubated in the dark (25 min, RT) with antibodies. Study of populations was
performed by using a BD FACS Cantoll Cytometer and analyzed by FACS DIVA

software (BD Biosciences, San Jose, CA, USA). To characterize the different cell
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populations we used an anti-CD19 (clone 1D3), anti-CD69 (clone H1.2F3), anti-
CD25 (clone PC61), anti-CD3 (clonel45-2C11); anti-CD4 (clone RM4-5), anti-
CDS8 (clone 53-6.7), anti-CD11c (clone HL3) and anti-CD11b (clone M1/70). All
antibodies were provided by BD Biosciences, conveniently titrated, mixed

together and formulated for optimal staining performance.
2.11. Renal lupus histopathology

For histopathological studies, 1-2mm thick coronal slices of kidney were fixed
in 4% formaldehyde and embedded in paraffin. For light microscopy 3—4um
thick tissue sections were stained with hematoxylin and eosin (H&E) and

periodic acid-Schiff.

For determine the extent of renal damage, all renal biopsies were analyzed by
two blinded pathologists. Typical glomerular active lesions of lupus nephritis
were evaluated: mesangial expansion, endocapillary proliferation, glomerular
deposits, extracapillary proliferation and interstitial infiltrates, as well as
tubulo-interstitial chronic lesions: tubular atrophy and interstitial fibrosis.
Lesions were graded semi-quantitatively using a scoring system from 0 to 3 (0
_no changes, 1 _ mild, 2 _moderate, 3 _ severe). Finally, a total histological

score (HS) was derived from the sum of all the described items.

Paraffin tissue sections were stained for CD40 (Abcam, Cambridge, UK) and
CD3 (Abcam, Cambridge, UK). Sections were de-parafined and hydrated The
sections were blocked and immunoperoxidase-labelled using a Vectastain ABC
kit and the avidin biotin blocking kit (Vector Laboratories, Burlingame, CA)
according to manufacturer’s protocol. Peroxidase conjugated antibodies
staining was followed by diaminobenzidine substrate development (Sigma,
Madrid, Spain). To quantify CD40 expression a semi quantitative score from 0
to 3 in the different compartments of the kidney (glomeruli, vessels and
interstitium) was used. For quantifying CD3 expression at least 15 high-power

fields were counted and the mean value was expressed.
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2.12. Renal immunofluorescence in biodistribution studies and Ilupus

nephritis

Slices of kidney were fixed in 4% paraformaldehyde, embedded in Tissue Tec
OCT compound (Sakura, Netherlands) and stored at -802. Five-micrometer
cryostat sections were used for confocal microscopy to quantify the mean
fluorescence intensity of siRNA-Cy5.5 or Cy5.5 fluorochrome with Leica

software. At least 10 high power fields from each organ were counted.

For analysis of 1gG and C3 deposition, fluorescent staining of cryo-sections
were used. Sections were directly stained with FITC-conjugated goat anti-
mouse 1gG (Sigma-Aldrich, Spain), and FITC conjugated C3 (Nordic
Immunology, Netherlands). For analysis of C3 and IgG deposition at least 10
glomeruli were visualized and photographed with an immunofluorescence
confocal microscope (Leica TCS-SL spectral). Fluorescence was quantified with

Leica software and expressed as mean fluorescence intensity.

For the localization and quantification of interstitial plasma cells paraffin
sections were stained with FITC-conjugated goat anti-mouse IgG (Sigma-
Aldrich, Spain) and rabbit anti mouse collagen-IV (Chemicon international,
Temecula, CA). Sections were incubated with primary antibodies Col-IV and
IgG in goat serum overnight. Staining was visualized with a secondary chicken
anti goat Alexa 488 and a goat anti rabbit Alexa 546 (Invitrogen, Madrid,
Spain). For quantification of plasma cells at confocal microscopy, a semi

guantitative score of distribution from 0 to 3 was used.
2.13. Statistical analysis

Data are expressed as meanzSEM. Overall survival was analyzed by the
Kaplan-Meier method. One-way analysis of variance (ANOVA) with post hoc
tests was performed to compare proteinuria and anti-dsDNA antibodies
throughout the follow up. To compare histological data, the non parametric

Kruskal-Wallis test was used. P value <0.05 was considered significant.
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3. RESULTS

3.1. Determination of siRNA CD40 in vivo mechanism of cleavage

To prove that the in vivo activity was due to siRNA-directed cleavage, we
characterized specific mRNA cleavage products using a 5’-RACE technique. As
it relates to the specific cleavage of CD40 mRNA by Chol-siRNA, total RNA
from mice was isolated from renal tissue, and then PCR and agarose gel were
used to reveal fragments of the predicted length in those animals with lupus
nephritis receiving chol-siRNA (Figure S1). This demonstrates that cleavage
occurred at the predicted position for the siRNA duplex, ten nucleotides

downstream of the 5’ end of the siRNA antisense strand.
3.2. The DCs were efficiently transfected by siRNA.

The efficacy of siRNA was examined using Cy5.5 labeled siRNAs to establish a
protocol for siRNA transfection in DCs. siRNA molecules had a 100% of
bioavailability in dendritic cells (data not shown); and as seen in figure S2,
Chol-siRNA-Cy5.5 had a significantly higher MFI (mean fluorescence intensity)
than unmodified siRNA. To evaluate cell viability after gene transfection, DCs
were stained with propidium iodide. No mortality was found due to the siRNA

transfection.
3.3. Chol-siRNA inhibited CD40 expression in DCs.

To investigate the effect of siRNA transfection on the expression of CD40
gene, we used LPS to induce DC maturation and CD40 overexpression. The
cell surface CD40 was analyzed by flow cytometryl12h after LPS stimuli. The
results showed that the unstimulated DC, independently of the siRNA
treatment, does not change CD40 expression. When cells were stimulated
with LPS, only DC treated with Chol-siRNA decreased 35% the CD40

expression respect to the control and SC group. (Fig.1).
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Figl. Representative flow cytometry analysis of DC culture. A) DC culture
development. Lymphocytes (CD3+) and death cells (IP positive) were discarded. DC
were backhgated using a FSC-A/SSC-A dot plot. Subsequently, CD11c and CD11b
expression were assessed in DC population using CD11c APC/CD11bPE dot plot. B)
Dendritic cells with and without LPS stimuli and transfected with Chol-siRNA or SC
siRNA were analyzed by flow cytometry (MFI). C) Representative histograms for each
group of treatment. Data are expressed as mean SEM of four separate experiments.

*p<0.05 vs control.

3.4. Kinetics of renal and hepatic CD40-mRNA expression after LPS injection
and inhibitory effects of Chol-siRNA.

Fig.2a illustrates the time-course and magnitude of CD40-mRNA over
expression after LPS injection in kidney and liver. Groups of animals received
an injection of 5ugof LPS I.P. at day zero and were sacrificed at the indicated
time points. Renal and hepatic CD40-mRNA expression was nearly 20 and 35-
fold higher than control, respectively, 4 hours after LPS injection. Renal CD40-
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MRNA expression returned towards control values within 24 hours after LPS
injection, whereas it remained elevated for approximately 48 hours in the

liver.

Animals received 50ug of Chol-siRNA or SC I.P. on day zero and then received
LPS injections 4hr, 1, 3, 5, 7, 9, 11, and 14 days afterwards. Animals were
sacrificed 4 hours after the LPS injection. Mice receiving 50ug of SC siRNA and

no-siRNA animals served as control.

Renal CD40-mRNA expression was reduced by approximately 65% during 3
days post Chol-siRNA administration compared to both controls (no siRNA
and SC group), and persisted for up to 5-7 days (Fig.2b), so SC siRNA had no
effect on CD40 gene expression. Hepatic CD40-mRNA expression was
maximally reduced for 4h and 1 day (60%) but a reduction from control values
persisted for 5-7 days following Chol-siRNA administration. As a control, TLR4
mRNA was activated by LPS injection. Chol-siRNA reduced over-expression of
TLR4 LPS-induced (30,1 and 12,1 folds respectively). Additional delivery and

safety siRNA properties are detailed in supplementary material.
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Fig2. Experiments with LPS to set up systemic siRNA administration. A) Kinetic of

CD40 expression in liver and kidney after LPS injection. B) Pharmacodynamic
evaluation of Chol-siRNA. Two control groups using LPS, with and without scrambled
siRNA, are shown. Data are expressed as mean + SEM of four separate experiments.
*p<0.05 vs LPS. C) Quantification of renal internalization of Chol-siRNA administered
I.V/1.P in ICR mice and D), in lupus mice. E) Representative kidney photomicrographs
(x400) of 1- Basal auto fluorescence, 2- ICR mice L.V, 3- ICR mice I.P, 4- lupus mice I.V,
5- lupus mice I.P. Data are expressed as meantSEM of four separate

experiments.*p<0.05vs basal.
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3.5. Tissue biodistribution of CD40 Chol-siRNA

Renal tissue fluorescence at the indicated time-points following the
administration of Chol-siRNA-Cy5.5 or Cy5.5 alone 1.V. and I.P are depicted in
Fig.2c. In all tissues, and at all time-points up to 24 hours, fluorescence
intensity was higher with Cy5.5-labelled Chol-siRNA-Cy5.5 than with Cy5.5
alone. Notably, the liver showed higher fluorescence intensity than kidney
and spleen (Fig. S4). Renal and spleen fluorescence remained stable overa 4 h
period with a decrease at 24 h, whereas it decreased over time in liver
following peak values at 30 minutes to 1 hr. Renal fluorescence was also
higher after I.V. than I.P. administration at 30 minutes and 1hr time-points
whereas the reverse was seen in the liver. No discernible difference between
the two routes of administration was observed in the spleen. Renal
fluorescence was predominantly localized in the whole kidney early on (30
minutes to 1h) but followed a more tubular distribution pattern thereafter
(Fig.2e)

3.6. Animal survival, proteinuria and albuminuria, anti dsDNA antibodies in

lupus nephritis

Cumulative survival analyzed by Kaplan-Meier method was 100% for the CYP,
CTLA4 and CD40-2w groups; 88% for the CD40-siRNA-1w group, and 72% for

the untreated group at the end of the follow up.

Proteinuria and albuminuria (not shown) increased progressively in untreated
mice to levels of heavy proteinuria (around 300 mg/kg) though the mortality,
proteinuria levels continued to increase; (Fig.3a). The CTLA4 and siCD40-1w
groups showed no increase in proteinuria or albuminuria until week 28, but to
a lesser extent than the untreated group. Mice treated with CYP or siCD40-2w
showed no increase in either parameter, or even a mild reduction in

proteinuria over time to levels almost physiological.

IgG anti-dsDNA antibody levels increased steadily in untreated group (Fig.3b).
As expected, CYP slowed down the production of antibodies. Chol-siRNA
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produced a dose dependent reduction of antibodies. Treatment of mice with
siRNA once per week partially reduced antibodies, similarly as CTLA4
treatment. The levels in the CYP and siCD40-2w groups were significantly

lower from untreated at week 36 (p<0.05).

Proteinuria Anti dsDNA

mg/24h

-
KUim|
H

1 3 %% £
0

w20 w24 w28 w32 w36 w20 w24 w28 w32 w36

—e— Untreated —@—CYP —&—CTLA4 —e—siCD40-1w —*—siCD40-2w

25

®  Mesangial expansion

@ Endocapilar proliferation

SCORE

o Glomerular deposits

# Extracapllar proliferation

Interstitial infiltrate
05 - -
o = Tubular atrophy
Interestitial fibrosis
W . e
cTiag

Untreated cvp $ICDA0-1w SICD40-2w

Untreated cYP CTLA4 SICD40-1w siCD40-2w

Fig3. Proteinuria, anti dsDNA antibodies and renal histopathology. A) 24h-
Proteinuria increased progressively in non treated mice to levels of heavy proteinuria.
Treatment with CYP or siRNA anti CD40 twice per week induced a progressive

reduction of proteinuria to levels almost physiological. B) Anti dsDNA antibodies
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increased progressively in non treated mice; siRNA anti CD40 twice per week reduced
this production more effectively than CTLA4 or siCD40-1w group. C) Costimulatory
blockade reduced the elementary histological lesions of lupus nephritis. D)
Representative photomicrograph (x200) of renal histology for each group. n=9 per
group. Data are expressed as meantSEM * p<0.05 vs untreated, - p<0.01 vs

untreated.

