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1 INTRODUCCIO

1.1 Cel-lules Dendritiques.

Tot i haver-se observat per primera vegada a la pell com a cél-lules de
Langerhans fa més de 140 anys, el descobriment real de les cel-lules dendritiques es va
produir com a conseqliencia de la recerca al voltant del concepte d’immunogenicitat;
és a dir, la capacitat d’un antigen de generar una resposta immunitaria. Un fet cabdal
en aquesta recerca va ser la primera generacio in vitro d’anticossos, front eritrocits de
diverses espécies usant una suspensié de cél-lules de mesa de ratoli (Mishell y Dutton,
1966). Ben aviat es va observar que per a generar la resposta immunitaria es requerien
“cél-lules accessories”, gran part de les quals eren macrofags (Mosier, 1967). Va ser un
analisi més exhaustiu d’aquestes cel-lules el que va posar de manifest |'existéncia
d’una poblacié cel-lular de forma estrellada, amb caracteristiques de moviment
Uniques, expandint i contraient les seves dendrites de forma constant. Aquesta nova
poblacié es va demostrar diferent de limfocits o macrofags , batejant-se com a cel-lules
dendritiques (Steinman y Cohn, 1973, 1974), del grec dendron, és a dir amb forma
d’arbre (Steinman, 2007). En la época discutida la seva rellevancia degut a la seva poca
presencia en comparacid amb altres poblacions, les cél-lules dendritiques es varen
mostrar de 100 a 1000 vegades més potents que cel-lules totals de melsa per iniciar
respostes immunitaries (Steinman y Witmer, 1978). Aquest fet, conjuntament amb la
observacid que les cel-lules dendritiques eren capaces tant d’iniciar respostes
citotoxiques com la produccié d’anticossos (Nussenzweig et al., 1980; Inaba et al.,
1983), va confirmar que la funcid d’aquesta poblacié cel-lular era la presentacié

antigénica, en una potencia i qualitat no igualables per altres tipus cel-lulars.

1.1.1 Programa de maduracio de la cel-lula dendritica

La funcié de les cél-lules dendritiques requereix una distribucié tissular molt
concreta. Aixi, les cél-lules dendritiques es situen estrategicament en llocs anatomics
d’alta exposicio antigenica, com ara la dermis, les diferents mucoses de |'organisme o

la melsa (Villadangos y Heath, 2005). La rad d’aquesta distribucié és I'establiment
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d’una eficient xarxa de filtratge de qualsevol antigen possible que pugui entrar a
I'organisme. Ja als anys 80 es va observar que les cél-lules dendritiques podien
presentar dos estats, amb diferéncies molt marcades en la seva capacitat
immunoestimuladora (Schuler y Steinman, 1985; Inaba etal.,, 1986). Actualment
aquests dos estats es coneixen com a cel-lula dendritica immadura i madura,

respectivament.

Les cél-lules dendritiques immadures son cel-lules especialitzades en detectar i
capturar antigen. Amb aquesta finalitat, continuament fagociten antigens, propis o
externs i mostren processos constitutius de macropinocitosi (Guermonprez et al.,
2002; Norbury, 2006), arribant a processar fins al 40% del seu volum en liquid
extracel-lular cada hora (Norbury, 2006). Aquesta capacitat de fagocitosi és cabdal per
a processar i carregar péptids als complexes majors d’histocompatibilitat o MHC,
molecules encarregades d’exposar i presentar mostres dels antigens processats.
Aquest procés de captura d’antigen comporta l'inici d’un programa de maduracio,
mitjangant el qual s’incrementa gradualment I'expressi6 de molecules MHC-II, i
molécules co-estimuladores com ara CD80 o CD86, critiques per a permetre I'activacié

de les cél-lules T (Reis e Sousa, 2006).

Donat que la captura d’antigen no és selectiva, és a dir no pot distingir entre
antigens propis o externs, la cel-lula dendritica expressa un seguit de receptors
capacos de detectar estructures moleculars associades a patogens (PAMPS). Aquests
inclouen els Toll-like Receptors (TLR), Nod-like Receptors (NLR) i receptors de tipus
lectina-C (CLR) entre d’altes (van Vliet et al., 2007). Globalment, aquests receptors
reconeixen lipopolisacarids bacterians (LPS), acids nucleics virals, acids lipoteicoics,i
carbohidrats entre d’altres, estructures Unicament presents en bacteris, fongs o virus.
La interaccié de PAMPS amb aquests receptors, resultara en I'activacio de la cél-lula
dendritica immadura i la secrecid de citocines pro-imflamatories com ara IL-18, TNF-a
o IL-6. Aquestes citocines poden actuar de forma tant paracrina com autocrina,
amplificant el procés de maduracié de la cél-lula dendritica immadura o iniciant la
maduracié de cél-lules dendritiques veines. Es de destacar que la preséncia de PAMPS

és indispensable per activar certs aspectes del programa maduratiu de les cel-lules
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dendritiques, com ara la secrecié de IL-12, citocina de polaritzacié cap a Thl (veure
més endavant) (Macagno etal., 2007). A més, els gens per a diferents citocines
s’expressen de forma transitoria i amb una cinética molt determinada, indicant la
necessitat d’una correcta integracio i coordinacié de diferents tipus de senyals. Aixi per
exemple, I'expressio i secrecido de TNF-a s’assoleix en 3 hores, mentre que la d’IL-6, IL-

10 0 IL-12 pot tardar entre 6 i 18h després de I’estimul (Langenkamp et al., 2000).

Per altre banda, no només les estructures associades a patogens activen la
maduracié de les cél-lules dendritiques; fenomens endogens associats a dany tissular o
cel-lular també sén sensats per les DCs. Aixi, processos de necrosi cel-lular alliberen
proteines i acids nucleics normalment no exposats al medi extracel-lular que seran
detectats per la cél-lula dendritica com a senyals de perill o “alarmines” (Bianchi,
2007). Exemples d’alarmines poden ser la proteina HMGB1 (Yang etal., 2012),
proteines de xoc térmic (HSPs) o lactoferrina (Spadaro et al., 2008; de la Rosa et al.,
2008). Per altre banda, acids nucleics com I'acid udric i I'ATP séon també pro-

inflamatories i actuen atraient cel-lules del sistema immunitari (Elliott et al., 2009).

Una vegada ja iniciat el programa de maduracié de la cel-lula dendritica,
aquesta inicia la seva migracié cap a ganglis limfatics, zona on es donara la presentacio
antigeénica a limfocits naive. Aquest procés es troba guiat per gradients de quimiocines
com CCL19 i CCL21, que actuaran a través del receptor CCR7 (Forster etal., 1999,
2008). La iDC, per tant iniciara I'expressié d’aquest receptor, sent aquesta expressio
caracteristica de la maduracio de la cel-lula dendritica e indicativa de la seva capacitat
de migracié. A més, cel-lules immunitaries activades tant innates (cél-lules NK) com
adaptatives (limfocits T o B) reclutades als llocs de captura antigénica poden reforcar
la maduracié de la cél-lula dendritica, per exemple mitjancant interaccions entre el

CD40 (en dendritica) i el seu lligand CD40L en limfocits (Elgueta et al., 2009).

Per tant, les iDCs a més de la captura d’antigen son plataformes d’integracié de
diferents tipus de senyals (veure figura 1), que modularan el programa de maduracid,
una forma d’aportar informacié sobre el tipus d’antigen i les condicions del teixit en el

gue es troba aquest antigen (Macagno et al.,, 2007). Aquesta informacid és vital per
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generar una resposta immunitaria coordinada, especifica i adequada a cada patogen

en el moment que aquest apareix.

PAMPS
LPS, CpG, dsRNA, MDP

Citocines k/ Senyals de Perill
TNF, IFN, IL-6, IL-1B l / (\ Acids nucleics, Acid uric, HSPs

‘ 4

Sistema Adaptatiu

/7 Sistema Immunologic Innat
Cel-lules T, B, NKT, CD40L

\ Cel-lules NK, neutrofils, Defensines

K/

—
* +MHC

* + Coestimul: CD80,
CD83, CD86, CD40
* +CCR7

Programa de Maduracié * Migracié a ganglis

Aprox: 6000 gens - limfatics
*  Produccio citocines:

IL-12, IL-23 ,IL-6,
TNF, IL-1, IL-10.
* - Fagocitosi i
captura d’antigen

Figura 1: Integracio de diferents senyals i maduracié de la dendritica
Modificat de (Macagno et al., 2007)

1.1.2 Cel-lula dendritica madura. Presentacid antigénica i senyals

coestimuladores.

La migracié de la cél-lula dendritica a ganglis limfatics és clau, ja que possibilita
la presentacié d’antigens periferics a limfocits T Naive. Classicament les molecules del
MHC de classe Il son usades per a la presentacié d’antigens extracel-lulars als limfocits
T CD4", mentre que les molécules del MHC de classe | carreguen péptids provinents del
citoplasma cel-lular presentant-los a limfocits T CD8". No obstant, en els darrers anys
s’ha anat coneixent que antigens extracel-lulars també poden ésser carregats a

molécules del MHC tipus |, obtenint aixi respostes CD8*. Aquest fenomen es coneix
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com a presentacié creuada (Shen y Rock, 2006; Basta y Alatery, 2007). També s’ha
evidenciat la possibilitat de que cél-lules dendritiques capturin complexos MHC-péptid
sencers presents en la membrana d’una tercera cel-lula, amb la capacitat d’usar-los per
a una posterior presentacié antigénica (Wakim y Bevan, 2011). Aquests processos

confereixen nivells addicionals en la qualitat de la resposta immunitaria.