3.7. Renal structural effects of CD40 Chol-siRNA in lupus nephritis. CD40
Chol-siRNA biosdistribution

Renal histological analysis was performed in all surviving animals at the end of
the study (Fig.3c). Untreated mice kidneys showed lesions consistent with
proliferative lupus nephritis, including severe glomerulonephrits, interstitial
inflammation, and widespread proteinaceous tubular casts as expected from
their severe proteinuria. Histological lesions were less severe in all treated
groups. Mean histological scores were as follow: Untreated= 8; CYP= 4.3;
CTLA4= 1.6; siCD40-1w= 3.8; and siCD40-2w= 1.6. With regards to individual
histological lesions, the siCD40-2w group was remarkable for the absence of
extracapillary proliferation, interstitial infiltrates, tubular atrophy, or
interstitial fibrosis. This effect was clearly better than mice receiving siRNA

once a week.

Additional lupus mice that received Chol-siRNA Cy5.5 labeled one hour before
the sacrifice, showed a similar biodistribution than in the LPS study (Fig.2d).

Thus in the kidney the fluorescence intensity doubled the basal value.
3.8. CD40 silencing reduces IgG and C3 glomerular deposits

IgG glomerular immunostaining was reduced by all treatments as compared
to untreated untreated animals (Fig. 4a). Both CTLA4 and siCD40-2w
produced similar reductions in IgG immune-fluorescence scores, which were
lower than in the CYP group. C3 deposits were also reduced in all treatment
groups, although in this case scores in the CYP and siCD40-2w were lower
than in the CTLA4 and siCD40-1wgroup. (Fig.4a)
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Figd. Immunohistochemical analysis for renal IgG and C3. A) Deposits of renal 1gG

and C3 were quantified with confocal microscopy (MFI). All treatments reduced
glomerular deposits. B) Representative photomicrographs of C3 deposits (x630) for
each group. n=9 per group. Data are expressed as mean+SEM. * p<0.05 vs untreated,

- p<0.01 vs untreated.

3.9. Renal gene expression and CD40 protein analysis after silencing in lupus

nephritis

Gene expression analysis (Tablel) showed a statistically significant reduction
in CD40 expression with CYP and siCD40-2was compared to the untreated and
CTLA4 groups. All treatment groups produced a significant reduction in CD40L

compared to untreated (except siCD40-1w).

C3 gene expression, as a manifestation of local complement synthesis, was
significantly reduced by in all treatment groups except siCD40-1w and
mirrored the results of glomerular C3 deposition analysis. There was no
evidence of activation of TLR3, TLR4 and TLR9 expression in any treatment
group as compared to untreated values. Pro-inflammatory cytokine gene

expression, such as IL6, was again significantly reduced in all treatment
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groups except siCD40-1w. Gene expression of the inflammasome components
AIM2, NALP3 and IL1b was significantly reduced in all treatment groups.AIM2
is an inflammasome component known to be a sensor for dsDNA and an
activator of caspase 1.Gene expression corresponding to the immune-
modulatory mediators FOXP3 and IL10was significantly reduced in all
treatment groups, particularly CYP. However siCD40-2w did not reduce its
gene expression as strongly as CYP. siCD40-2w was the only treatment which

up-regulated the expression of apelin, as previously shown by our group (27).

The presence of CD40 protein in various renal tissue compartments was
quantified by immune-staining (Fig.5a). Significant reductions were observed
in the interstitial, glomerular, and vascular compartments in all treatment
groups as compared to untreated, where high amounts were present in all
three compartments. siCD40-2w especially reduced CD40 protein in

interstitial cells and vessels.

Fold/185 cDao cD4oL c CD55 TLR3 TLR4 TLR9 FOXP3
LES 1,37 £0,1 53+1,4 47,3+14,1 1,02+0,08 11,7401 29%04° 82+1,1° 348+64
cyp 0,55+0,1* 1,7:0,3> 10,5+0,9° 0,74:+004> 14101 1,4+0,1 1,701 7,2+1,3°

CTLA4 1,17 £0,2 2,8+05° 188+4,8° 0,79%+0,08° 14%01 19+02° 51+11° 203+56*"
siCD40-1w 1+0,3 3,8+0,3° 388:146° 0,81+004° 16201 25+03° 7,1%09° 246+26°

siCD40-2w 0,6+0,2* 2,2+04° 16,3+3° 0,62 +0,07° 1,701 2,5+03° 74+16° 209+38>°

P 0,0251 0,004 0,03 0,01 0,17 0,02 0,0009 0,0034

Fold/18S IL10 IL6 MCP1 RANTES AIM2 NLRP3 IL1b APELIN
LES 90,9 + 20,5 9,313,6 9,3+1,9° 93+13% 11,3+22 27:04 119%21 62+0,9°
cyp 6,1+2,1° 0,7£0,15° 20,2 1,9+0,3 1,4:02° 0602 1,803 6,3+0,4°
CTLAG 34,8+9,3°  3,3:0,9° 59+17 7,4+25 46+1,1° 20803 65+17  62+04
siCD40-1w | 44,1+9,6%® 61%25° 73+19° 96+£3°  79%19% 15:04 88:l6 5,5+0,4¢

siCD40-2w 3545+12,9 1,8+0,3° 65+1,2"° 7817 49+1,0° 1,310,7 1,9+£1,0 12,1+1,1
P 0,0005 0,024 0,039 0,09 0,0046 0,019 0,0007 0,0001

Table 1. Kidney gene expression. Our Chol-siRNA specifically knocked-down CD40
expression. Complement activation, inflammasome and innate immunity gene
expression was reduced. a vs control, n=9 per group. Data are expressed as
meanSEM. a vs control, b vs CYP, c vs CTLA4, d vs siCD40-2w. p<0,05.
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3.10. Circulating CD40 and IDO protein in lupus nephritis

Lupus nephritis induced an increase in circulating CD40 protein (319+ 98
versus 76x 12 pg/ml in ICR mice). Circulating levels ofCD40 protein (Fig.5b)
were significantly reduced (P=0.019) in all treatment groups as compared to
the high levels observed in the untreated group. Circulating levels of the
adaptive immune-modulatory IDO protein (Fig.5c) were also significantly
reduced (P=0.035) in all treatment groups except siCD40-2w where the

difference from untreated did not reach statistical significance.
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Fig. 5. Local CD40 immunostaining and circulating CD40 and IDO proteins. A)
Immune localization and quantification of CD40 protein in different kidney
compartments, Chol-siRNA reduced CD40 protein, especially in interstitial cells and
vessels. B) CD40 serum quantification, lupus nephritis promoted over-expression of

CD40 protein C) IDO serum quantification, this immune modulatory protein was
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reduced in all therapies. n=9 per group. Data are expressed as mean+SEM. * p<0.05

vs all treatments; ** p<0,05vs untreated.
3.11. Analysis of splenic lymphoid cell subsets in lupus nephritis

Spleen weight was higher than normal in untreated group animals and was
significantly reduced in the CYP and siCD40-2w treatment groups (data not

shown).

Phenotypic characterization of splenic lymphocytes by flow cytometry
(Table2) showed a significant reduction in CD3+ cells in all treatment groups,
whereas activated CD3 subpopulations, as well as the CD4+/CD8+ ratio,

where significantly reduced only by CYP and siCD40-2w.

With regards to CD19+ B-cells, only CYP caused a reduction whereas early B-
cell activation markers (CD19+CD25+CD69+ & CD19+CD69+) showed a
significant reduction only in both CD40-siRNA groups. This suggests that,
while CYP can reduce overall B-cell populations, it does not affect their
activation process whereas costimulation blockade reduces early B cell

activation but not overall B cell population.

%GROUP CD3+ CD3+CD25+ CD3+CD69+ CD4+ CD8+ cD4/cD8
LES 426+21 151%1,1° 243+2,7° 74,4+2,4° 18,6 +2,1° 4,2+0,6
CTLAS 31,1£1,2°  151%1,4° 24,613,3° 73,812,2° 16,6 + 1,5° 4,7+0,6°
cYp 342+1,6° 10,4105 16,1%£1,3 63,523 28,1126 2,4103
siCD40-1w | 32,1+1,9° 149+14° 26+2,5° 74,4+2,2° 16,9+2,1° 4,810,6°
siCD40-2w | 31,1+1,5° 12,4114 20,812,8 69,3124 21,9126 3,6:0,5
P 0,0011 0,0034 0,004 0,017 0,011 0,037

% CD11b+ CD11c+ CD19+ CD19+CD25+ CD19+CD69+ CD19+CD25+CD69+
LES 105+1,1 10,11, 39,5+3,7 9,8+0,9 10,6%25 3,2+0,7
CTLA4 13+0,9° 10,6 +0,6 43,2+0,8° 7,840,5 7,2+0,4 2,3+0,.2
cYP 8,3:0,5 11,8+0,7 31,7¢2,1 10£0,8 7,211 2,7£0,5
siCD40-1w | 12,8+1,7° 11,8117 37,814,6 8+0,7 62+1,1 1,6+0,3°
siCD40-2w | 9,810,8° 9,4+0,6 39,7:2,1 81115 4,1+1,1° 1,1+0,3*°
P 0,02 NS NS NS NS NS
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Table 2. Immunomodulation of spleen cell population (%). The frequency of auto
reactive B cell was diminished with CYP treatment, CD40 silencing reduced early B cell
activation but not overall B cell population. n=9 per group. Data are expressed as
meanSEM. a vs control, b vs CYP, c vs CTLA4, p <0,05.

3.12. Characterization of cell infiltrates and localization of 1gG-secreting

plasma cells in the kidney

Infiltrating CD3+ cells in the tubule-interstitium space were significantly
reduced in all treatment groups except siCD40-1w (Fig.6a); more particularly
in the CYP and siCD40-2w groups where scores were significantly lower than
in the CTLA4 and siCD40-1w groups.

The presence of anti-dsDNA antibody secreting plasma cells in the kidneys of
patients with lupus nephritis has been previously reported (28). Thus, we
performed a double immune-staining of renal tissue with anti-collagen-IV (red
in Fig.6c) and anti-IgG (green in Fig.6c). In untreated animals, plasma cells
were mainly observed in the tubule-interstitium of the renal cortex where
dendritic cells, macrophages, and other inflammatory cells are commonly
found (28). A significant reduction in IgG immune-fluorescence was observed
in all treatment groups, particularly in the CTLA4 and both CD40-siRNA groups
(Fig. 6b).
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Fig. 6. Kidney cell infiltrate characterization and plasma cell localization. A) CD3
presence was semi quantitatively graded B) Plasma cells were semi quantitatively
graded and localized in the tubule-interstitium of renal cortex. C) 1.Representative
photomicrograph (x400) of siCD40-2 group. Note the absence of plasma cells. 2-6.
Photomicrographs (x630) of plasma cell localization in untreated group (arrows). n=9

per group. Data are expressed as mean+SEM. * p <0.05 vs untreated.

4. DISCUSSION:
Our data from a well-recognized experimental murine model of autoimmune
nephritis shows that interfering with the expression of the co-stimulatory
molecule CD40 with a selective siRNA results in improved animal survival and
halting of the disease process, as illustrated by the complete absence of

progressive proteinuria. These clinical-like effects in mice were accompanied
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by significantly reduced circulating anti-dsDNA antibody titers, a hallmark of
the disease, and renal histo-pathological lesions to a degree which was
surprisingly comparable to those obtained with cyclophosphamide. Our data
also show highly concordant reductions in intra-renal cellular (T-cells, plasma
cells) and non-cellular (CD40 protein expression, IgG and C3 deposits)

inflammatory components with obvious pathogenesis implications.

First of all we chose LPS-induced CD40-mRNA up-regulation as a particularly
challenging model where to test the potency of our Chol-siRNA. There, our
data show that LPS induces large increases in CD40-mRNA expression in both
liver and kidney tissue which can be significantly reduced by a single dose of
Chol-siRNA. Its suppressive effect is remarkably long-lasting in both liver and
kidney (5-7 days), particularly so in the latter where it remains unabated for
the first 3 days. Interestingly, the biodistribution fluorescence studies showed
an excellent internalization into those parenchyma where to exert an anti
CD40 modulation, like kidney, liver and spleen. Even though the I.V. route of
administration appears to provide higher early peaks of fluorescence intensity
in the parenchyma, there is no discernible difference with the I.P. route with
regards to its persistence over time. The I.P. route offers, of course, many

practical advantages over the I.V. route of administration.

The CD40-CD154 co-stimulatory dyad plays a central role in the development
of immune-inflammatory disease processes (6,29) and it has been clearly
implicated in experimental and human sepsis (30). Even though our LPS-
induced experimental model of CD40 up-regulation is not a sepsis model in
itself, our data suggest that, at a minimum, CD40 RNA-interference through
the use of a powerful and selective CD40-siRNA may approach the
pathogenesis of septic syndromes. Finally, the absence of stimulatory effects
on the innate immune response through TLR activation on animals receiving
the Chol-siRNA, further shows the safety of siRNA administration.

Disruption of CD40 signaling offers the potential of being therapeutically

useful in autoimmune inflammatory disorders or in the prevention of allograft
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rejection (26). Blocking monoclonal antibodies against CD40L have reached
the clinical testing stage but their development has been halted due to
athero-thrombotic complications in study subjects (17,18). CTLA4 has been
previously tested in NZB/W F1 mice with autoimmune nephritis where it was
shown to be able to prevent the appearance of the disease (15,16,31) but not
induced its remission (9,10). Cyclophosphamide has been in use for decades
to treat SLE and LN, but its short and long term toxicity and relatively low
effectiveness in preventing disease relapse (10) has made its use progressively
less prevalent, as more than 50% of patients with lupus nephritis relapse

within two years after cessation of therapy.

Besides cyclophosphamide, we included in our experimental design CTLA4, a
blocker of B7-mediated co-stimulatory pathways, which in spite of showing
various degrees of activity in several assays, was only as powerful as a single
weekly dose of CD40-siRNA in halting the progression of proteinuria, clearly a
sub-therapeutic dose when compared to the effects of the bi-weekly CD40-

siRNA dosing regimen.

SLE is characterized by excessive activation of both B and T lymphocytes, as
well as abnormalities in B-cell activation, signaling, and migration (32, 33). In
this study we found a decrease in the frequency of spleen auto reactive B cells
in mice treated with CYP compared with aged untreated mice. Costimulatory
blockade with our siRNA anti CD40 did not modify the frequency of B cells,
but in contrast, it prevented early activation of spleen autorreactive B and T
cells. It could be speculated that reduction of dsDNA antibodies in siRNA
treated mice is probably due to the modulation of B-cell rather than an
antiproliferative effect. Effective CD40 RNA-interference appears also to
produce systemic effects consistent with reduced overall immune system
reactivity as illustrated by reductions in circulating CD40 and IDO proteins or

activated splenic B-cell sub-populations.

Recently, antibody secreting cells were found within the inflamed kidneys in

experimental as well as human SLE (28, 34, 35). In our study we confirmed the
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presence of plasma cell within the renal interstitium of lupus non treated
mice; their presence was diminished in siRNA CD40 treated groups. These
data may suggest that our siRNA exerts an intense local effect on plasma cell

nidation, added to the systemic benefit on B-cell activation.

The complement system plays a dual role in the pathogenesis of LN (36, 37).
On the one hand, it exerts a protective function by helping the removal of
immune complexes and apoptotic cells; on the other, it can be a significant
contributor to renal inflammation and tissue injury. It is known that kidney
contributes to the circulating pool of C3, approximately for 9% of the total
circulating protein (38). In our study siRNA anti CD40 treated mice showed an
important down regulation of glomerular C3 deposits. In addition the
reduction of C3 gene expression in the kidney in siRNA twice per week
informs that CD40 gene silencing also reduces the local synthesis of
complement. In vitro studies with HUVEC stimulated with Jurkat cells showed
that siRNA CD40 modulates complement regulatory proteins as well as pro-
inflammatory cytokines (27). Apart from complement modulation, pro-
inflammatory cytokine IL6 as well infiltrating T-cells were reduced as an effect
of CD40 silencing thus suggesting a modulation of subsequent local

inflammatory response.

Gene expression analysis corroborated the reduced CD40 and inflammatory
cytokines in renal tissue without evidence of toll-like receptor activation. This
is a pathway for innate immune system activation of potential concern with
the use of siRNAs, particularly with regards to TLR3 which normally becomes
activated in the presence of extracellular dsRNA and induces the secretion of
IFN and inflammatory cytokines (39-43). Our transcriptional profiling data in
in vitro studies suggested that T-lymphocyte—HUVEC cross-talk through CD40
signalling alerts the endothelial cells viral innate immune surveillance system
by up-regulating key sensors of viral infection: TLR3, recognizing extracellular
dsRNA (27). In our study, the expression of TLR9 was expectedly increased in
non treated animals, and was dramatically reduced by cyclophosphamide but

not CTLA4 or CD40-siRNA, suggesting that, in contrast to cyclophosphamide,
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co-stimulatory blockade does not impair innate immunity through this
pathway in spite of the observed decrease in renal T-cells, plasma cells, and

inflammatory cytokines.

Neither CTLA4 nor CD40-siRNA significantly reduced the expression of the
immune-modulatory tissue mediator FOXP3 or IL10, both of which were
markedly reduced by cyclophosphamide. Nowadays there is still controversy
concerning the role of immunomodulatory mechanisms, regularly assessed by
IL10, FOXP3 or IDO. In this sense, FoxP3 has been found to be up-regulated in
renal acute rejection, with a minimal modulatory effect. However that
FoxP3'Treg within tubulointerstitial infiltrates in clinically stable renal grafts is
indicative of harmless and tolerance rather than detrimental effect (44). Thus,
we may argue that CD40 silencing apart to reduce the CD3 infiltration it leads

to a sort of local and circulating milieu of tolerance.

5. CONCLUSIONS:
In conclusion, our data strongly supports the potential therapeutic effects of
selective CD40 blockade as a powerful form of immune deactivation in the
inflamed kidney of animals with spontaneous autoimmune nephritis akin to
human lupus nephritis, particularly when treatment is instituted during the
early phases of the disease. It remains to be seen whether disease remission
could be achieved through CD40 RNA-interference initiated during the
established phase of the disease, since patients with lupus nephritis often

present with established proteinuria and severe renal inflammation.
ACKNOWLEDGMENTS

This study was supported by grants from Instituto de Salud Carlos III/FIS
(PS09/00897, PS09/00107, PI10/2991), European Union Grant SYSKID
Framework Programme 7 (FP7). Nuria Bolafos is a technician from ‘Contratos
de tecnico de apoyo en el sistema nacional de la salud’ financed by ISCIII. Elia
Ripoll was a fellowship from IDIBELL. Josep M. Aran is a researcher from
‘Programa Estabilizacion Investigadores’ financed by ISCIlIl and Dpt. Salut

Generalitat Catalunya, and Ana Merino was supported by a contract from

164



Silenciament genic de CD40 en al-lo i autoimmunitat. Estudi de la resposta immuno
inflamatoria en models animals.

Insitituto de Salud Carlos Ill, programa Sara Borrell. We thank Cristian Varela
and Serveis Cientifico-Técnics (UB, Campus Bellvitge) for technical support.
Dr. Ramon Eritja kindly performed the melting point study. We are especially
indebted to Placid Grino for his valuable reading of the manuscript. The

authors declare no conflict of interest.

SUPPLEMENTARY MATERALS AND METHODS
Biodistribution Experimental protocols
We conducted four series of experiments as follows:

In the first set of experiments we analyzed the kinetics of CD40-mRNA expression in
various tissues after I.P. LPS injection (5ug in 200 pl normal saline, Escherichia Coli LPS
serotype 0111:B4, Sigma Aldrich, Madrid, Spain). Animals were euthanized at various
time points: 4h,day 1, 2, 3,4, 5,6 and 7.

In a second group of experiments, we compared the efficacy of scrambled siRNA L.V,
Chol-siRNA (administered either L.V. or I.P) and Jet-Pei siRNA 1.V two hours before
administering LPS. We analyzed CD40-mRNA expression in various tissues 4 hours

after LPS injection.

Thirdly, we assessed the effects of single I.P dose of CD40 Chol-siRNA on kidney and
liver CD40-mRNA levels. Animals were sacrificed at the following time points: 4h, days
1,3,5,7,9, 11 and 14, after 4 hours of I.P. administration of LPS.

Fourthly, we examined the biodistribution of Cy5.5-labelled CD40-siRNA (Chol-siRNA-
Cy5.5) in kidney, liver and spleen after I.V. and I.P. administration. Control animals

were injected with Cy5.5 fluorochrome and evaluated at the same intervals.
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SUPPLEMENTARY RESULTS

Effects of Chol-siRNA or Jet-Pei-SiRNA on renal and hepatic LPS-induced CD40-mRNA

expression

Jet-Pei-siRNA: 50ug of the siRNA molecule without chemical modification was

formulated with the cationic polymer transfection reagent jet-PEI.

Chol-siRNA (either L.V. or I.P.) and jet-PEI-siRNA (l.V.) were injected two hours before
LPS administration. Animals were sacrificed four hours after LPS administration and
their tissues were snap-frozen. Chol-siRNA was effective in reducing CD40-mRNA
levels through the I.P. and 1.V (70% reduction in kidney, 60% in liver) route,
predominantly in the kidney (Figure S3). Thus, we selected Chol-siRNA for further

distribution and lupus experiments.
Tissue biodistribution of CD40 Chol-siRNA

Renal (see results), hepatic and splenic tissue fluorescence at the indicated time-
points following the administration of Chol-siRNA-Cy5.5 or Cy5.5 alone I.V. and I.P are
depicted in Figure S4. In all tissues, and at all time-points up to 24 hours,
fluorescence intensity was higher with Cy5.5-labelled Chol-siRNA-Cy5.5 than with
Cy5.5 alone.
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SUPPLEMENTARY FIGURES
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Tots els estudis presentats en aquest treball tenen com a objectiu ampliar el
coneixement del gen CD40 i el seu paper en I'activacié del sistema immune en
malalties amb base inflamatoria. Per estudiar aquest proposit es va aplicar un
silenciament genic de la via mitjangant la tecnologia RNAi en models
experimentals, tant in vitro com in vivo; en un model de malaltia
autoimmune, com la nefritis lUpica, i un de malaltia al-loimmune, com és el

cas del rebuig en el trasplantament renal.

Els resultats dels nostres treballs obren una possible futura aplicacié
terapéutica de la molécula a la clinica. Els resultats obtinguts ens permeten
realitzar algunes consideracions, tant de caracter general com més
especificament, que poden facilitar la comprensid dels components
inflamatoris que es troben implicats en I'activacié del sistema immune i el seu

paper en les diferents malalties.

El senyal de coestimulacié CD40-CD40L és una via de gran interés en molts
estudis ja que se sap que la seva interaccié regula diverses altres vies del
sistema immunitari [249]. Per tant, és ben conegut que el bloqueig d’aquest
senyal com a estrategia terapéutica, per intentar modular I'activacié del
sistema immune, frena la resposta immunitaria i ha servit per tractar

diferents malalties.

Des del descobriment del mecanisme RNAi molts estudis experimentals han
usat aquesta tecnologia utilitzant siRNAs com a molecules efectores en el
tractament de diferents malalties. Actualment hi ha varis estudis clinics basats
en siRNA, dirigits contra diverses dianes terapeéutiques
(http://clinicaltrials.gov/ct2/home) que es troben en diferents fases de

desenvolupament.

S'estan utilitzant aquest tipus de terapia contra un ventall de malalties molt
ampli, com és el cas de patologies renals, tot tipus de cancer, malalties
coronaries, diabetis, dislipémies, malalties oculars, de la pell, vasculars,
congenites, etc. Tot i aixi, cal destacar que no hi ha cap estudi clinic basat en

siRNA contra la molécula CD40. Si que s’han realitzat diferents assajos clinics
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utilitzant anticossos monoclonals contra CD40L, alguns d’aquests assajos es

van parar prematurament per problemes trombo-embolics [250-252].

El nostre primer estudi es va proposar per a veure com afecta la isquémia
freda sobre la funcié renal en un model de rebuig agut mediat per anticossos,
avaluar com modifica I'estructura molecular, tissular i cel-lular de I'empelt

renal. Analitzar també quin paper juga CD40 en aquest procés.