Per a activar les cél-lules T naive, es requereixen un minim de dos estimuls per
part de la cel-lula dendritica: el complex MHC-péptid i una senya co-estimuladora (Fujii
et al., 2004). Aquest és un mecanisme de proteccié davant la eventualitat de que una
presentacié d’un antigen propi trobi un limfocit T autorreactiu que hagi escapat els
mecanismes de tolerancia central al tim. Aixi, normalment la presentacié d’antigens
propis es fa en absencia de senyals co-estimuladores per part de la dendritica, com a
resultat d’una captura antigénica en abséncia de senyals de perill. Aquesta cel-lula
dendritica esdevindra tolerogénica (Hawiger etal., 2001; Steinman etal., 2003),
proporcionant al limfocit T senyals d’apoptosi, d’anergia o estimulant la generacio de
cél-lules T Reguladores (Treg). Aquest procés forma part del mecanisme de tolerancia
periférica, en el qual la cel-lula dendritica juga un paper clau per a evitar respostes

autoimmunitaries.

De la mateixa manera, per a la correcte activacio de limfocits T davant antigens
externs la cel-lula dendritica necessita expressar un minim de senyals coestimuladores
gue reforcin la presentacio antigénica. Un exemple de molecules coestimuladores és la
familia B7/CD28 (Greenwald et al., 2005). Membres d’aquesta familia com ara CD80
(B7-1) o CD86 (B7-2) expressats en la cél-lula dendritica poden interactuar amb CD28 o
CTLA-4 en la superficie del limfocit, donant lloc a senyals positives o negatives per a la
activacidé limfocitaria, respectivament (Sharpe y Freeman, 2002). Altres membres
destacats d’aquesta familia sén PD-1, i els seu lligands PD-L1 i PD-L2. L'expressi6 dels
quals és forca amplia i no sembla restringida al sistema immunitari. Les interaccions de
PD-1 amb els seus lligands resulten inhibitories per a I’activacido limfocitaria,
contribuint per tant a I'homeostasi del sistema (Keir etal.,, 2008), resultant
beneficioses per evitar situacions d’autoimmunitat i alhora perjudicials per a la

resolucié de certes infeccions croniques (Sharpe et al., 2007). Una altre gran familia de
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receptors coestimuladors és la representada pels membres de la familia del TNF/TNFR
(Watts, 2005). La interaccidé entre els membres d’aquesta familia és capac¢ de reclutar
la proteina adaptadora TRAF i conseqliientment la via d’NF-KB. Entre els membres més
destacats d’aquesta familia es troben el CD40/CD40L, OX40/0X40L, o CD27/CD70,
interaccions positives per a I'activacio de la resposta immunitaria. Tal i com passa amb
la familia B7/CD28, certes interaccions de la familia TNF/TNFR resulten inhibitories per
a l'activaci6 immunitaria, com ara les generades pels receptors GITR/GITRL.
Globalment, les interaccions coestimuladores confereixen una regulacid molt fina de
I'activacié limfocitaria, integrant multiples senyals tant activadores com inhibidores de
forma sequiencial al llarg de la resposta immunitaria (Macagno et al., 2007; Zhu et al.,
2011). Aquest procés és clau per tant, en la magnitud relativa de céel-lules efectores,
memoria (Boesteanu y Katsikis, 2009) i reguladores (Hinterberger et al., 2011) que es

generaran davant un antigen concret.
1.1.3 Activacio de la cél-lula T i polaritzacio de la resposta immunitaria

A més de I'antigen i el global de senyals coestimuladores, la tercera senyal
indispensable per a una activacié immunitaria adequada al patogen que |’ha generat és
una correcte secrecié de citocines per part de la cél-lula presentadora d’antigen.
Aquest fet és clau, ja que diferents citocines promouran habilitats efectores diferents
en les cel-lules recentment activades. Actualment es diferencien 3 grans tipus de
respostes efectores diferents per als limfocits T CD4"; Th-1, Th-2 i Th-17, conjuntament
amb una de reguladora (Zhu y Paul, 2008) (veure figura 2). Classicament, s’han
considerat els antigens citosolics (virus i patogens intracel-lulars) com a inductors de
respostes Th-1. Aixi certes senyals (TLR concrets, CD40L o preséncia d’'IFN- a o IFN-y)
estimula la produccié d’IL-12 per part de la cél-lula dendritica. La IL-12 aixi produida
induira la secrecié d’ IFN-y per part de macrofags i cél-lules NK. Les cél-lules CD4"
activades en presencia d’IL-12 i IFN-y, incrementaran I'expressido del factor de
transcripcié T-bet (Szabo et al., 2000) clau per a la secrecié d’IFN-y per part de les

propies cel-lules T i a per a desenvolupar una resposta Th-1 (Zhu y Paul, 2008). Aquest

tipus de resposta és especialment efectiva davant virus o micobacteries per exemple,
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activant el canvi de classe en cél-lules B cap a la produccié d’IgG i afavorint respostes

CD8 citotoxiques.

Patogens extracel-lulars, especialment parasits, inicien majoritariament
respostes de tipus Th-2. Per a la polaritzacié de limfocits CD4" naive cap a aquest tipus
de resposta son necessaries les accions de les citocines IL-4 i IL-2. Aquestes citocines,
mitjangant Il'acci6 dels factors de transcripcid Stat6 i Stat5, respectivament
consolidaran I'expressié de GATA-3, principal regulador de la polaritzacié a Th-2.
Cel-lules CD4 aixi polaritzades produiran IL-4, IL-5, IL-9,IL-10 i IL-13 entre d’altres,
afavorint la produccié d’IgE, i activant basofils eosinofils i mastocits. Aquest tipus de
resposta capacita I'organisme per rebutjar infeccions parasitaries (Zhu y Paul, 2008;

Pulendran et al., 2010).

Per altra banda, un nou tipus de resposta immunitaria s’ha observat davant
estimuls provinents de fongs o bacteris extracel-lulars. Aquest tipus de resposta
s’anomena Th-17, ja que es caracteritza per la secrecié d’aquesta citocina. Recentment
s’ha vist que el factor de transcripcié RORy és indispensable per a la diferenciacié de
cél-lules Th-17 (lvanov et al., 2006). Tot i certes divergencies sobre el paper relatiu de
TGF-B i IL-1B (Acosta-Rodriguez et al., 2007; O’Garra etal., 2008), aquestes dues
citocines en concert amb IL-6 o IL-21 (totes dues activen Stat3) son claus per a la
diferenciacié cap a Th-17. A més la citocina IL-23, és necessaria per a amplificar o
mantenir aquesta polaritzacio. Aquesta resposta sembla important per a la immunitat

en mucoses (Kolls y Khader, 2010), induint canvis de classe a IgA (Jaffar et al., 2009).
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Figura 2: Polaritzacio de la resposta immunitaria
Modificat de (Laurence y O’Shea, 2007; Zhu et al., 2010)

1.1.4 Cél-lules T reguladores (Tregs)

Tot i que fa temps que es va descriure la capacitat de certes cél-lules T per a
suprimir respostes immunitaries involucrades en fenomens d’autoimmunitat
(Sakaguchi et al., 1985, 1995), no ha estat fins I'Gltima década que s’ha caracteritzat i
reconegut aquesta poblacid. Aixi s’ha descrit que un factor de transcripcié necessari i
suficient per a la funcid supressora és FoxP3 (Hori et al., 2003; Fontenot et al., 2003).
Les cel-lules reguladores sén capaces d’inhibir les respostes immunitaries mitjancant
diversos mecanismes. El primer grup de mecanismes és contacte depenent, i inclou
I'expressié de receptors immunosupressors com CTLA-4 o LAG3 o la induccié
d’apoptosi en les cél-lules diana mitjancant I'expressié de CD95 o granzima B
(Sakaguchi et al.,, 2010). L'altre grup de mecanismes inclou la secrecié de factors
solubles com citocines supressores (IL-10, TGF-B) o la deplecié d’IL-2 del medi
(Sakaguchi etal.,, 2010). Els diversos mecanismes immunosupressors poden anar
dirigits tant a cel-lules T efectores, dendritiques (Onishi et al., 2008) o d’altres cél-lules

efectores com ara les NK. Finalment, cal destacar que es distingeixen dos grans grups
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de cel-lules reguladores. Les “naturals” s’originen en el tim com a una subpoblacié més
de limfocits T madurs, perd amb una funcié tolerogenica molt concreta (Sakaguchi,
2004; Hsieh et al., 2012). Per altre banda, davant la presentacié d’antigens externs per
part de la cél-lula dendritica i la posterior activacié de limfocits T especifics també es
genera una petita poblacié de limfocits T reguladors (Walker et al., 2003). Aquests
Tregs “induits” contribuiran a I’homeostasi del sistema immunitari un cop I'antigen o el
patogen hagi estat eliminat, minimitzant els riscos d’una resposta immunitaria
excessiva. Certes condicions i senyals durant la presentacié antigenica, com ara el TGF-
B, una estimulacié suboptima del TCR i certes senyals co-estimuladores s’han vist
capaces de promoure la induccié d’aquesta poblacié (Bilate y Lafaille, 2012). El
correcte balang entre una resposta efectora i una reguladora esdevindra cabdal per a
resoldre adequadament processos d’infeccid, ja que respostes amb una component
efectora o reguladora excessiva poden resultar en autoimmunitat o la no resolucié de

la infeccio, respectivament (Mills, 2004).
1.1.5 Subpoblacions de cél-lules dendritiques

Les cel-lules dendritiques conformen un grup molt heterogeni de cél-lules amb
diferent expressidé de receptors de membrana, diferent localitzacio tissular i
presentacio antigénica (veure taula 1). Existeixen a més, diferencies importants entre
el model animal més estudiat (el ratoli) i I'ésser huma en quan subtipus de cél-lules

dendritiques (Mestas y Hughes, 2004).
1.1.5.1 Subtipus de dendritiques en sang.