No es saben en profunditat els mecanismes pels quals la isquemia accelera el
rebuig agut i preveu una pitjor evolucié de I'empelt. A part dels mecanismes
descrits fins ara com sén l'activacié de TLR, alteracid dels antigens HLA, la
secrecié de citosines inflamatories i molecules d’adhesio, etc. [160], alguns
autors també postulen I'existéncia d’un dany antigen independent durant el
trasplantament d’un organ [253]. Els nostres resultats apunten també cap a
I'alteracio de la barrera de filtracié glomerular com a una causa important de

deteriorament de 'empelt i la seva evolucié.

Es va poder comprovar que la isquémia provocada en un procés de
trasplantament renal augmenta la sintesis de col-lagen IV i el seu diposit en la
capsula de Bowman. Altres autors com Utsumi [254] també han observat
aquest increment del col-lagen IV a la capsula de Bowman en mostres
humanes després d’'un rebuig agut, suggerint també, que aquests canvis es

conserven un cop recuperada la funcié renal.

Wieczorek [255] va observar una sintesis progressiva de col-lagen en
I’evolucié del rebuig, tant cronic com agut. La isquemia també provoca
I'activacié de la immunitat innata i augmenta I'expressi6 de CD40. Tots
aquests mecanismes i els consecutius mediadors inflamatoris alliberats,
indueixen una major amplificacié del dany i activacié de la resposta immune
adaptativa, perpetuant aixi, el cicle de dany i reparacié de I'empelt que podria

donar lloc a la seva disfuncio cronica.

Un cop posat el model a punt i caracteritzat, tenint en compte el paper del

senyal coestimulador CD40 en l’activacid de la resposta immune; es va
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proposar un segon estudi on es va dissenyar un siRNA anti CD40 especific de
rata. L'objectiu principal era estudiar el paper i el potencial terapeutic del
farmac administrat de forma local, en un model de resposta de tipus
al-logénica com és el cas del trasplantament renal. En aquest model en el
qual I'administracié del farmac era local intra-arterial, es va administrar el

siRNA acomplexat amb un vector de tipus liposoma (Jet-Pei).

En aquest estudi varem observar que el silenciament local intra-renal, previ al
trasplantament, amb siRNA anti CD40 amb una dosis Unica en un model de
rebuig humoral va causar un canvi de patré en el tipus de rebuig. Es va
aconseguir reduir els anticossos donant especifics de I'hoste despres del
trasplantament i es va millorar la supervivéncia. El tractament local de I'dorgan
aillat va aconseguir bloquejar I'expressio genica de CD40 a I'empelt, donant
lloc a un canvi en I'ambient immunologic, els grups de silenciament de CD40
van experimentar un canvi de tipus de rebuig cap a un rebuig cel-lular, més

facilment abordable des d’un punt de vista terapeutic.

La tecnologia RNAi té multiples avantatges respecte a altres farmacs, ja que és
una droga de mida petita i soluble en aigua. La utilitzacié de siRNAs com a
molécules efectores s’ha descrit que és més efectiu que altres mecanismes,
com ara I'Gs d’anticossos o oligonucleotids anti sentit. L'eficacia del bloqueig
és més potent i el silenciament del gen d’interés és més especific, i alhora
reversible [256, 257]. Un altre avantatge és que se sap que la molecula siRNA

manté la seva activitat catalitica durant un periode llarg de temps [258].

En les fases inicials després d’un transplantament, es déna un rapid
reconeixement de I'empelt i s’inicien diferents mecanismes de la resposta
immuno inflamatoria. En la glomerulopatia del trasplantament es ddona un
desenvolupament d’anticossos donant especifics i també contra els

components de la membrana basal glomerular [259, 260].

En el dany tissular també hi convergeixen altres factors com sén el
complement, dany cel-lular i CD40 [259, 261]. Existeixen diversos estudis

experimentals que demostren que el bloqueig del senyal de coestimulacié
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redueix el grau de rebuig, ja sigui en el trasplantament d’illots pancreatics
[262], de pell, cor [179], de moll d’os [263, 264], etc. Utilitzant anticossos anti
CD40L s’han observat efectes notables sobre la supervivencia d’empelts i una

induccié de tolerancia en models de rosegadors.

Altres autors també han observat una reduccié de la immunitat humoral amb
el bloqueig d’aquest senyal de coestimulacié. La resposta immune adaptativa
deguda a l'activacié de les cél-lules T i B també és important a I'hora de
prevenir la sensibilitzacié als al-loantigens i perllongar la supervivéncia de
I'empelt, Xu H va demostrar que amb el bloqueig sistemic de CD154 en un
model de trasplantament de pell en ratoli, aconseguia modular I'activacié de
la immunitat humoral [265, 266]. S’ha vist que el bloqueig de CD40 redueix
parcialment la resposta de les cél-lules B, perd no és suficient per aturar

I'activacio de les cel-lules T [265].

Molts estudis demostren que amb el bloqueig Unic de la via CD40/CD40L no
s’aconsegueix una supervivéncia indefinida en models de rebuig, requerint
aixi una altre diana com CD28 [179, 267] o CTLA4 [268-270] per adquirir la
supervivencia indefinida dels empelts. Tenint en compte que el model que
hem utilitzat és un model molt virulent, es va afegir una dosi sub terapéutica
de rapamicina, que se sap que per si sola no era suficient per prevenir el
rebuig, per intentar millorar la supervivéncia. Tot i aixi, la combinacié
d’aquest farmac amb el silenciament de CD40 si que va ser suficient per
retardar significativament el rebuig i perllongar la supervivencia en alguns

animals.

Cal destacar que alguns ratolins de I'estudi van aconseguir una elevada
supervivencia amb la combinacid dels dos tractaments. Un altre estudi pero,
demostra una prevencié del rebuig agut en primats no humans bloquejant
només el senyal de CD40L [271]. Per tant, podem observar una doble relacié
de la senyalitzacié de CD40, mediant processos dependents o independents

d’altres senyals de coestimulaci6 com CD28/B7 [272]. El bloqueig de
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CD40/CD40L concomitantment amb el bloqueig de CD28/B7 redueix el rebuig

i modula la produccid de citosines i la proliferacié dels limfocits T [179, 273].

Molts estudis demostren una reduccié dels mediadors inflamatoris, com sén
la sintesis d’anticossos a limfocits B, disminucié de la sintasa d’oxid nitric a

macrofags, derivats del bloqueig de la via CD40.

La histologia dels empelts del grup no tractat mostrava lesions tipiques del
rebuig humoral com sén el dany tubulo intersticial, edema perivascular,
hemorragia, necrosis fibrinoide, denudacié endotelial, infiltrat intersticial, etc.
La majoria dels empelts del grup de tractament amb siRNA anti CD40
mostraven un patrd de rebuig cel-lular. Els animals no tractats tenien diposits
de complement als capil-lars peritubulars, tant C4d com IgG, mentre que el
grup de tractament amb siRNA anti CD40, aquests es van veure reduits. Una
altra evidencia de la disminucié de I'activacio del sistema del complement, a
conseqliencia del silenciament de CD40, va ser la reduccié de I'expressio

genica de proteines reguladores de complement, com sén CFH i CFI.

Es va confirmar I'aparicié d’anticossos donant especifics a la majoria d’animals
del grup no tractat. Aquests eren absents previament al trasplantament, aixi
doncs, hi ha una formacié massiva d’aquests degut a una rapida activacié de
les cél-lules B [274-276]. En el nostre estudi, aquest anticossos donant
especific es van reduir parcialment en el grup de tractament amb rapamicina,

siRNA anti CD40, i al grup de combinacio de terapia.

S’ha descrit que les cél-lules endotelials de I'0rgan trasplantat presenten un
increment de I'expressié de CD40 en una situacid de rebuig en comparacié
amb nivells d’expressié de CD40 d’un teixit normal o en ronyons trasplantats
gue no han desenvolupat rebuig. Hi ha estudis que demostren I'expressio de
CD40 i CD4O0L en els limfocits T i macrofags que infiltren el ronyd, cor i fetge
trasplantats durant el rebuig agut [277]. En el nostre estudi vam observar un
augment d’expressid de CD40 en cel-lules tubulars, vasos, i al glomeérul de
ronyons no tractats, mentre que en els grups de tractament amb siRNA anti

CD40 es va reduir notablement aquesta expressio.
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L'estudi d’expressié genica de CD40 mostra una sobre expressié d’aquest, en
els empelts no tractats hi ha un augment 20 vegades superior a un empelt no
trasplantat, mentre que els tractats amb siRNA |'expressid es redueix

significativament.

La inhibicié del senyal de coestimulacié CD40, pot interessar diferents tipus
cel-lulars. Se sap que el senyal de CD40/CD40L és important en la induccid,
activacio i funcio de les cel-lules dendritiques i macrofags, donant lloc a una
disminucié de la diferenciacié de cél-lules cap a Thl, i augmentant cap a Th2
[257]. Per tant, el bloqueig d’aquest via pot ser util en malalties on hi
predomina la diferenciacié cap a Thl, com és el cas de I'artritis reumatica
[278], l'esclerosis multiple [279], la diabetis tipus | [280], malalties
autoimmunes com és el cas dels lupus eritematds sistemic [281], la nefritis
lUpica [282, 283], etc.

Aguesta via també afecta a I'activacid dels fibroblasts, suggerint que la terapia
contra CD40/CD40L pot ser beneficiosa en el tractament de I'esclerodérmia
[284, 285] i sinovitis cronica [286]. Una de les cel-lules a les quals afecta la
unié CD40/CDA40L és la cel-lula endotelial [287]. La terapia contra aquesta via
pot aportar beneficis en malalties vasculars com és la vasculitis [288, 289],

granulomatosis de Wegener [290], etc.

Un dels possibles efectes indesitjables derivats de I'ds de molécules siRNA és
el fet de que poden activar el sistema immune innat [102, 106]. TLR3 és el
receptor que detecta molécules de dsRNA i indueix la secrecié de IFN i altres
citocines inflamatories [112, 291, 292]. En els nostres estudis s’ha demostrat
que no hi ha una activacié de la immunitat innata relacionada amb
I’'administracié del siRNA anti CD40. Descartem llavors que ni la metodologia
usada, ni la molecula poden provocar aquesta activacid. Per tant, I'abséncia
d'efectes estimulants de la resposta immune innata en els animals que van

rebre el siRNA, mostra, la seguretat de I'administracié de la molécula.

Aixi doncs en aquest treball es demostra que el silenciament de CD40 com a

tractament local previ a la implantacié de I'empelt renal és una estrategia
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efectiva i abordable per prevenir el rebuig humoral. Aquest resultats
preliminars obren les portes a aplicar aquest tipus de terapia génica en altres
models de trasplantament o altres malalties inflamatories o autoimmunes on

les cel-lules B hi tinguin un paper important.

Amb l'interes de modular la resposta immune en una malaltia sistémica com
és el cas del lupus eritematds sistemic, es va optar per posar a punt
I"'administracié sistémica del siRNA i amb una formulacié diferent, es va
decidir no acomplexar la molécula a cap vector de tipus liposoma, siné que es
van introduir un seguit de modificacions quimiques a la molecula, per ajudar
en lI'entrada cel-lular i per protegir-lo de la degradacié de les nucleases i fer

més resistent el farmac.

Aixi doncs es va proposar un tercer treball I'objectiu del qual era analitzar el
paper de CD40 en el model de nefritis lGpica, de caracter autoimmune. Es en
la patologia del lupus eritematds sistemic on les cel-lules B i la inflamacié
tenen un paper molt important. Ee sap que la malaltia SLE es caracteritza per
una activacido excessiva del limfocits T i B, aixi com per un control,

senyalitzacid i migracié anormal d’aquests darrers [238].

S’ha vist que els limfocits de pacients amb malaltia lUpica tenen alts nivells
d’expressié de CD40L, donant suport a la hipotesis que en la patogénesis del
SLE, una senyalitzacié inapropiada de CD40-CD40L és un factor important en

la patogenia.

Primerament es va fer un estudi in vitro utilitzant un cultiu de cél-lules
dendritiques derivades de moll d’os. Primer vam comparar |'entrada cel-lular
del siRNA modificat quimicament amb un siRNA nu sense modificar
mitjancant citometria de flux. Vam observar que ambdues molécules tenien
un 100% d’entrada, pero que el siRNA modificat tenia una MFI més elevada.
Per microscopia confocal vam confirmar una localitzacié citoplasmatica del
siRNA i que I'entrada era rapida. Posteriorment es va estimular les cel-lules
dendritiques amb LPS durant 12h i, un cop comprovat que I'estimul fos eficag,

vam observar que el siRNA anti CD40 era capag¢ d’inhibir de manera evident
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I"augment d’expressié de CD40 induit per LPS.

Per coneixer millor I'eficiencia de I'administracid sistemica del siRNA, es va
escollir un model amb ratolins ICR en el qual vam comprovar la cinética
d’expressido de CD40 després d’un estimul de LPS [293] en diferents teixits.
Vam observar que I'estimul de LPS induia un augment de |'expressié de CD40,
tenint un pic maxim passades 4h de la injeccio del LPS, i que aquesta tornava
a nivells basals en 24-48h. Un cop caracteritzada, es van fer grups de
tractament amb el siRNA per valorar el potencial del farmac i vam observar
que el siRNA era capac de reduir significativament aquesta expressié durant

tres o quatre dies

Es va avaluar la biodistribucié del compost injectant un siRNA marcat amb un
fluorocrom (Cy5.5) a ratolins ICR i vam observar que la distribucié del farmac
a l'organisme era major en fetge, melsa i ronyé independentment de si
I'administracid era intravenosa o intraperitoneal, ja que no hi havia
diferéncies entre aquestes. 30 minuts després de I'administracié ja vam
observar una internalitzacié del siRNA a les cel-lules dels teixits. Es va
comprovar que en un teixit patologic, com és el cas d’un ronyd afectat per
nefritis lUpica, la distribucié del siRNA era semblant com en el cas d’un teixit
sa, per tant, no hi ha diferencies entre I'alliberament de la molécula en un
teixit sa i patologic. Aquest resultats ens van permetre establir un protocol de
tractament dels animals amb nefropatia llpica, es va decidir administrar el

siRNA intraperitonealment i dos cops per setmana.

El model animal que es va escollir per I'experiment de nefritis lUpica va ser
NZB/W F1, un dels models més utilitzats i ben establert. En aquest model
experimental diferents autors han provat que I'administracié de CTLA4, és
capac de prevenir I'aparicié de la malaltia [294-296], pero no la seva remissio
[297]. La ciclofosfamida també ha sigut un dels farmacs utilitzats durant
décades en el tractament del lupus eritematds sistemic i la nefritis ldpica,
pero la seva toxicitat, tant a curt com a llarg termini, i la seva efectivitat

relativa en prevenir una recaiguda de la malaltia [297], han fet el seu Us cada
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vegada menys freqlient, ja que més del 50% dels pacients amb nefritis IUpica
recauen passats dos anys del final de tractament. Tot i aixi cal destacar que
actualment un dels farmacs estandard per el tractament de la nefritis lUpica

és el micofenolat.

En el nostre estudi, els resultats obtinguts van demostrar que el silenciament
de CD40 en aquest model muri millora la supervivéncia i frena I’evolucid de la
malaltia. Clinicament s’observa una disminucié de la proteindria, albumindria i

dels anticossos circulants anti dsDNA.

A part del grup tractat amb ciclofosfamida, que és un control positiu de
tractament, també es va incloure el CTLA4, com a control de bloqueig de
coestimulacié. Aquest ultim tot i mostrar diversos graus d'activitat en diversos
assajos, només va resultar ser tan potent com el tractament amb una dosi
Unica setmanal de siRNA anti CD40 per aturar la progressié de la proteindria,
clarament una dosi sub-terapéutica en comparaci6 amb els efectes del

tractament amb siRNA anti CD40 dos cops per setmana.

També vam observar una millora de les lesions histologiques tipiques de la
malaltia, els grups de bloqueig de coestimulacié van ser els més eficacos en
prevenir les lesions histologiques, destacant el grup tractat amb siRNA dos
cops per setmana on linfiltrat intersticial, I'atrofia tubular, i [l'infiltrat
intersticial eren absents. També es va observar una reduccié de la infiltracié

renal per ceél-lules Ti cél-lules que segreguen immunoglobulines.

Se sap que els mecanismes de la via RNAi poden tenir efectes off-target.
Molts estudis han anat introduint modificacions a la molécula siRNA al llarg
del temps per intentar-los reduir. Aquestes han sigut crucials per I'avang
d’aquest tipus de farmacs [298], han servit per millorar la seva estabilitat in
vivo, optimitzar les diferents vies d’administracid, la seva biodistribucio
cel-lular, farmacocinética, farmacodinamica, especificitat i disminuir Ia

immunogenicitat.

Es va comprovar amb la tecnica 5’RACE PCR que I'escissio del gen CD40 per la
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moléecula siRNA és seqliencia especific, i que es dona entre el nucleotid 10i 11
relatiu a I'extrem 5’ de la cadena antisense; ja que aquesta és una de les
poques maneres de validar que la molécula siRNA esta actuant a través de la
via RNAI.

El sistema del complement se sap que té un paper molt important en la
patologia de la nefritis lupica [191, 223]. Se sap que per una banda té un
paper protector, ajudant en l'eliminacié dels immuno complexes i cél-lules
apoptotiques, i per altra banda pot contribuir significativament en la
inflamacid renal i el dany tissular. El ronyé és un organ que contribueix al total
de proteina C3 circulant, aproximadament és responsable del 9% del total
[299]. En els nostres resultats podem veure que els ratolins tractats amb
siRNA tenen una important disminucié dels diposits glomerulars de C3. A més
la disminucid de I'expressié genica de C3 al ronyd observada en el grup tractat
amb siRNA dos cops per setmana ens indica que el silenciament de CD40

també causa una reduccié de la sintesis local del complement.

En la patologia de la nefritis lUpica se sap que el dany renal és iniciat amb els
diposits glomerulars d’immunocomplexes. Aquests juguen un paper molt
important i son predominantment anticossos contra ssDNA, dsDNA, histones,
proteines de complement, etc. Aquests immunocomplexes localitzats tant al
mesangi com de forma subendotelial, contribueixen al reclutament de
cél-lules inflamatories. En el nostre estudi vam observar que els ratolins no
tractats tenien diposits d'immunoglobulina G en el parénquima renal, mentre
gue tots els tractaments aconseguien reduir-los. Cal remarcar que els grups
de tractament amb bloqueig de coestimulaciéd van ser més efectius que el

grup tractat amb CYP.

L'analisi de I'expressié génica de CD40 demostra, com era previsible, una
disminucié significativa en el parénquima renal. El silenciament de CD40
també va induir una disminucié de citosines pro inflamatories com és el cas
de la IL6. Gens relacionats amb I'inflammosoma es mostren elevats en el grup

no tractat, mentre que en els grups de tractament estan disminuits. Tot aixo
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suggereix també un efecte de modulacié local de la resposta inflamatoria.

Se sap que la malaltia lUpica es caracteritza per una activacié excessiva del
limfocits T i B, aixi com per un control, senyalitzacié i migracié anormal
d’aquests darrers [221]. En el nostre estudi es va observar que la
ciclofosfamida induia una disminucid de la poblacié general de cel-lules B auto
reactives, en canvi el bloqueig de coestimulacid amb el siRNA anti CD40 va
provocar una disminucié de I'activacié tant de les cel-lules B com T. Es pot
predir que la disminucié dels nivells d’anticossos anti dsDNA dels ratolins
tractats amb siRNA, és degut a la modulacié d’aquest sobre les cel-lules B i

també per la seva accié antiproliferativa.

S’ha vist, tant en humans com a nivell experimental, que les cel-lules
secretores d’anticossos de la nefritis lUpica també es poden trobar en ronyons
gue han patit un procés inflamatori [300, 301]. En aquest estudi es va
confirmar la seva preséncia a l'interstici renal dels ratolins no tractats, en
canvi, en tots els grups de tractament es va veure una disminucié de la seva
preséncia. Aquests resultats suggereixen que el siRNA té un potent efecte
local en la nidacié de les cel-lules plasmatiques, afegit a la modulacié de

I'activacié distant de les cel-lules B en els organs limfoides .

Aixi doncs, podem concloure que els nostres resultats evidencien el potencial
terapéutic i els efectes del silenciament especific de CD40 mitjangant el siRNA
com una forma de disminuir i modular I'activacié del sistema immune en els
ronyons inflamats, tant en el cas del trasplantament d’organs solids com en el

cas de malalties autoimmunes.
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1. La isquémia freda en un model al-logénic altament reactiu provoca
una acceleracid del rebuig i indueix un patré histologic de rebuig agut
humoral. Apareixen diposits de C4d i IgG en els capil-lars peritubulars
i hi ha una sintesi de novo d’anticossos especifics circulants contra el

donant, disminuint la supervivéncia de I'empelt.

2. El dany per isquemia reperfusi6 modula la sintesis i diposit de
col-lagen IV de forma diferent a la capsula de Bowman i al cabdell
glomerular. L'augment del col-lagen al cabdell indueix alteracions a la
barrera de filtracié glomerular i és responsable de la proteindria i la
disfuncié de I'empelt. Aquesta deterioracié pot estar relacionat amb

una alteracié primerenca de la immunitat innata.

3. En el trasplantament, el reconeixement al-logénic és un dels factors
més potents inductors d’expressi6 de CD40. Tanmateix, afegir
isquémia no és suficient per induir una sobre expressio significativa de
CD40. La isquémia freda, perd, provoca un augment significatiu

d’aquesta expressidé en un ambient singenic, de menor intensitat.

4. La terapia genica amb siRNA anti CD40 administrat localment, en
aquest model de trasplantament renal, redueix I'expressié genica de
CD40 a I'empelt. Els grups de silenciament de CD40 van experimentar
un canvi de tipus de rebuig cap a un rebuig cel-lular, més facilment
abordable des d’'un punt de vista terapéutic. La molécula de siRNA no

provoca l'activacié de la immunitat innata.

5. Amb aquesta terapia génica s’observa una millora de la supervivencia
dels animals, una disminucié del dany tissular i una reduccié dels
anticossos donant especifics. Per tant, el pre acondicionament amb
silenciament local de CD40 en un model de rebuig humoral és una

estrategia efectiva i abordable.
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El siRNA anti CD40 modificat quimicament té un 100% d’entrada
cel-lular i una localitzacid citoplasmatica. Redueix I'expressié de CD40

en cel-lules dendritiques madures induides amb LPS.

No hi ha diferencies en la biodistribucié del siRNA administrat de
forma intravenosa o intraperitoneal. L’administracid sistemica del
siRNA és més efectiva administrat dos cops per setmana, produint un
bloqueig efectiu de CD40.

El silenciament de CD40 en la nefritis lUpica millora la supervivéncia,
provoca una disminucid de la proteindria, albuminuria i dels
anticossos circulants. Es redueixen les lesions histologiques tipiques
de la malaltia, els diposits glomerulars de C3 i IgG. El silenciament de
CD40 causa una disminucié de la proteina a parenquima renal, una
reduccié de la sintesis local del complement i de la activacidé de les
cél-lules B i T. Es confirma la presencia de cél-lules plasmatiques a
I'interstici renal i la seva disminucié degut al tractament amb siRNA
anti CD40. Aquests resultats suggereixen que CD40 té un paper

important en la nefropatia lUpica.