Podem distingir 2 grans grups de dendritiques circulants: les d’origen mieloide
(anomenades també convencionals o cDC) i les plasmacitoides (pDC) (Palucka et al.,
2010; Belz y Nutt, 2012). Es un grup cel-lular escas, representant com a molt un 2% del
total de cel-lules en sang periférica. Aixi, les cDC es caracteritzen per la expressio o bé
de CD1c (BDCA-1) o de CD141 (BCDA-3) (Dzionek et al., 2000). Aquestes cél-lules sén
potents en la seva capacitat de presentacié creuada, tenen una elevada capacitat
migratoria i generen bones respostes CD8". En general deriven de precursors en els

mateixos teixits periférics, on constantment busquen antigen i circulen a través dels
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aferents limfatics fins als ganglis. Per altre banda, les pDCs expressen CD303 (BDCA-2) i
grans quantitats del receptor d’IL-3 (CD123) (Cao etal.,, 2006) i excel-leixen en
respostes antivirals via TLR-7 i 9, produint elevades quantitats de IFN de tipus I. Es
postula que en abséencia d’estimuls poden ser grans inductores de tolerancia.
Finalment també sén claus en I'activacié de cél-lules B per a la produccié d’anticossos

(Jego et al., 2003).
1.1.5.2 Cél-lules dendritiques residents en organs limfoides i pell.

Certes subpoblacions de dendritiques no s’ajusten al model classic de captura
d’antigens en periféria i migracié a ganglis. Aixi, existeixen dendritiques d’origen
limfoide, residents Unicament en organs limfoides com ganglis, tim o melsa que actuen
presentant els antigens que arriben a aquestes localitats. Finalment, les cel-lules de
Langerhans corresponen a dendritiques d’origen mieloide que resideixen a la pell, pero
que migren a ganglis limfatics davant la captura antigenica (Chorro y Geissmann, 2010;

Hoeffel et al., 2012).

1.1.5.3 Cél-lules dendritiques derivades de mondcit (CDDM) com a model de

dendritica mieloide.

El cultiu de monocits en preséncia de les citocines IL-4 i GM-CSF resulta en la
diferenciacié d’aquests monocits cap a cél-lules dendritiques immadures. La dificultat
d’obtenir dendritiques directament de sang periférica i la senzillesa del model ha fet
que aquest protocol s’hagi usat de forma massiva els ultims anys. Recentment, a més,
s’ha vist que aquest fenomen té lloc in vivo. En condicions inflamatories certes
poblacions de monocits son reclutades a diferents teixits com a precursors de cel-lules
dendritiques (Mildner et al., 2007; Cheong et al., 2010; Ginhoux et al., 2006). Aquest
fet, pero, podria restringir la validesa d’aquest model a situacions d’inflamacid, no

reproduint tant fidelment les funcions de la dendritica en estats no inflamatoris.
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Taula 1: Tipus de dendritiques humanes

DCs Plasmacitoides DCs Mieloides Cels. DCs Intersticials CDDM
Langerhans
Localitzacio Sang Sang Epidermis Dermis/teixits In vitro
Fenotip CD11c CD1a’ cbiic’ CD11c'CD1a" (CD11c' CDla Ccbiic’
cD1c cp123" CDi1a’ CD1c’ CD207* CD68* CDhila' CD1c"
CD304" cD123"°" cD123""
CD304
Lectines C BDCA2 / DCIR DCIR, DC- CD207 DC-SIGN i MR DCIR, DC-
SIGN i MR SIGN i MR
Activaci6é CD4" Si Si Si Si Si
I cD8*
Activacio Cels Si Si Si (baixa) Si Si
B
IFN-a +++ + + + +

Modificat de (Lambotin et al., 2010)

1.2. Infeccio pel VIH.

Prop de 30 anys després del descobriment de |'agent etiologic del sindrome

d’immunodeficiéncia adquirida o SIDA (Barré-Sinoussi et al., 1983) encara no s’ha

arribat al control d’aquesta pandémia, superant-se els 60 milions d’infectats (Deeks y

Walker, 2007). Actualment, gracies als farmacs antiretrovirals ha estat possible reduir

la mortalitat associada a la SIDA, convertint la infeccié per VIH en cronica (Gallo y

Montagnier, 2003; Fauci, 2008). Desgraciadament, d’aquesta terapia no és innocua, i el

seu cost la fa Unicament accessible al primer moén.
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Es coneixen dos tipus de VIH, el VIH-1 i el VIH-2. Es responsabilitza al tipus 1 de
la pandémia global, mentre que el tipus 2 sembla endémic de I’Africa oriental (Sharp
et al., 2001), resultant a més, menys agressiu. Aquests dos virus només comparteixen
un 40-50% d’homologia, pero tots dos semblen provocar la mateixa simptomatologia

clinica (Bock y Markovitz, 2001; Rowland-Jones y Whittle, 2007).

La transmissio del VIH és principalment per via sexual, pero també es produeix
a I'exposar mucoses o zones de pell lesionades a fluids infectats (sang, semen o
secrecions vaginals). Els primers estadis d’infeccié6 sén semblants als d’una
mononucleosi infecciosa, amb periodes de febre, faringitis i adenopaties seguit per una
fase asimptomatica, que pot variar en gran mesura, pero pot durar uns 8-10 anys.
Durant aquesta fase continua la replicacié viral, dirigida a les cél-lules T CD4" provocant
la caiguda gradual del seu nombre. En abséncia de tractament, s’arriba a un punt (fase
de SIDA) en el qual el sistema immunitari no pot protegir al pacient d’infeccions

oportunistes, que resulten letals.
1.2.1 Estructura del VIH

El VIH és un Retrovirus i per tant pertany a la familia dels Lentivirus. Com a tal
presenta dues copies d’ARN+ de cadena uUnica que hauran de patir un procés de
retrotranscripcié per a integrar-se en forma d’ADN en el genoma de I'hoste. Les
particules virals del VIH-1 tenen un diametre de 100nm i es troben recobertes per una
membrana lipoproteica (Wilk y Fuller, 1999). Cada particula viral conté 72 complexos
glicoproteics integrats a la membrana. Cadascun d’aquest complexes esta format per
trimers duna glicoproteina externa, la gp120 i una transmembrana, la gp41 (McKeating
y Willey, 1989). Donat que la unid entre gp120 i gp41 és debil es pot donar el fet que la
gp120 s’alliberi de forma espontania. La membrana viral pot presentar diverses
proteines provinent de la membrana de la cél-lula hoste, com ara molecules del MHC o
d’adhesid. La nucleocapside o core p24 conté el genoma, que es troba formant un
complex amb la nucleoproteina p7 i la retrotranscriptasa inversa p66 (RT). S’ha de dir
que les particules virals contenen tota la maquinaria enzimatica necessaria per a la
seva replicacid: la integrasa p32, la proteasa p11 i la RT (Frankel y Young, 1998) (veure

figura 3).
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Per altre banda el genoma viral codifica per altres proteines reguladores que
ajuden al procés d’infeccid (Seelamgari et al., 2004). Aixi, Tat és imprescindible per a la
produccié de nous virions (Hunt, 2007), Rev regula I'expressié de I’ARN viral, Vif
incrementa la infectivitat i produccié del genoma viral i Vpu facilita I"alliberament de

virions en les cel-lules infectades.
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Figura 3: Estructura genomica i del virié del VIH.

Modificat de Kuby, Immunology, 5th Edition

1.2.2 Immunopatologia de la infeccié per VIH.

Les cél-lules diana per excel-léncia del VIH sén els limfocits CD4", tot i que el
ventall de ceél-lules susceptibles de ser infectades és ampli. La radé d’aquesta
preferéncia és que el virus requereix I'expressié de CD4 per a que la proteina gp120
pugui iniciar el procés de fusié en la cél-lula diana (Dalgleish et al., 1984). A més del
CD4 la infeccié requereix d’'un correceptor. Aquest pot ser tant el receptor de

guimiocines CXCR4 o el CCR5 (Deng et al., 1996; Philpott, 2003). Aixi es poden distingir
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entre soques R5, que infectaran preferiblement cél-lules que expressin CCR5, com ara
macrofags o dendritiques, i soques X4 que solen apareixer en estadis avancats de la
infeccié (Connor et al., 1997) i que actuen sobre limfocits T CD4". Un cop fusionat el
virié amb la cel-lula i alliberat el seu contingut s’inicia el procés de retrotranscripcié a
ADN. El genoma viral es susceptible llavors d’integrar-se, podent restar aixi durant
llargs periodes de temps, generant el que s’anomena un reservori viral (Pierson et al.,
2000). L’establiment d’aquests reservoris en multiples tipus cel-lulars de llarga vida i
dificil accés terapeutic (Carter et al., 2010) és en part responsable de la impossibilitat

d’eradicar de forma completa la infeccio.

Estudis recents basats en models de primat no huma, han determinat que la
infeccié per via vaginal produeix una petita infeccié de cél-lules CD4*, macrofags i
dendritiques residents en la lamina propia d’aquest teixit (Haase, 2005). Es creu que
certs receptors del tipus lectina presents en dendritiques i macrofags podrien unir el
virus (Tsegaye y P6hlmann, 2010) i possibilitar que aquest sigui transportat fins a
organs limfoides locals, com ara ganglis limfatics, on disposaria d’un elevat nombre de
cél-lules per infectar. Un cop les cel-lules T infectades migrin a altres organs limfoides o
arribin a la sang, els virions es distribuiran facilment per la melsa, el teixit limfoide
associat a I'intesti (GALT) i medul-la 0ssia, produint una infeccié massiva, corresponent
als primers simptomes clinics (veure figura 4). Posteriorment, aquesta elevada viremia
es veu reduida per una creixent resposta T CD8', acompanyada per la produccié
d’anticossos front el virus. Tot i que la terapia actual redueix la viremia a nivells
indetectables, no sembla capag de poder reconstituir el dany causat durant la infeccié
aguda a les poblacions T CD4" en especial les residents en el GALT (Guadalupe et al.,
2003; Zeng et al., 2012). Aquest fet compromet la capacitat del sistema immunitari de
respondre de forma adequada i especifica al virus, arribant-se aixi a la situacié en la
gue la gradual manca d’una resposta immunitaria efectiva permetra la supervivéncia i
propagacié del virus (Plana etal.,, 1998; Douek etal., 2003). Per altre banda, la
preséncia cronica d’antigens virals o inclus la disrupcié de la integritat de la mucosa
intestinal tot permetent 'accés de productes microbians (Hunt, 2007), produeix una
activacio general i sostinguda del sistema immunitari que pot actuar alimentant la

replicacio viral amb noves cél-lules susceptibles d’infeccié (Moanna et al., 2005).
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Aqguesta activacié també provoca una acceleracié dels processos de mort i regeneracié

de les poblacions limfocitaries, sota el risc d’exhaurir la capacitat de generar noves

cel-lules (Grossman et al., 2002).
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Figura 4: Progressio de la infeccio per VIH.

Modificat de (Simon et al., 5)
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1.2.3 Interaccioé del VIH amb les cél-lules dendritiques.

La interaccid del VIH amb les cél-lules dendritiques resulta clau per a entendre
la progressié de la malaltia. Aixi, ja fa temps que es coneix que les DCs son usades pel
VIH per a transmetre la infeccid a les cél-lules T CD4* (Cameron et al., 1992; Pope et al.,
1994). Un dels mecanismes particulars que s’ha suggerit que poden intervenir en
aquest procés és I'anomenada infeccid en trans. Aixi DCs captarien virions intactes, i
sense resultar elles mateixes infectades, posteriorment els traslladarien a la cél-lula T
durant la immunosinapsi (McDonald et al., 2003), o mitjancant exosomes (Wiley y

Gummuluru, 2006).

Donada la seva localitzaciéd en mucoses, les DCs es trobarien entre els primers
tipus cel-lulars a interactuar amb el virus, sent aquestes interaccions decisives per al
desenvolupament de la infeccié (Granelli-Piperno etal.,, 1999; Hladik y McElrath,
2008). Tant DCs mieloides, plasmacitoides o de Langerhans sén susceptibles d’ésser
infectades pel VIH. Tots aquests subtipus de DCs expressen nivells baixos de CD4" i els
coreceptors CXCR4 i CCR5. Sembla pero que les dendritiques mieloides siguin més
susceptibles a la infeccié (Wu y KewalRamani, 2006). Un fet destacable és que la
replicacié del VIH en les DCs és molt menys productiva que en cél-lules T CD4", i
comparativament, la freqiéncia d’infeccié és fins a 100 vegades menor (Spira et al.,
1996; Mcliroy et al., 1995). Actualment es coneixen alguns mecanismes que podrien
explicar agquestes observacions, com ara una menor expressid de coreceptors, o
factors de la immunitat innata que podrien bloquejar la replicacié viral, com ara
APOBEC3G (Pion etal., 2006), APOBEC3A (Berger etal., 2011), SAMHD1 (Laguette

et al., 2011) o péptids antimicrobians com les alfa-defensines (veure més endavant).

1.2.4 Mecanismes d’evasidé viral. Dificultats per al disseny d’una vacuna

preventiva.

Existeixen nombrosos mecanismes mitjancant els quals el virus escapa al
control immunitari. El més evident és segurament el fet d’infectar i eliminar

. N + . . . N N
progressivament les cel-lules CD4", en especial les activades i les memoria , necessaries

per a desenvolupar respostes immunitaries adequades. Per altre banda, el VIH exhibeix
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una taxa de replicacié desorbitada, generant de I'ordre de 10 particules virals diaries
(Ramratnam et al., 1999; Simon y Ho, 2003). A més, la manca d’activitat correctora
d’errors de la retrotranscriptasa viral genera nombroses mutacions a cada ronda de
replicacié (Domingo et al., 1996), fet que genera milions de variants del virus en una
sola persona infectada per dia (Perelson et al., 1996). Aquests fets fan que la variacid
antigénica sigui enorme, dificultant la resposta immunitaria. Per altre banda, la pressio
immunologica generada per anticossos especifics o respostes CD8" contra antigens del
virus a sovint provoca la seleccié i posterior amplificacié d’aquells virus viables amb
mutacions en aquests antigens, fet que s’anomena escapada viral (Frost et al., 2005;
Yang et al., 2003). Aquest fenomen també s’observa davant la pressié generada per la

terapia, fet que fa indispensable I'Us d’'una combinacié de farmacs.

Per altre banda, les proteines de I'embolcall del VIH es troben altament
glicosilades, fet que redueix la seva immunogenicitat, i dificulta la generacid
d’anticossos neutralitzants (Sagar et al., 2006; Rusert et al., 2011). Recentment s’ha
observat també que el virus pot disseminar-se mitjangant interaccions cel-lula-cél-lula,
fet que I'emmascararia tant de la resposta immunitaria com del tractament
antiretroviral (Sigal etal.,, 2011; Abela etal.,, 2012). Tots aquests mecanismes, sén
potser els principals problemes alhora de plantejar vacunes preventives per al VIH, que
a més mostra una extraordinaria adaptacid a qualsevol mecanisme dissenyat per a

eradicar-lo (Taylor et al., 2008; Bunnik et al., 2010).

1.2.5 Paper de la resposta immunitaria en la defensa davant el VIH. Individus

exposats no infectats (EU) i controladors de la infeccié viral.

Actualment s’observa una gran variabilitat pel que fa a com la infeccié pel VIH
progressa en diferents individus, fet que resulta en classificacions cliniques més aviat
arbitraries (Pereyra et al., 2008; Walker, 2007) (veure taula 2). Tot i aixd, s’evidencia
gue una molt petita part dels pacients infectats (1%) poden controlar la infeccié sense
necessitat de terapia, mantenint carregues virals plasmatiques practicament
indetectables, és a dir per sota de 50-75 copies/ml (Hubert et al., 2000; Deeks y

Walker, 2007). Aquest grup de pacients actualment és anomenat “elite controllers” i
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I'estudi dels mecanismes que permeten aquest grau de control hauria d’ajudar en la

recerca per combatre la infeccid.

Per altre banda, s’ha demostrat també I’existencia d’'una cohort d’individus que
romanen sans tot i multiples exposicions al VIH (Rowland-Jones y McMichael, 1995)
(Individus exposats no infectats o EU). Aquesta aparent resisténcia natural a la infeccid
no ve donada per la via de transmissid, donat que aquesta cohort conté homes i
dones, exposats a la infeccid per transmissid sexual o bé per transfusions o lesions
amb material infectat (Restrepo et al., 2011). S’han proposat diferents mecanismes
que podrien explicar un cert grau de proteccié davant la infeccid, perd tot sembla
indicar que seria la combinacié de multiples d’aquests factors el que resultaria en un

control o una proteccié davant el VIH.

Taula 2: Parametres clinics representatius de diferents grups de pacients VIH

en abséncia de terapia (HAART)

“Chronic Progressors” “Viremic Controllers” “Elite Controllers”
HIV RNA? 5,18 (4,83-5,44) 2,89 (2,54-3,18) No detectable
cp4’ cels/mm3 295 (203-455) 602 (451-786) 884 (641-1149)
Home / Dona (%) 80/20 78/ 22 64 /36

? Copies/ml (Log1o)
Modificat de (Pereyra et al., 2008)

1.2.5.1 Factors genétics

Part de les grans diferéncies observables entre diferents pacients en quan a la
progressid de la malaltia es podrien deure a factors genetics de I'hoste. Aixi un
d’aquests factors associats amb el control viral és la preséncia de certs al-lels concrets
del MHC de classe |, en particular I'HLA-B (Kiepiela et al., 2004). Aixi, els al-lels HLA-

B5701 i el HLA-B5703 es troben incrementats en cohorts de pacients que controlen la
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infeccid (Migueles etal., 2000; Bailey etal., 2006). Aquests al-lels per si sols,
s’associarien a un control de la infeccidé un cop aquesta ja es troba establerta, perd no
a proteccié davant la mateixa (Gao etal.,, 2010). En canvi s’ha demostrat que la
coexpressié de l'al-lel HLA-B57 i el KIR3DL1 (relacionat amb una major funcié de

cél-lules NK) si pot resultar protector davant la exposicié al VIH (Boulet et al., 2008).