El silenciament génic de CD40 amb siRNA evidencia un potencial
terapéutic com una forma de disminuir i modular I'activacié del
sistema immune, tant en el cas del trasplantament d’organs solids

com en el cas de malalties autoimmunes.
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In solid organ transplantation, mesenchymal stem cell (MSC) therapy is strongly emerging among other cell
therapies due to the positive results obtained in vitro and in vivo as an immunomodulatory agent and their
potential regenerative role. We aimed at testing whether a single dose of MSCs, injected at 11 weeks after kidney
transplantation for the prevention of chronic mechanisms, enhanced regeneration and provided protection
against the inflammatory and fibrotic processes that finally lead to the characteristic features of chronic allograft
nephropathy (CAN). Either bone marrow mononuclear cells (BMCs) injection or no-therapy (NT) were used as
control treatments. A rat kidney transplantation model of CAN with 2.5h of cold ischemia was used, and
functional, histological, and molecular parameters were assessed at 12 and 24 weeks after transplantation. MSC
and BMC cell therapy preserves renal function at 24 weeks and abrogates proteinuria, which is typical of this
model (NT24w: 68.9+26.5mg/24h, M5C24w: 16.6+2.3mg/24h, BMC24w: 24.1+5.3mg/24h, P<0.03). Only
MSC-treated animals showed a reduction in interstitial fibrosis and tubular atrophy (NT24w: 2.3+0.29,
MSC24w: 0.4£0.2, P<0.03), less T cells (NT: 39.6£9.5, MSC: 8.1£0.9, P<0.03) and macrophages (NT: 209+4.7,
MSC: 5.9£1.7, P<0.05) infiltrating the parenchyma and lowered expression of inflammatory cytokines while
increasing the expression of anti-inflammatory factors. MSCs appear to serve as a protection from injury de-
velopment rather than regenerate the damaged tissue, as no differences were observed in Ki67 expression, and
kidney injury molecule-1, Clusterin, NGAL, and hepatocyte growth factor expression were only up-regulated in
nontreated animals. Considering the results, a single delayed MSC injection is effective for the long-term pro-
tection of kidney allografts.

Introduction

CHRONIC ALLOGRAFT NEPHROPATHY (CAN) is a multifac-
torial process that leads to late allograft dysfunction in
renal transplantation. The joint association of nonalloreactive
factors, as cold ischemia, and allogeneic factors significantly
increases cellular infiltration at both early and late stages,
aggravating the progression of CAN, which has been clearly
shown in experimental models [1]. The main features of this
entity include at end stages severe interstitial fibrosis and
tubular atrophy (IFTA) with loss-of-renal function.

Cell therapies applied to solid organ transplantation have
gained interest in the last years, and among them, mesen-
chymal stem cell (MSC) therapy has been strongly emerging.
In addition to their potential role in therapies for renal repair,

the immunomodulatory properties of MSCs offer promise as
a novel cellular therapy for kidney transplantation.

To date, 3 groups have approached MSC cell therapy in
the experimental kidney transplantation field but focusing
only on the acute kidney injury [2-5]. The use of donor MSCs
has been shown to induce tolerance and regulatory T-cell
expansion by the induction of indoleamine 2,3-Dioxygenase
(IDO) expression [2], while allogeneic MSCs enhanced
functional recovery and attenuated histological damage from
acute rejection by reducing cellular infiltrate in a 7 day follow-
up in both syngeneic and allogeneic models of kidney trans-
plantation [3,4]. Contrarily, Zhang et al. [5] did not observe
a beneficial effect of treatment with MSCs (undetermined
source) compared with cyclosporine A (CsA) monotherapy
in a rat allogeneic kidney transplantation model.
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MSCs treatment has also been tested in native chronic
kidney disease models. In a 5/6 nephrectomy model, allo-
geneic MSCs injection decreased proteinuria and fibrosis
[6-8] when intravenously injected or under the renal cap-
sule, while the comparison between bone marrow mono-
nuclear cells (BMCs) and MSCs injected in the renal
parenchyma showed a better outcome with BMC cell
therapy [9]. In a Col4A3 knock-out chronic model, synge-
neic MSCs were able to reduce interstitial fibrosis [10],
while allogeneic MSCs did not ameliorate the progression
of the disease [11].

Moreover, acute kidney rejection can be effectively pre-
vented in the early stages by using conventional drug-based
immunosuppression, but unfortunately, there are no efficient
immunosuppressive regimens that are able to guarantee
long-term graft acceptance. Nowadays, the progressive loss
of function secondary to [FTA is the major cause of graft loss.

In this work, we tested the effect of delayed therapy with
an intravenous injection of a single dose of allogeneic BMCs
or bone marrow-derived MSC on established CAN. We,
specifically, assessed the potential immune mechanisms, the
outcome of regeneration, and the protection against the in-
flammatory and fibrotic processes that finally lead to the
development of late damage in a life-sustaining model of rat
renal allotransplantation.

Materials and Methods
Rat kidney transplantation

For renal transplantation, inbred male Lewis rats (MHC
haplotype: RT1Y) (250 g body weight; Charles River) received
a kidney from male Fischer-344 rats (MHC haplotype:
RT1™) (250 g body weight, Charles River) as previously
described [12-14]. Briefly, kidneys were 2.5h preserved in
EuroCollins at 4°C. Recipient rats were bi-nephrectomized at
the moment of transplantation. The animals received a single
daily dose of 5mg/kg CsA (Novartis) by oral gavage for 15
days. This model develops proteinuria and progressive renal
damage [13]. All the procedures and housing conditions
were in accordance with the guidelines of the Committee on
the Care and Use of Laboratory Animals and Good La-
boratory Practice.

Study design and follow-up

Rats were divided into 3 groups of treatment: NT: No-
therapy group (n=11); BMC: BMCs injection (n=12); and
MSC: MSCs injection (n=14). One rat was transplanted
every day, and rats were included in 2 different badges of
correlative transplantations (first badge: 21 animals, second
badge: 15 animals). Before transplantation and then
monthly until the end of the study, the rats were weighed
and placed in metabolic cages for 24h-urine and tail vein
blood collection. Urine and serum creatinine (uM) were
determined by Jaffe’s reaction (Beckman Instruments), and
proteinuria (Prot, mg/24h) was determined by Ponceau’s
method (Bayer Diagnostics). Serum creatinine levels were
assessed on days 1, 3, 5, and 7 after cell therapy. One week
after cell therapy (12 weeks after transplantation), some rats
were sacrificed (=4 for NT and BMC and n=7 for MSC),
and the grafted kidney was processed for histological and
molecular studies. At the end of the study (24 weeks), the
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rest of the animals were sacrificed, and the grafted kidney
was also processed.

Cell preparation and injection

Male Sprague-Dawley green fluorescent protein (GFP)
transgenic rats (GenOway) weighing between 250 and 300 g
were used as a MSC and BMC source [15]. Briefly, the femurs
and tibias were surgically removed and flushed under sterile
conditions with phosphate buffer saline (PBS). Cells were
passed through a 70 pm mesh and washed twice with PBS to
obtain BMCs. For the MSCs isolation, 60'x 10° were cultured
in 15cm-diameter plates with DMEM (Gibco, Life Technol-
ogies) with 10% fetal bovine serum (FBS; Lonza). Between
passages 3 and 5, the cells were harvested; depleted for
CD45" CD11y,." (autoMACS; Miltenyi Biotec); stained for
CD90-Allophycocyanin (Miltenyi Biotec), CD73, MHC-T (ox-
18-PE), and MHC-II (ox-6-PE) (Becton Dickinson); and ana-
lyzed by flow cytometry (FACSCanto IT and Diva software for
the analysis; Becton Dickinson). MSCs were proved to be
multipotent with a conditioning medium: IMDM (PAA) with
20% FBS, 2mM L-glut, 0.05mM B-Mercaptoethanol, 1077
Dexamethasone supplemented with 5pg/mL Insuline for
the adipogenic medium, and 50 ug/mL ascorbic acid 2-P and
10mM B-Glycerophosphate for the osteogenic medium. A
single-cell (MSC or BMC) suspension was prepared in PBS and
maintained at 4°C until the moment of the injection. All ani-
mals received, through the tail vein, 0.5mL of PBS alone
(NT), 0.5% 10° GFP™ cultured MSC (MSC), or 10" GFP™ freshly
isolated BMC (BMC) at the 11th week after kidney transplan-
tation. The timing chosen corresponds to the increasing pro-
teinuria in this model, as previously described [12].

Histological studies

Transversal kidney graft, liver, and spleen slices (1-2mm)
were either fixed in buffered formalin and frozen in optimal
cutting temperature compound or dehydrated and embed-
ded in paraffin. For light microscopy, tissue sections (3-4 um)
were stained with hematoxylin-eosin, periodic acid-Schiff,
and Masson’s trichrom. A pathologist blinded to the treat-
ment groups examined all sections. Glomerulosclerosis
was expressed as a percentage of damaged glomeruli, while
tubular atrophy, interstitial fibrosis, interstitial cell infiltra-
tion, and vasculopathy were graded following a semi-
quantitative scale from 0 to 3 (0, no abnormalities; +1,
abnormalities affecting <1/3 of the sample; +2, between
1/3 and 2/3; +3, >2/3 of the sample). IF/TA was assessed
following the Banff criteria [16].

Immunohistochemistry

Representative tissue sections were immunoperoxidase
stained for connective tissue growth factor (CTGF, rabbit
polyclonal [gG; Santa Cruz Biotechnology, Inc.), alpha-
smooth muscle actin (xSMA, MS-113, Neomarkers; LabVi-
sion Ltd.), CD3 (monoclonal mouse anti-rat, Serotec; Bionova
cientifica), ED1 (Oxford Biomarketing), Ki67 (mouse anti-
rat; BD Pharmingen), and rabbit anti-rat IDO [17] and im-
munofluorescence stained for GFP (ab5450; Abcam) in par-
affin-embedded sections. The CTGF, aSMA, CD3, ED1, and
Ki67 stained samples were revealed with diaminobenzidine
(Sigma-Aldrich) and counterstained with hematoxylin. IDO
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immunostaining was performed as previously described
[17]. GFP was directly observed under fluorescence light
microscopy in kidney, liver, and spleen sections. Positive
CTGFE, aSMA, and IDO samples were semi-quantitatively
scored from 0 to 3 in the tubules, the interstitial compart-
ment, or the glomeruli. Positive CD3, ED1 infiltrating, and
Ki67 tubular cells were quantitatively assessed at least in 20
power fields in a 400 magnification.

Quantification of circulating donor-specific antibodies

The presence of circulating donor-specific antibodies
(DSAs) class-I and class-Il was quantified on recipient serum
samples that were incubated with donor spleen cells and
measured by flow cytometry. Plasma samples were collected
at the moment of sacrifice. Donor splenocytes were isolated
from Fischer-344 or Sprague-Dawley rat spleens by Ficoll®
density gradient and freshly used. Different controls were
added: serum from nontransplanted Lewis rat as naive; se-
rum from a transplanted Lewis rat with high anti-MHC
antibody titer as a positive control.

Briefly, 5x10° splenocytes were incubated with 25 uL of
recipient serum for 30 min at room temperature, washed in
PBS, incubated in the dark (30 min, 4°C) with a 1:25 mix of
anti-CD3 (eBioscience) and anti-IgG Fc portion (Jackson
Immuno Research), fixed with 1% paraformaldehyde, and
analyzed by flow cytometry. A fluorescence increase of 15%
with regard to the negative control was considered positive.
Results were expressed as a percentage of positive cells with
regard to the total number of CD3" spleen cells.

Gene expression assays

Frozen kidney tissue was homogenized in trizol reagent.
Total RNA was extracted and purified using PureLink RNA
mini kit (Invitrogen, Life Technologies). Overall, 500 pg of total
RNA was retrotranscribed with a high-capacity complemen-
tary DNA reverse transcription kit (Applied Biosystems).
Negative controls for reverse transcriptions were carried out
using distilled water. Gene expression of 114 (Rn01456866_
ml), L6 (Rn00561420 m1), [L7 Receptor (Rn01402421 ml),
IL10 (Rn00563409_ml), IL12p40 (Rn00575112_ml), IL15
(Rn00565548_ml), [L.23a (Rn00590334_gl), tumor necrosis fac-
tor alpha (TNFe, Rn99999017_m1}, Fibronectinl (Rn00569575_
ml), Ki67 (Rn01451448 gl), basic fibroblast growth factor
(bFGF, Rn00570809_ml), hepatocyte growth factor (HGE,
Rn00566673_m1), IDO (Rn00576778_m1}), CXCR4 (Rn01483207_
ml), CXCL12 (Rn00573260_m1), Clusterin (Rn00562081_ml),
NGAL (Rn00590612_m1), and kidney injury molecule-1 (KIM-1,
Rn00597703_m1) was performed by Tagman assay in a 7900HT
real-time polymerase chain reaction (PCR) system (Applied
Biosystems) by relative to 185 quantification using the Cy
method. PCR reactions and amplification were performed as
previously described [12]. The gene expression of NT12w kid-
neys was used as reference values. Results were expressed as
many folds of the unknown sample with regard to the reference
value (arbitrary units).