Per altre banda, diferéncies genétiques tant en la expressidé dels coreceptors
CCR5 i CXCR4, o en la dels seus lligands es poden associar a diferents progressions o
inclis a proteccié davant la infeccid. Aixi, la homozigositat per a una delecié de 32
parells de bases en la seqliencia del receptor CCR5 (CCR5 A32) provoca la incapacitat
del virus per a entrar i infectar la cel-lula, resultant en proteccié davant la infeccié (Liu
et al., 1996). Aquesta mateixa delecié, quan es presenta en heterozigosi proporciona
una progressié molt més lenta de la infeccid (Buseyne et al., 1998). Les quimiocines
que actuen com a lligands naturals del CCR5 (CCL3, CCL4, CCL5 i CCL31L) i del CXCR4
(CXCL12/SDF-1a), poden actuar com a antagonistes per a la unio del virus, reduint per
tant, la seva infectivitat (Cocchi et al., 1995; Paxton et al., 1998; Oberlin et al., 1996;
Scarlatti etal.,, 1997). Polimorfismes que incrementin I'expressié d’algun d’aquests
lligands del CCR5 o del CXCR4 podrien, per tant, actuar dificultant la infeccid (Reiche
et al.,, 2007; Hu etal., 2012). Addicionalment, certs gens es poden heretar en un
nombre de copies variable, fet que influira decisivament en la quantitat de proteina
expressada, contribuint a una gran variabilitat dins la poblacié (Wain et al., 2009;
Zhang et al., 2009). Aixi, per exemple, el gen codificant per a la quimiocina CCL31L
s’hereta en un nombre variable de copies, fet que afectara decisivament a una elevada
susceptibilitat a la infeccid (nombre baix de copies) o a una major resisténcia a la
mateixa (nombre elevat de copies) (Gonzalez et al., 2005; Colobran et al., 2010). No
només el contingut génic és important a I’'hora de determinar la quantitat de producte
proteic que s’expressara. S’ha observat també |'existéncia de una elevada variabilitat
en les seqliencies reguladores de la regié codificant per a CCR5, influint la progressio

de la infeccié per VIH (Martin et al., 1998).

La demostracid potser més espectacular del grau de proteccié que poden oferir

alguna d’aquestes variants geniques és el cas d’un transplantament de moll d’és d’un
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individu sa homozigot per a la delecid CCR5 A32 a un pacient que patia una leucemia
aguda tot estant infectat pel VIH. 20 mesos després del transplantament, el pacient
receptor no mostrava replicacié del VIH inclis en abséncia de tractament antiretroviral
(Hatter et al., 2009). No només aix0, 3 anys i mig després, el mateix individu mostrava
signes de recuperacié de les poblacions CD4" tant a nivell de mucoses com sistémiques
sense cap signe de replicacié viral, fet que els autors tradueixen en la cura del VIH en

aquest individu (Allers et al., 2011).

Els mecanismes mitjancant els quals aquestes particularitats genetiques
assoleixen un control de la infeccié son només parcialment coneguts i es suposen
multifactorials, combinant una entrada viral restringida, una millor immunitat cel-lular i

d’altres mecanismes (Dolan et al., 2007).
1.2.5.2 Factors de la immunitat innata

Donat que la gran replicacié viral i pérdua de CD4" en mucoses durant la
infecciéd aguda es produeix abans d’arribar a obtenir-se una resposta adaptativa, la
resposta innata pot ser clau en aquests primers estadis de la infeccio (Pichlmair y Reis
e Sousa, 2007). Aixi tal i com s’ha descrit anteriorment al-lels per al receptor KIR3DL1,
relacionat amb la funcionalitat de cel-lules NK, s’ha relacionat amb reduccié de la
progressio de la malaltia. Recentment a més, s’ha observat un nombre de copies
variable per al gen KIR3DH (receptor activador) que s’associa a un major control de la
infeccidé en primats no humans (Hellmann et al., 2011). De forma encara més rellevant,
s’ha observat una major funcionalitat NK (mesurada en capacitat de lisi i secrecié de
citocines, com ara IFN-y) en varies cohorts d’individus exposats no infectats (Scott-

Algara et al., 2003; Montoya et al., 2006; Ravet et al., 2007; Ghadially et al., 2012).

Un altre tipus cel-lular important en la resposta antiviral innata sén les cel-lules
dendritiques plasmacitoides, per la seva gran produccié d’interferons de tipus I. La
infeccid per VIH produeix un marcat descens en el nombre d’aquestes cel-lules
(Schmidt et al., 2006). Aixi s’ha observat un major nombre de pDCs en individus que
controlen la infeccié comparat als que no la controlen. A més en individus exposats no

infectats s’ha observat un major nombre de cél-lules dendritiques, macrofags i NK en
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mucoses, suggerint que un major nombre d’aquestes cel-lules en la localitzacié precisa

d’entrada de la infeccié podria resultar protectora (Lehner et al., 2008).

Finalment, tant les a com les B-defensines sén un mecanisme efector de la

immunitat innata que s’han associat a proteccié davant el VIH (veure més endavant).
1.2.5.3 Factors cel-lulars de restriccio viral.

Estudis recents han evidenciat que cel-lules de certs individus mostren poca
permissivitat a la infeccié per VIH in vitro. Aquesta resistencia vindria donada per
proteines intracel-lulars amb activitat antiviral innata. Aquestes proteines sén enzims,
gue en general tenen com a substrats cadenes d’ARN o d’ADN, incloent el genoma
viral quan aquest infecta la cél-lula. Alguns d’aquests factors de restriccié son APOBEC,
AID, TRIM5a o SAMHD1. APOBEC3G, per exemple, és una citidina desaminasa que
actua sobre la cadena d’ADN viral un cop és retrotranscrita (Harris et al., 2003). La seva
activitat genera canvis G=>A, provocant, per tant, mutacions letals o la inestabilitat de
la nova cadena d’ADN, fet que disminuira la productivitat de la replicacio viral (Harris y
Liddament, 2004; Martin et al., 2011). TRIM5a, en canvi, interactua amb la capsida
viral provocant una infeccié abortiva, fet que també s’ha mostrat protector davant la

infeccio viral (Sewram et al., 2009; Black y Aiken, 2010).

Finalment, SAMHD1 és un factor de restricci6 expressat en ceél-lules
dendritiques, i actua d’una forma totalment diferent, ja que no té cap estructura viral
com a substrat. En canvi, mostra activitat trifosfohidrolasa, convertint deoxinucleosids
trifosfats en deoxinucleosids i fosfor inorganic (Goldstone etal., 2011). Aquesta
activitat per tant, redueix en gran mesura els nivells cel-lulars de dNTPs, necessaris per
a la retrotranscripcié viral (Lahouassa et al., 2012). Es forca interessant destacar que el
VIH conté contramesures per tots aquests tipus de factors, fet indicatiu d’una llarga co-
evolucid. Aixi la proteina viral Vif, actua marcant APOBEC3G per a la seva degradacio al
proteasoma, eliminant aixi aquest factor de restriccid (Chiu y Greene, 2008; Jager
et al., 2012). Per altre banda, Vpx actua de forma similar amb SAMHD1 (Hrecka et al.,
2011; Laguette et al., 2011).

1.2.5.4 Factors de la immunitat adaptativa: Immunitat cel-lular CD8 i CD4
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Immediatament després de la fase aguda de la infeccid, quan hi ha el pic de
virémia, s’inicia una forta resposta CD8", inicialment capa¢ de matar directament
cél-lules infectades pel VIH. Varis estudis demostren que la funcionalitat d’aquestes
cél-lules és major en individus que controlen la infeccié. Aixi, s’ha vist una major
proliferacié CD8 antigen especifica i secrecid de perforina, aixi com de IFN-y, CCL3,
TNF-a o IL-2 tant en individus capagos de controlar la malaltia (Migueles et al., 2002;
Betts et al., 2006; Hersperger et al., 2010) com en individus exposats pero no infectats
(Skurnick et al., 2002; Makedonas et al., 2005). Per altre banda, I'ajuda CD4" és critica
per a mantenir una resposta CD8" efectiva (Grakoui et al., 2003; Phares et al., 2012).
Actualment es considera que la deplecié de cél-lules CD4" VIH especifiques durant la
infeccid aguda pot ser un dels mecanismes que evitaria el control del VIH en els
humans (Douek etal., 2002). En un estudi recent realitzat en una cohort de
controladors es va observar que la correlacié més consistent amb el control del virus
era una resposta CD4" polifuncional (secrecié d’IFN-y i IL-2) (Hunt et al., 2008; Pereyra
et al., 2008). De forma important, també s’han trobat respostes HIV especifiques en
cel-lules CD4 d’individus exposats no infectats, correlacionant-se a més, amb els nivells

de carrega viral als quals s’ha estat exposat (Suy et al., 2007).
1.2.5.5 Immunitat humoral.

Entre les diferents immunoglobulines, les més rellevants per a la infeccié per
VIH son la IgA i la IgG. Mentre que la IgA és predominant en mucoses, la IgG ofereix
proteccio sistemica al ser la més abundant en serum. Tot i que la contribucio relativa
dels anticossos en la proteccié davant el VIH és encara controvertida ja que molts
pacients controladors no presenten aquests anticossos (Doria-Rose etal., 2010;
Mendoza etal.,, 2012), certs estudis han demostrat [|'existéncia d’anticossos
neutralitzants d’ampli espectre en alguns pacients capacos de controlar la infeccié
(Cao et al., 1995). Per altre banda, en cohorts d’exposats no infectats s’han observat
anticossos neutralitzants IgA anti-gp41 i 1gG anti CD4-gp120 (Lopalco et al., 2005;
Tudor etal.,, 2009). De forma molt interessant, en els individus infectats per VIH
s’observa |'aparicid d’anticossos davant autoantigens, com ara el CD4, el CCR5 o el HLA

(Callahan et al., 1992; Borghi et al., 1993). Curiosament, tot i no estar infectats, s’han
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observat autoanticossos davant CD4, HLA o CCR5 en individus exposats no infectats
(Burastero et al., 1996). Aixi mateix, una gran proporcié dels anticossos neutralitzants
d’ampli espectre per al VIH, s’han demostrat també autoreactius a molecules
lipidigues, com ara la cardiolipina (Haynes et al., 2005). Aquesta observacié podria
suggerir que certs fenomens de resisténcia a la infeccio pel VIH es troben al llindar de
la autoimmunitat, fet que podria fer discutible la idoneitat de promoure aquests

fendmens en vacunes preventives (Lopalco y Burastero, 2008; Haynes et al., 2010).

1.3. CD26. Estructura i funcio.

1.3.1 Estructura Molecular

La Dipeptidil Peptidasa IV (DPPIV, EC 3.4.14.5) es va descriure originalment al
1966, com a una glicoproteina homodimeérica transmembrana de tipus Il (extrem C-
terminal a I'espai extracel-lular), amb una massa molecular de 220-240 kDa (Hopsu-
Havu y Glenner, 1966). Posteriorment es va determinar que aquesta proteina es
corresponia amb el CD26, un antigen de superficie present en leucocits (Tanaka et al.,
1992; Fleischer, 1994). El gen del CD26 huma consta de 26 exons i es troba situat al
cromosoma 2q24.2 (Abbott et al., 1994). Aquest gen codifica una proteina d’un total
de 766 aminoacids dels quals 6 sén intracel-lulars, 23 transmembrana i la resta (737)
extracel-lulars (veure Fig x). EI CD26/DPPIV forma part d’'una familia de serin-proteases
anomenada S9b. A més del CD26, també son membres destacats d’aquesta familia la
prolil endopeptidasa (PEP), I'acilaminoacil peptidasa (ACPH), la proteina activadora de
fibroblast (FAP) i els DPP8-10 i DPPX (Frerker et al., 2007; Deacon y Holst, 2006). El
domini extracel-lular del CD26 és el que posseeix activitat enzimatica, reconeixent i
tallant els dos ultims enllacos peptidics de I'extrem N-terminal de polipéptids on una
alanina o una prolina es troben en la penultima posicié (Tanaka et al., 1992; Fleischer,

1994).
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El CD26 conté nou llocs potencials de glicosilacio propers a I'extrem N-terminal,
7 dels quals estan situats entre I'arg54 i I’'asn497 d’un domini que es disposa en forma
de full B (Aertgeerts etal., 2004). Entre aquests llocs potencials de glicosilacio,
I’Asp321 és important per a un correcte plegament i trafic intracel-lular de la proteina,
pero cap lloc de glicosilacid es indispensable per a I'activitat enzimatica, la dimeritzacié
o la interaccié amb altres proteines (Aertgeerts et al., 2004). El domini catalitic del
CD26 conté 2 llocs de glicosilacié i esta situat proper a l'extrem C-terminal,
concretament entre la gIn508 i la pro766. Aquest domini adopta una estructura de
plegament a/B (hydrolase fold) amb el centre catalitic (Ser630-Asp708-His740) en una
amplia cavitat (o tunel central) entre el full B i el plegament a/B. Aquesta cavitat o
tunel central conté una seqiéncia consens (Gly-X-Ser-X-Gly), present en altres
membres de la familia (David et al., 1993; Rasmussen et al., 2003). Gracies a estudis
emprant mutants puntuals es va poder determinar que els residus glu205 i glu206 soén
essencials per a I'activitat enzimatica (Abbott et al., 1999), mentre que el residu His750
és clau per a la dimeritzacié de la molécula (Chien et al., 2004). L'especificitat del CD26
per als seus substrats ve determinada pels aminoacids situats a I'obertura del centre

catalitic (Fulop et al., 1998), restringit a péptids menors de 30 aminoacids (Engel et al.,

2003).
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Figura 5. Esquema de I'estructura del CD26. Es senyalen els dominis d’interacié amb altres

proteines i el domini amb activitat enzimatica. Modificat de (De Meester et al., 1999)

1.3.2 Expressio i funcid
1.3.2.1 Expressio de CD26

El CD26 es troba altament expressat en fetge i pulmd (Abbott et al., 1994).
Altres organs on el CD26 és present son el cervell, el cor, I'intesti, els ronyons, el
muscul esquelétic i la placenta (Abbott et al., 1994; Stange et al., 2000; Morrison et al.,
1993; Vahl et al., 2003). Es de destacar que el CD26 és present a I'endoteli de tots els
organs humans estudiats (Dinjens et al., 1989). El CD26 s’expressa sobretot en cel-lules
del sistema immunoldgic, com ara limfocits T (Morimoto etal.,, 1989), cél-lules B
(Bahling et al., 1995), monocits (Stohlawetz et al., 1998) cel-lules NK (Biihling et al.,
1994; Yamabe et al., 1997) i dendritiques (Gliddon y Howard, 2002; Pacheco et al.,
2005). Com a antigen d’activacid, I'expressié de CD26 és relativament baixa en
limfocits T o B naive, augmentant significativament per I'activacié mitjangada per
antigens o mitdogens com el PHA o el PWN (Gorrell et al., 2001). En cél-lules T CD4",
I’expressié del CD26 és afavorida per aquells estimuls que indueixen respostes de tipus
Th-1 (Willheim etal., 1997), possiblement per un mecanisme depenent d’IL-12
(Cordero et al., 1997). Per altra banda s’ha vist que citocines supressores com el TGF-
B, redueixen I'expressié6 de CD26 en la membrana cel-lular (Uematsu et al., 2004).
Paral-lelament s’ha observat una elevada expressié de CD26 en cel-lules memoria
CD45R0", tant CD4" com CD8" (Dong y Morimoto, 1996; Ibegbu et al., 2009). Aquestes
cél-lules memoria amb elevats nivells de CD26 serien les més capacitades per a migrar
a través de I'endoteli (Brezinschek et al., 1995; Mizokami et al., 1996) i per a donar
senyals als limfocits B que els permetrien diferenciar-se a cél-lules plasmatiques

productores d’lgG (Dang et al., 1990; Gruber et al., 1988).

Per altre banda, és coneguda I’existencia d’'una forma soluble de CD26 (SCD26),

sense els dominis intracel-lulars ni el transmembrana. Degut a que en tots els tipus
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cel-lulars investigats fins ara s’ha trobat un Unic RNAm corresponent a CD26 (Bauvois
et al., 2000), i que la proteina es transporta al seu desti final ja unida a membrana, es
creu que el SCD26 no és una proteina secretada, siné un producte de proteolisi un cop
s’ha expressat a la membrana (Gorrell et al., 2001). Aquesta forma de CD26 és present
en elevades quantitats en el fluid seminal i en quantitats moderades en serum i liquid
cefaloraquidi tot mantenint la seva activitat enzimatica (De Meester etal.,, 1999;

Durinx et al., 2000).
1.3.2.2 Activitat dipeptidil peptidasa del CD26

Els substrats del CD26 sén neuropeéptids, hormones, péptids vasoactius i
quimiocines (Taula 3). L‘activitat DPPIV del CD26 afecta als diferents substrats
provocant que les formes truncades siguin més o menys actives, modificant el
reconeixement pels seus receptors o la seva estructura, permetent o impedint la
posterior accié de diverses proteases. (Cordero et al., 2009). Donada I'amplia varietat
dels substrats, la funcié enzimatica del CD26 afecta ambits tant diversos com la funcio
digestiva, els nivells de glucosa sanguinis (Drucker, 2007) o la mobilitzacié de
precursors hematopoiétics (Christopherson et al., 2004; Focosi et al., 2008) . En quan al
sistema immunologic, I'activitat enzimatica del CD26 promou de forma global una
major activacié de la resposta T davant d’estimuls antigénics, perd no davant mitogens
com ara el PHA o anticossos a-CD3 (Tanaka et al., 1994). Per altra banda, I'accio
enzimatica del CD26 sobre les diverses quimiocines afavoriria una atraccid preferent
de cél-lules Th-1, promovent una major infiltracié de macrofags i neutrofils (Boonacker

y Van Noorden, 2003; Cordero et al., 2009).

Donat I'ampli ventall de substrats afectats per I'activitat DPPIV, existeix un gran
interés en la recerca sobre inhibidors d’aquesta activitat (Lambeir et al., 2003). Aixi
s’han desenvolupat inhibidors que estan en fase clinica II/Ill (Val-boroPro) per al
tractament de certs cancers (Narra etal., 2007), i dos ja estan aprovats per al
tractament de diabetis tipus Il (Drucker y Nauck, 2006; Cordero et al., 2009). En quan
al sistema immunologic, I'ds d’inhibidors quimics s’ha demostrat capa¢ de reduir
I'activacié i proliferacié limfocitaria, tot induint la secrecié de citocines inhibitories,

com ara el TGF-B (Reinhold et al., 1997, 2008). Aquests resultats contrasten pero, amb
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altres estudis on mutacions en el domini que inclou el centre catalitic no inhibeixen la
senyalitzacié activadora d’aquesta molecula (Hihn et al., 2000; Gorrell et al., 2001). La
relativa poca especificitat dels inhibidors i el fet que bona part de la familia Sb9 de
proteases comparteix activitat catalitica dificulten les conclusions d’aquests estudis i
suggereixen que l|'activitat enzimatica pot no ser la Unica implicada en I'activacio

mitjangada pel CD26.