Statistical analysis

Serum creatinine differences at any time point, DSA, gene
expression, and plasma proteins were analyzed by analysis
of variance and subsequent Scheffe’s test. For a histological
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comparison of Banff classification, a Chi Square P value was
calculated from the contingency table. A semi-quantitative
histological evaluation was analyzed through the non-
parametric Kruskal-Wallis test. Two-tailed P<0.05 was
considered statistically significant. Data are presented as
mean + SEM.

Results
MSCs show low immunogenicity

MSCs were isolated by plastic adherence, and the CD45~,
CD1lps , and CD90*, CD73" subpopulation was used for
cell therapy. The multipotentiality of these cells was proved
by their ability to differentiate into adipocytes or osteocytes
(data not shown). They were selected for the therapy given
their low immunogenicity, as they did not express MHC-II
and had a very low expression of MHC-I (Fig. 1A, B). Con-
trarily, BMCs expressed MHC-II and, especially, MHC-L.

Moreover, rats treated with MSCs did not develop cell
DSAs against Sprague-Dawley MHC class I or class II early
post-transplantation, while rats receiving BMCs developed
high levels of DSA against Sprague-Dawley MHC-I within
the first week after a cell injection (Fig. 1C). As expected, NT
rats did not present circulating antibodies against Sprague-
Dawley (data not shown), indicating specificity of the cir-
culating antibodies present in both cell treatment groups of
animals.

MSCs prevent from renal dysfunction

All the animals followed up to 24 weeks post-transplan-
tation survived the study period. As shown in Fig. 2, the
animals that were not treated developed progressive pro-
teinuria and renal insufficiency from the 12th week onward.
In marked contrast, the animals receiving either BMCs or
MSCs therapy had no increase in proteinuria and also pre-
served normal serum creatinine levels.

One week after treatment, there was no difference in
kidney function between PBS and MSC or BMC treatment.

MSCs preserve renal histology along the follow-up

As expected, at 24 weeks, the conventional histology of
NT grafts showed extensive tubular atrophy with wide-
spread interstitial fibrosis and moderate diffuse interstitial
infiltration (Fig. 3). Although those kidney grafts displayed a
diverse degree of damage, most of them showed the highest
IFTA values among the 3 groups of treatment (Mean value:
2.3, Fig. 3A). The MSC grafts displayed a normal histological
picture with minimal tubular atrophy, interstitial fibrosis,
and cellular infiltration (Fig. 3F). This resulted in very low
IFTA scores in this group, contrary to NT (Mean value: 0.4).
BMCs-injected animals presented the most heterogeneous
histological damage distribution with IFTA scores ranging
from 0 to 3 (Mean value: 1.6), significantly higher than
the ones of the MSC group but not lower than the ones of the
NT group.

Even though the 3 groups showed similar initial IFTA at
12 weeks (data not shown), MSC treatment appeared to
decrease the number of infiltrating cells within the first week
after therapy compared with the other 2 groups, and inter-
estingly, BMCs-injected animals slightly increased interstitial
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MHCI MHCII

FIG. 1. MSCs are low-immunogenic cells. Levels of MHC-T (A) and MHC-II (B). MSCs (dashed line) express low levels of
MHCI and are negative for MHC-II, while BMCs (gray line) express high levels of MHC-I and low levels of MHC-II. As a
positive control of MHC-I and MHC-II expression, we used Sprague-Dawley rat splenocytes (black ling). We also quantified
the percentage of DSA against third-party injected cells (MSCs or BMCs) 1 week after the injection (C), and observed no
antibodies in MSC-injected animals (open bars) and positive MHC-T in BMC-injected animals (gray bars) (°P =0.005, °P =0.06).
MSC, mesenchymal stem cell; BMCs, bone marrow mononuclear cells; DSA, donor specific antibody.

infiltrate mainly composed of ED1* macrophages. It is worth
mentioning that the MSC injection prevented the inflam-
matory infiltrate also at 24 weeks and maintained lower
IFTA values until the end of the study, suggesting a pre-
ventive rather than corrective role of this cell therapy.

Although the model is not characterized by severe
vasculopathy, both cellular treatments reduced vascu-
lar damage at 24 weeks, Notably, cellular therapy also
halted the progression of glomerulosclerosis development
(Fig. 3F).
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FIG. 2. MSCs and BMCs prevent from developing late allograft dysfunction. The animals treated with MSCs or BMCs did
not increase the proteinuria levels, reaching significant differences at 20 and 24 weeks when compared with NT animals
(P <0.05). In parallel, serum creatinine levels were nonpathologically maintained in both cell-injected groups (*P<0.05 NT vs.
BMC, *P<0.001 vs. MSC, **P<0.001 NT ve. MSC and BMC). NT, no-therapy.
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A IFTAO IFTA1 IFTA2 IFTA3

s

9]

2

Q

g 0(0%) 0(0%)

d NT BMC MsC
Conventional Histology 12w 24w 12w 24w 12w 24w
Tubular Atrophy 0.1240.12 1.3010.52 0.00£0.00 0.7140.26 0.14£0.09 0.1740.10°
Interstitial Fibrosis 1.00£0.35 1.4010.68 0.50£0.20 0.93£0.35 0.50£0.22 0.33£0.21°
Interstitial Infiltrate 0.88£0.35 0.80£0.30 1.75£0.24 1.21%0.36 0.56£0.17 0.33:0.17°
Vasculopathy 0.12£0.12 0.80£0.29 0.12£0.12 0.21£0.10°* 0.00£0.00 0.4240.24°
Glomerulosclerosis 3134313 40.00 £19.52°¢ 3134313 35743.57* 0.00£0.00 1.79£1.79*
Immunohistochemistry 12w 24w 12w 24w 12w 24w
cp3 9.45£6.38 39.63£9.45 8.29£3.01 42.93+24.21 3.52£1.29% 8.13£0.97°*
ED1 4.35£0.73° 20.95+4.66 11.85+1.87 10.5243.73 5.46£2.08° 5.99£1.70*
DO 0.00£0.00 0.4240.27 0.75£0.14 0.71£0.21 0.3310.21 1.06£0.24*

FIG. 3. Conventional histology. NT animals showed the worst outcome when pathological histology was analyzed (A). Not
only IFTA degree in MSC animals was lower compared with NT animals, but also BMC animals show the worst histological
preservation (P <0.003 vs. NT, P<0.05 vs. BMC). (B) and (C) are representative pictures of the NT kidney at 24 weeks of PAS
and Masson staining, respectively. (D) and (E) show better-preserved and also less fibrotic MSC kidneys at 24 weeks with the
same staining. In (F), we have specified the histological parameters evaluated by a pathologist at 12 and at 24 weeks and
immunohistochemical-staining quantification of lymphocytic (CD3) and macrophagic (ED1) infiltrates (mean positive cells/
field viewed +SEM) as well as semi-quantitative evaluation of IDO expression (score 0 to 3), (*P <0.05 vs. NT group at the
same time point, °P <0.05 vs. BMC group at the same time point, °P <0.05 vs. same group at 12 weeks). IDO, indoleamine 2,3-

dioxygenase; IFTA, interstitial fibrosis and tubular atrophy.

MSCs modulate the immune-inflammatory response

Further immunohistochemical analysis revealed that a
BMC injection immediately recruited increased numbers
of ED17 (macrophages) infiltrating cells with regard to
NT- and MSC-treated animals at 12 weeks (Fig. 3F). At
this time point, MSC therapy reduced the number of
both ED1* and CD3* infiltrating cells not only with re-
gard to the BMC group but also with regard to the NT
group (Fig. 3F), and this observation persisted at 24
weeks. Contrarily, ED1* and CD3" infiltrating cells in
NT animals increased at 24 weeks. BMC-injected animals
maintained the number of infiltrating macrophages over
time and highly increased the number of infiltrating T
lymphocytes.

In accordance, MSC-treated animals showed a reduc-
tion in the parenchymal gene expression of inflammation-
related genes along the follow-up, espedially in IL6,
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IL23o, and IL7R (Table 1), although no differences
were observed in IL15, IL12p40, or IL4 (data not shown).
Furthermore, we also observed an immediate anti-
inflammatory effect of MSC treatment through low gene
expression of TNFo 1 week after cell therapy (NTizy:
1.00£0.00, BMCjay: 0.97£0.23, MSCiay: 0.49%0.10%;
P<0.05 a: vs. NT, b: vs. BMC) along with a long-term
effect on the up-regulation of the anti-inflammatory IL10
at 24 weeks (Table 1).

The immunomodulatory properties of MSC are sup-
ported by the IDO expression. An immunohistochemical
analysis showed an increase of this protein in the MSC
grafts at 24 weeks (Fig. 3F). The gene expression showed a
logarithmic up-regulation a long time after the cell treat-
ment (Fig. 4). In BMC-treated animals, IDO was 10-fold
over-expressed with regard to NT at 24 weeks, but this
was still far under the expression level reached by MSC
treatment.
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TaB1lE 1. GENE EXPRESSION

NT BM MSC

Gene name 12 weeks 24 weeks 12 weeks 24 weeks 12 weeks 24 weeks
Inflammation

Ii6 1.00+ 0.00 1.19+053 1.14+0.40 0.61+0.13% 0.99+0.31 0.58+0.15*

n7r 1.00+ 0.00 1021026 0.83+0.18 0.79+0.17 0.98+0.21 0.58 +0.14*

1123a 1.00+ 0.00 0.8210.11 0.87+0.23 0.653 +0.284 0.77 £0.79 0.55+0.38%

nio 1.00+0.00 0.93+0.38° 0.95+0.26 0.68+£0.21 0.51+0.13 1.03+0.37°
Fibrosis

WFGF 1.00+ 0.00 1.14+0.22 0.66+0.22 0.51+0.21* 0.41+0.06* 0.59+0.14*
Fibronectin 1.00+ 0.00 0.42+0.15° 0.6410.14 0.41+0.14 0.43+0.10* 0.59+0.14%
Homing

Cxcl12 1.00+ 0.00 0.51+0.15° 0.40+0.053* 0.57 +0.05 0.44 +0.036* 0.43+0.04

Cxcrd 1.00+0.00 0.52+0.13° 0.66+0.22° 0.37+0.07 0.4+0.09* 0.31+0.02

Immunomodulation of gene expression analysis of the grafts at 12 and at 24 weeks shows a modulation in the immune response. Results
are presented as folds versus NT 12 weeks. We observe a decrease over time in the inflammatory cytokine levels in MSC-treated animals,
along with an increase in the anti-inflammatory cytokine IL10. Fibrosis gene expression analysis {expressed as many folds over NT12 weeks}
revealed an early effect of MSC therapy, decreasing the expression of profibrotic genes. At 24 weeks, we only observe differences at a gene
level in the expression of basic fibroblast growth factor. On the other hand, at 12 weeks, the ssion of homing genes CXCL12 and CXCR4

was dawn‘r%ti‘]med in both treated groups, and no differences were observed at 24 weeks ("P<0.05 vs. NT group at the same time point,

PP <0.05 vs.

C group at the same time point, “P<0.05 vs. same group at 12 weeks).

MSC, mesenchymal stem cell; BMC, bone marrow mononudclear cell; NT, no-therapy.

MSCs prevent from anti-donor-specific
humoral responses

Without treatment, at 12 weeks, transplanted animals
developed kidney DSAs against Fischer-344 MHC class I
(DSA-T) but not against MHC class II (DSA-IL, below 15%).
Both DSA-I and DSA-I levels significantly increased over
time in these NT animals.

MSC or BMC cell injections had a different effect in the
development of DSA. The BMC animals presented DSA-I
levels similar to NT rats and higher levels of DSA-IL
In contrast, MSC treatment protected from DSA-I and
DSA-II development at 12 weeks, and despite increasing
over time, at 24 weeks, both DSA-I and DSA-II levels were
still considerably reduced compared with NT animals
(Table 2).