Taula 3. Efecte enzimatic del CD26 sobre varies quimiocines

Quimiocina Efecte Biologic Espécie Referéncia

CCL3 (MIP-1a, LD788) Activitat incrementada Huma (Proost et al., 2000)
Canvi preferéncia receptor (Struyf et al., 2001)

CCL4 (MIP-18) Canvi preferéncia receptor Huma (Guan et al., 2004)
CCL5 (RANTES) Canvi preferéncia receptor Huma (Oravecz et al., 1997)
CCL11 (Eotaxin) Inactivacié Huma, Rata (Struyf et al., 1999)
CCL22 (MDC) Canvi preferéncia receptor Huma (Proost et al., 1999)
CXCL6 (CGP-2) sense canvis Huma (Oravecz et al., 1997)
CXCL9 (MIG) Inactivacio Huma (Proost et al., 2001)
CXCL10 (IP-10) Inactivacié, Antagonista CXCR3 Huma (Proost et al., 2001)
CXCL11 (I-TAC) Inactivacié, Antagonista CXCR3 Huma (Proost et al., 2001)
CXCL12 (SDF-a) Inactivacié, Antagonista CXCR4 Huma (Ohtsuki et al., 1998)

Modificat de (Cordero et al., 2009).
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1.3.2.3 Activitat no enzimatica del CD26. CD26 com a molécula

coestimuladora.

Estudis previs han demostrat que amb I'Us d’anticossos monoclonals
immobilitzats contra CD3 i CD26 és possible incrementar la proliferacid, la secrecié de
citocines, I'expressido de marcadors d’activacio i la funcié efectora de limfocits T (De
Meester et al., 1999; Gorrell et al., 2001) i NK (Yamabe et al., 1997). Aquesta acci6 és
independent de la activitat DPPIV del CD26 i posa de relleu que interaccions
extracel-lulars amb el CD26 poden tenir com a resultat senyals co-estimuladores. Quan
es va estudiar la via de senyalitzacid intracel-lular implicada en la co-estimulacio
induida per anticossos activants contra CD26, es va observar un increment en la
fosforilacié de les proteines participants en la senyalitzacié via CD3; és a dir, p56lck,
p59fyn, ZAP70, c-Clb, fosfolipasa C-y i MAP quinases (Tanaka et al., 1992; Hegen et al.,
1997). Donat que el CD26 té un domini citoplasmatic de només 6 aminoacids, sense
cap estructura coneguda d’ancoratge o senyalitzacio cel-lular es va postular que era
necessaria l'associacio de CD26 a d’altres estructures de membrana per a mitjangar
una senyal. En aquest sentit s’"ha demostrat I'associacié del CD26 amb el CD45, una
tirosin fosfatasa expressada a la membrana de cél-lules T (Torimoto etal.,, 1991).
Posteriorment, es va veure que quan el CD26 s’associa a la isoforma CD45RO,
caracteristica de cél-lules activades, ambdues proteines es localitzen en els dominis de
caveolina (lipid rafts) tot promovent una senyal co-estimuladora (Ishii et al., 2001). En
canvi, quan el CD26 s’associa amb la isoforma CD45RA, caracteristica de cel-lules
inactives, ambdues molécules sén excloses de les caveoles, fet que evitaria posteriors
senyals co-estimuladores (Kobayashi et al., 2004). Alternativament, també s’ha descrit
la possibilitat de co-estimulacié a través de la unié de SCD26 a proteines de membrana

com la caveolina-1 (Ohnuma et al., 2001, 2008).

A data d’avui s’han descrit diverses proteines capaces d’interactuar
extracel-lularment amb el CD26, i per tant candidates a inductores de co-estimulacio.
Entre aquestes s’inclouen I'ADA (veure més endavant), components de matriu
extracel-lular com el col-lagen i la fibronectina (Bauvois, 1988; Piazza et al., 1989) o

altres proteines com el plasminogen (Gonzalez-Gronow etal., 2001). Aquestes
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interaccions actuarien en general afavorint la migracid cel-lular. Per exemple,
I'anclatge del plasminogen a la superficie cel-lular afavoriria el seu pas a plasmina, fet
que comportaria la degradacié de components de la matriu extracel-lular i una major
migracio cel-lular, o en el cas de cel-lules tumorals, major invasié o metastasi (Cordero
et al., 2009; Gonzalez-Gronow et al., 2004, 2005). De forma global, els rols tant
enzimatic com no enzimatic del CD26, conjuntament amb les seves interaccions amb
altres proteines tenen una important influéncia en la infeccié per VIH (veure més

endavant)
1.4. ’adenosinaii els seus receptors.

1.4.1 Produccio d’adenosina

L'adenosina és un nucleosid de purina, que pot ésser sintetitzat de novo per
alguns teixits com el fetge, perd que majoritariament es genera com a conseqtiéncia
de vies de degradacio de nucleotids com ara ATP, ADP o AMP. L’adenosina resulta clau
com a precursora estructural de components de I’ADN, o de molécules implicades en
processos de transferencia energética de la cél-lula. A més, també es troba implicada
en processos de senyalitzacid, com a precursora de segons missatgers com ara I’AMP

ciclic (AMPc) o a través de la seva propia interaccido amb diferents receptors.

Els nivells d’adenosina intracel-lulars i extracel-lulars estan finament regulats,
tant per vies metaboliques de produccié i degradacié com pel transport a través de la
membrana cel-lular mitjantcat per diferents transportadors de nucleotids. Aixi cél-lules
metabolicament més actives o situacions d’estres cel-lular comporten una major
generacié d’adenosina, en general com a resultat d’'una major degradaciéo d’ATP
(Haskd y Cronstein, 2004). Aquest acumul d’adenosina intracel-lular es traduira en un
major transport d’aquest nucleosid a I'espai extracel-lular mitjancant diversos
transportadors (Molina-Arcas etal.,, 2008). A nivell extracel-lular s’ha descrit
I'existéncia de la maquinaria enzimatica de produccio i degradacido d’adenosina en
forma d’ectoenzims ancorats a la membrana plasmatica. Aixi, per exemple, 'accid
concertada del CD39 (o NTPD) i el CD73 (5’-ectonucleotidasa) resulta en la degradacio

d’ATP i la generacié d’adenosina extracel-lular (Yegutkin, 2008). Aix0, conjuntament
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amb I'existéncia de transportadors d’ATP, evidencia la complexitat i la interconnexié
de diferents vies metaboliques de generacid i degradacié de nucleotids en general i
d’adenosina en particular (Junger, 2011). Aquesta complexitat comporta que el
metabolisme purinic tingui un paper com a sistema de senyalitzaci6 o comunicacié
cel-lular. Les concentracions plasmatiques d’adenosina en un individu sa s’estimen
menors d’1uM, mentre que en condicions associades amb inflamacié i isquemia
arribarien als 4-10 uM (Martin et al., 2000). Aquestes concentracions probablement

serien encara més elevades en processos inflamatoris a nivell de mucoses o teixits.
1.4.2 Receptors d’adenosina

L’adenosina és I'agonista natural de 4 receptors diferents, tots amb 7 dominis
transmembrana i acoblats a proteina G (GPCR), els receptors Ai, Asa, Az, i Az En
general, aquests receptors exposen el domini N-terminal a l'espai extracel-lular,
mentre que el domini carboxi-terminal queda al citosol. L’adenosina, a través de la
interaccio amb els seus receptors, modula diverses accions en una gran varietat
d’organs i teixits, actuant com a neurotransmissor (Stone et al., 2009), cardioprotector
(Cohen y Downey, 2008) i molecula antiinflamatoria (Haskd et al., 2008), entre el
efectes més estudiats. Pel que fa als seus receptors, n’hi ha d’alta afinitat com I'A; i
I’A,5 i de baixa afinitat, com I’Ayg, i I’A3 Donada I'elevadissima varietat d’efectes de
I'adenosina, és d’esperar diferencies en I'expressio d’aquests i en la seva traduccié de
senyals. Aixi els receptors d’adenosina s’acoblen a diferents proteines G, iniciant vies
de senyalitzaci6 que poden diferir totalment (Taula 4). A més, evidéncies
experimentals recents indiquen que existeix encara un nivell superior de regulacio
d’aquests receptors en forma de complexes (heteromers) amb altres receptors
d’adenosina o receptors d’altres hormones, amb propietats de senyalitzacié Uniques
(Ferré etal., 2007; Ferre etal., 2008). També és interessant destacar |’existencia
d’antagonistes naturals d’aquests receptors com sén la cafeina o la teofil-lina (Mdller y

Jacobson, 2011)
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Taula 4. Receptors d'Adenosina en cél-lules del sistema immunitari

Expressio en ceél-lules del sistema immunitari

Prot G Senyal Neutrofils Monaocits DCs T B NK
+/- AMPc
A; Gijo +PLC + + + ND ND ND
A G ™ AMPc + + + + + +
Az G, ™ AMPc + + + + ND +
A;
Gijo 4 AMPc + + + + ND +
Gc|/11 \l/|P3