TasLE 2. MesencHYMAL STEM CELLS INJECTION REDUCES

16408 Ipo Kipney DoNor-SPECIFIC ANTIBODY LEVELS
ab % F344 DSA-T
1E+05
12 weeks 24 weeks P
1E+04 NT 54.3+19.9 86.1+2.284 0.043
BMC 65.81135 46.8+15.5% NS
MsC 16.1+5.25° 35.1+15.9* NS
1E+03
% F344 DSA-I
12 weeks 24 weeks P
1E+02
NT 8.87+49 316152 0.03
BMC 224+66 17.1t6.1 NS
1E401 - MsC 16+1.2° 15.5+7.1° NS
The presence of circulating DSA class-1and class-1l was quantified
1E+00 & on recipient serum samples incubated with kidney donor (F344)

12w 24w

FIG. 4. IDO gene expression. The gene expression of IDO
in transplanted kidneys was analyzed by quantitative poly-
merase chain reacion Results are normalized by the ex-
pression of housekeeping gene 185 and ssed as many
folds of the NT at 12 weeks (y axis). MSC-treated animals (-0-)
have increased the levels of IDO at 12 weeks that signifi-
cantly increase at 24 weeks with regard to BMC treatment (-
x-) and NT kidneys (-A-) (*P<0.05 vs. NT, ®P< 0.05 vs. BMC).
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spleen cells and measured by flow cytometry. A fluorescence
increase of 15% with regard to the negative control was considered
positive. Results were expressed as a percentage of positive cells
with regard to the total number of CD3* spleen cells. DSA titters
were analyzed by analysis of variance followed by Scheffe's test.
MSC treatment protects from developing DSAs from 1 week after the
injection {12 weeks) and at 24 weeks. The BMCs injection has a
different reaction, increasing the DSAs at 1 week after cell transplan-
tation and mainta them along with time.

2P<0.04 versus NT, PP — 0.06 versus BMC; °P—0.06 versus NT.

DSAs, donor specific antibodies.
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MSCs abrogate the onset of parenchymal fibrosis

At 12 weeks, no histological differences were observed in
the conventional histology (Fig. 3F) or in the immunohisto-
chemistry (IHC) of fibrosis markers (Fig. 5A) among the 3
groups. Nonetheless, the effect of MSC cell therapy was re-
flected at a gene level in the down-regulation of bFGF and
fibronectin gene expression 1 week after the cell injection
(Table 1). At 24 weeks, the expression of fibronectin was
equivalent in the 3 groups of study, but bFGF gene expres-
sion was still significantly lower in MSC and also in BMC
animals compared with NT (Table 1).

At 24 weeks, a conventional histology evaluation showed a
dramatic decrease in the glomerular and interstitial fibrosis in
MSC-treated animals compared with NT (Fig. 3F). This effect is

7

accompanied by a lower CTGF protein expression in both
tubuli and glomeruli, in the MSC-treated kidneys. BMC treat-
ment also reduced CTGF expression, only in the tubuli, al-
though remaining significantly higher than MSC kidneys (Fig.
5). A similar pattern of reduced oSMA protein expression was
observed in both glomeruli and interstitium, as shownin Fig. 5.

Cell homing is not enhanced by cell therapy

The expression of the cell homing genes (Cxcl12, Cxcrd) in
the renal parenchyma was down-regulated at 12 weeks in
both MSC and BMC groups, although at 24 weeks, these
differences had already disappeared (Table 1).

On the other hand, the presence of injected MSC or BMC
cells within renal, hepatic, and spleen parenchyma was

A
NT BMC MsC

12w 24w 12w 24w 12w 24w
CTGF
Tubuli 0.9240.27 2.58£0.27 0.62+0.12 1.79+0.26* 0.25£0.17 0.7£0.15 »b
Glomeruli Z 1.67 £0.36 - 1.4310.23 & 0.4310.17 **
asMA
Tubuli 0.67£0.17 1.50£0.43 0.87£0.43 044+0.17 0.30£0.20 0.501£0.26
Glomeruli 0.83+0.10 201045 0.50£0.29 1.0£0.33 0.20+0.12 0.62+0.26*
Interstitial 1.084+0.20 2171048 0.62+0.24 0.69+0.25* 0.50£0.22 0.35+0.60°*

FIG. 5. Parenchymal fibrosis. (A) shows the semi-quantitative analysis of CTGF and «SMA tissular expression (score 0 to 3).
We observe lower oSMA parenchymal expression in MSC compared with NT at 24 weeks, and also lower CTGF tubular and
glomerular expression when compared with both NT and BMC groups (*P<0.05 vs. NT group at the same time point,
PP <0.05 vs. BMC (group at the same time point). (B) depicts representative histological slides from all groups stained for

aSMA and CTGF
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400 magnification). CTGF, connective tissue growth factor. ®SMA, alpha-smooth muscle actin.
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assessed not only by direct GFP™ observation on frozen tis-
sue but also by the enhancement of GFP by specific im-
munostaining in either frozen or paraffin-embedded tissues.
We could not find GFP* cells in any parenchyma either early
after cell infusion at 12 weeks or lately at 24 weeks, in any of
the treatment groups (data not shown).

MSC therapy prevents injury

We stained tissue slides for Ki67 to check whether these
protected tissues would show a higher number of positive
proliferating tubular or glomerular cells. No differences were
observed between the 3 groups of treatment neither at 12 nor
at 24 weeks. A further analysis of the gene expression of Ki67
also showed no differences at 24 or at 12 weeks between any
of the groups (Fig. 6).

When we checked for the expression of other genes in-
volved in tubular damage and regeneration after injury such
as Haverl (Kim-1), Len2 (NGAL), Clu (Clusterin), and HGF,
the results were completely different. The expression of these
genes was only up-regulated in the NT group both at 12
and/or at 24 weeks; meanwhile, both cell treatments abro-
gated the over-expression in time in these 3 genes. On the
contrary, the dynamics of HGF was somewhat different,
showing an initial increase in NT animals and a decrease
over time in all groups.

Discussion

In this study, we observed for the first time the long-term
beneficial effect of the MSC injection in a well-described
CAN model. The rationale of using MSCs in this setting rose
from the proposed immunomodulatory and remodelative
properties of these cells [8,18]. In this model, these properties
would help decrease the immune infiltrate, enhance renal
parenchyma regeneration, and, therefore, counterbalance
the fibrotic and inflammatory-driven chronic injury pro-
cesses [1]. Our experience shows that an injection of MSCs or
BMCs serves as protection from the development of pro-
teinuria, glomerulosclerosis, and vasculopathy, typically
observed in CAN, and also maintains stable function; albeit
only MSC-injected animals showed decreased numbers of
infiltrating cells, a fully preserved parenchyma structure, and
were protected from developing graft fibrosis with a very
homogeneous effect. However, we could not find any sign
of kidney regeneration or homing of the injected cells in
the graft.

Our main contribution to the success in the treatment of
the CAN is the timing of the therapy, which leads to a
complete prevention or protection of the graft 24 weeks after
transplantation. A recent report from a clinical trial treating
at the early stages after transplantation [19] showed the
unexpected deleterious short-term effects of MSC therapy.
We chose a later time after transplantation, as we and others
[20] have shown a second deletetious inflammatory wave
that leads to chronic tissue fibrosis. This type of approach has
proved successful in our group with the use of HGF gene
therapy [1].

An important point that needs to be addressed is the fact
that we did not detect any of the injected MSCs 7 days after
the therapy. As other authors have reported [21] those cells
get trapped in the lungs within hours, and no cells or fluo-
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rescent signal is detected 3 days after the injection, suggest-
ing that allogeneic MSCs die in the lungs early after the
injection or are cleared from the circulation by immune cells.
However, we know that the injected cells are low MHC class
I expressers and MHC Class II negative before the injection,
which theoretically makes them immune privileged to
clearance by the adaptive immune system although more
susceptible to the innate immune system. We cannot confirm
whether there is a phenotypic change after an injection, as
some authors have proved both MHC [ and MHC II up-
regulation after IFNy stimulus in vitro [22]. However, the
fact that the MSC-injected animals do not generate specific
antibodies against the 3rd party cell donor, contrary to what
happens in the BMC group, confirms that MSCs are not re-
jected by the recipient. Another option that should be con-
templated is the possibility of MSCs being eliminated by
CD8 T cells, as has been reported in vitro [23].

The use of BMCs as a therapeutic tool in solid organ
transplantation had been already attempted in experimen-
tal [9] and clinical models [24] with very good results as a
pro-tolerogenic agent. More recently, it has been suggested
that whole BMCs would be more efficient in comparison to
MSCs in the reduction of the progression of chronic kidney
[9] and heart [25,26] diseases. We, therefore, injected whole
BMC as a control group to MSC therapy. Since whole BMC
includes MSCs, they represent a better control than sham
injections.

Gene expression gives us a more precise insight of the
immune regulation while observing a decreased expression
of inflammatory genes with a clear down-regulation over
time, and an increased expression of anti-inflammatory and
immunosuppressive genes. [DO appears to be a key factor in
this regulation, as it is highly up-regulated in MSC-treated
animals. [DO can block activation of T cells, which are par-
ticularly sensitive to loss of tryptophan [27]. Notably, IDO is
needed to prevent T-cell-mediated rejection [28,29], and it
has been shown to be responsible, at least in part, for the
induction of kidney allograft tolerance through the genera-
tion of regulatory T cells in a mouse model of acute allograft
rejection [2] and in a solid organ transplantation model, be-
ing also required for organ acceptance [30].

MSC cell therapy served as a protection not only from
inflammatory cellular infiltrate but also from humoral re-
sponses. This is in tune with in vitro findings [31] show-
ing how MSC suppress allo-specific antibody production by
B cells. Interestingly, BMC therapy rapidly increases circu-
lating alloantibodies specific against the cell donor along
with an increase in circulating alloantibodies against the
kidney donor.

Along with this cellular and humoral anti-inflammatory
effect of the MSC early after treatment, we observe a gene
modulation of pro-fibrotic genes. Shortly after the injection,
MSCs show the ability to down-regulate bFGF and fibro-
nectin, while without them, treatment would be increased.
The down-regulation of fibronectin at the onset of the fibrotic
process and the effective long-term down-regulation of bFGF
are unequivocal signs of fibrosis inhibition or protection
from damage by the treatment [32,33]. At 24 weeks, the anti-
fibrotic effect may be seen in conventional histology and IHC
with a significant decrease in CTGF and aSMA.

Interestingly, this effect was maintained along with time,
although the cells were found neither at 24 weeks nor 1 week
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FIG. 6. Renal regeneration. Ki67 immunostaining of tubular epithelial cells (bars chart) was quantitatively assessed and
expressed as mean of positive cells/per field viewed, and showed no differences between the groups at 12 or at 24 weeks,
Gene expression of Ki67 shows slightly less expression at 12 weeks in the MSC group compared with the BMC group.
Damage/proliferation markers as Kim-1, NGAL, and Clusterin show a dramatic increase in NT compared with MSC- and
BMC-injected animals. HGF show the opposite pattern but again confirming no regeneration in the cell treatment group
(*P<0.05 vs. NT group at the same time point, °P<0.05 vs. BMC group at the same time point, “P <0.05 vs. same group at 12
weeks). HGF, hepatocyte growth factor; KIM-1, kidney injury molecule-1.

after the injection. CXCLI12 expression has been widely
shown to play a role in the mobilization and homing of
CXCR4" cells enhanced by tissue injury or DNA damage
[34,35]. Since the expression of these 2 factors is only early
enhanced in the non-MSC-treated groups, it gives strength to
our idea of injury blockage by the cell therapy.
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As a last step, we aimed at testing tissular regeneration. It
remains controversial whether the differentiation of MSCs is
produced, as some authors have localized injected MSC in
chronic injury models and reported a regenerative effect [10],
but they have not been able to observe kidney structures or
cells derived from the injected MSCs. In our model, although
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we were expecting a pro-regenerative effect, we have ob-
served neither the differentiation of injected MSCs in the
renal parenchyma similar to that proposed by some authors
nor the enhancement of regeneration. Since we have not
detected the injected MSCs in the renal parenchyma or in
liver or spleen, we cannot contribute to this subject.

Moreover, we observed a decreased expression of Kim-1,
NGAL, clusterin, and HGF. The expression of these genes
has been used as a biomarker of acute kidney damage
and is also related to the regeneration to overcome injury
[36-40]. Both cell treatments show no increase in the ex-
pression of these 4 genes in time along with a conserved
parenchyma, indicating a prevention of the damage settling
and again corroborating the idea of injury blockage by the
MSC therapy.

In summary, we have observed a therapeutic effect of
MSC attenuating the progression of CAN when this process
is already in progress. This beneficial effect observed seems
to be attributable to the immunomodulatory properties of
MSCs, which rather than promoting tissue regeneration
prevent the onset of the disease.
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