Modificat de (Jacobson y Gao, 2006; Haské et al., 2008; Junger, 2011)

1.4.3 Efectes de I’adenosina en el sistema immunitari

Com s’ha comentat en apartats anteriors, I'accid del sistema immunitari resulta
clau per assegurar un correcte funcionament dels diversos teixits i 0rgans existents, tot
protegint-los de l'accié de patogens i encarregant-se d’eliminar cél-lules propies
mortes o programades per a morir (apoptosi). Per altre banda, una inflamacié o
activacido immunologica exacerbada o prolongada en el temps pot resultar en dany
tissular. S’ha postulat que I’accié de I'adenosina és capac¢ de generar potents respostes
immunosupressores a diferents nivells i cél-lules del sistema immunitari, amb I'objectiu
final d’evitar un excés de resposta immunitaria. En general, les accions de I'adenosina
s’associen a una menor secrecié de molecules pro-inflamatories com IL-12, TNF-q,
MIP1-a o oxid nitric, i a un increment en la secrecié d’aquelles anti-inflamatories com
IL-10, en resposta a estimuls inflamatoris com LPS en cél-lules presentadores d’antigen,
tant macrofags murins (Hasko et al., 1996; Szabd et al., 1998; Hasko et al., 2000) com
dendritiques humanes (Panther etal., 2003; Schnurr etal.,, 2004). Les accions de
I'adenosina també resulten en una menor secrecido d’IL-2 per part de cel-lules T

(Erdmann etal., 2005), fet que reduiria la seva capacitat proliferativa. A més,
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I’'adenosina promou una menor expressido de molecules co-estimuladores com CD28 o
CD40L en aquestes cel-lules, tot incrementant I'expressié de molécules inhibidores

com ara PD-1 o CTLA-4 (Butler et al., 2003; Sevigny et al., 2007).

Mitjangant I'Us d’agonistes i antagonistes per als diferents receptors
d’adenosina, combinat amb I’Us de ratolins knockout per als receptors, s’ha determinat
que el receptor Ay, seria el responsable de bona part de les accions de I'adenosina
abans esmentades. No obstant, les conclusions d’aquests estudis depenen en ultim
terme d’una bona selectivitat dels agonistes/antagonistes per als seus respectius
receptors, i de I'expressié dels receptors d’adenosina en les cél-lules estudiades. El fet
gue aquests dos parametres variin en gran mesura en diferents treballs i cel-lules fan
que no es pugui descartar una contribucié dels altres receptors al global dels efectes
de I'adenosina. En aquest sentit les cel-lules dendritiques (DC) sén pardigmatiques. En
el seu estat immadur expressen els quatre receptors (Junger, 2011), en canvi, en la
dendritica madura I'expressio del receptor A; és practicament inexistent, tant a nivell
d’RNAm com a nivell de proteina (Pacheco et al., 2005). Un fet semblant s’observa
amb el receptor As, els nivells d’'RNAm del qual es veuen reduits durant la maduracio
(Panther et al., 2001; Hofer et al., 2003), mentre que els nivells d’Ax;Asz €s mantenen
o inclus augmenten. Aixi, mitjancant els receptors A; i As;, I'adenosina resulta
guimiotactica per a les DCs inmadures, tot augmentant a més la seva capacitat
fagocitica (Panther et al., 2001, 2003; Hofer et al., 2003). En canvi, 'adenosina té una
funciod totalment diferent en les DCs madures, on principalment via Aa; Ag seria capac
de reduir la migracié a ganglis limfatics i la secrecid de citocines Th-1, globalment
disminuint la immunogenicitat d’aquestes cel-lules (Schnurr et al., 2004; Panther et al.,
2003). Aquesta dualitat funcional implicaria que I’adenosina actui en primera instancia
com a molecula senyalitzadora de dany o estres tissular, per a reclutar cél-lules
immunitaries. Un cop iniciat el procés inflamatori 'adenosina actuaria per a reduir-ne

I’extensid, amb una finalitat protectora envers els teixits.

Aquesta funcid protectora i immunosupressora concorda amb el fet que
cél-lules T reguladores (Tregs) utilitzin la generacid extracel-lular d’adenosina com a

mecanisme de supressié de respostes immunitaries (Kobie et al., 2006; Deaglio et al.,
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2007). Aixi, aquestes cel-lules mostren una elevada expressié de CD39 i CD73 a la
membrana, en comparacid amb cél-lules efectores. Aguesta maquinaria enzimatica
capacita a les Tregs per generar elevats nivells d’adenosina extracel-lular, que a través
del receptor A,n podria suprimir les respostes immunitaries. Finalment, diversos
mecanismes que involucren I'adenosina en la supressio de respostes immunitaries sén
també usats per diferents patogens com Staphylococcus Aureus o el VIH (veure més
endavant) per a evadir les respostes immunitaries (Thammavongsa etal., 2009;

Nikolova et al., 2011).
1.4.4 Adenosina i infeccié per VIH

Tot i que fins fa relativament poc no s’han iniciat estudis centrats en els efectes
de I'adenosina en la immunopatologia del VIH, fa forca temps que es coneix de forma
indirecta una certa relacié. Aixi, nombrosos farmacs antiretrovirals son, de fet, analegs
de I'adenosina, usats per a ésser reconeguts per la RT i bloquejar la retrotranscripcio
(Herman et al., 2012). Per altra banda, un cop coneguda la capacitat de les cél-lules
Treg per a generar adenosina extracel-lular com a mecanisme de supressié de les
respostes immunitaries, s’ha comencat a estudiar aquest procés en el context del VIH.
Aixi, recentment s’ha descrit una correlacié entre una major expressié de CD39 i accid
de 'adenosina a través del receptor A,» amb progressié a SIDA (Nikolova et al., 2011;
Schulze Zur Wiesch etal., 2011). Finalment, s’ha proposat una co-modulacié de

receptors A,pd’adenosina amb els coreceptors CXCR4 i CCR5 del VIH (By et al., 2010).

1.5. Adenosina Desaminasa.

1.5.1 Activitat enzimatica, estructura i expressio de I'enzim

L’adenosina desaminasa (ADA; EC 3.5.4.4) és un enzim implicat en la ruta de
degradacio de les purines. Catalitza la desaminacié hidrolitica d’adenosina o
2’deoxiadenosina a inosina o 2’deoxiinosina, amb la consequent produccié d’amoni

(Figura 6) (Cristalli et al., 2001).

35



Introduccio

NH> O
H>O NH4
N N
N“ HN
LY e O
S enosine N
N '}l deaminase N '}l
Ribose Ribose

Figura 6. Reaccio catalitzada per ’ADA. Modificat de (Khare et al., 2012)

El fet de que aquest enzim es trobi altament conservat en la filogénia, des de bacteries
a humans implica que és un enzim clau del metabolisme purinic (Cristalli et al., 2001).
El grau d’homologia entre les seqliencies d’aminoacids per a I'’ADA entre diferents
especies de mamifers es elevat, sent I’ADA bovina la més similar a la humana (91%
d’homologia) (Kelly et al., 1996). En canvi ’ADA murina mostra un 83% d’homologia
amb 'ADA humana (Yeung et al., 1985). L'ADA és present en tots els teixits humans,
pero la major expressio es troba en el tim, noduls limfatics i melsa (Van der Weyden y

Kelley, 1976; Chechik et al., 1981; Moriwaki et al., 1999).

El gen de ’ADA humana es troba en el cromosoma 20q (Petersen et al., 1987) i
codifica una proteina de 363aa i de 41kDa. Mitjangant tecniques de difraccié de rajos X
es va poder estudiar detalladament I'estructura de I’ADA murina, mostrant una
estructura de barril B, amb 8 helixs a i 8 lamines B. El centre actiu esta situat en una
cavitat molt profunda en I'extrem c-terminal del barril B. A I'interior d’aquesta cavitat
es disposa un i6 Zn*, essencial per a la activitat catalitica de I'enzim (Wilson et al.,
1991; Niu et al., 2010). Analogament al que s’ha observat en altres enzims i proteines,
I’ADA mostra un canvi conformacional quan interacciona amb els seus substrats. Aixi
en absencia d’adenosina, el centre catalitic de ’ADA mostra un conformacio oberta,
mentre que quan interacciona amb el substrat es tanca I'accés al centre catalitic
(Wilson et al., 1991; Kinoshita et al., 2008). Aquest fet explica el mecanisme d’accié de
varis inhibidors de I’ADA, com ara la conformicina (CF) o la 2’ deoxicoformicina (DCF o
pentostatina). Aquests inhibidors, aillats de Nocardia interforma o Streptomyces

kaniharaensis (CF) i de Streptomyces antibioticus (DCF) actuen com analegs del
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substrat, bloquejant I’enzim en la conformacié tancada i impedint per tant, posteriors
activitats catalitiques (Cristalli et al., 2001). Es de destacar que aquests compostos sén

importants immunosupressors usats en el tractament de leucemies (Grever, 2011).
1.5.2 ADA citosolica i SCID

Les vies metaboliques de degradacio i reciclatge de purines sén clau per al
correcte funcionament d’organs i teixits i son especialment importants en el constant
desenvolupament i formacié de noves cel-lules del sistema immunitari. Aixi, la
deficiencia genetica d’ADA comporta una immunodeficiencia severa combinada (SCID),
on l'individu afectat no presenta cel-lules T, B ni NK (Buckley etal.,, 1997), sent
altament vulnerable a infeccions oportunistes. La deficiencia genética o mutacions
puntuals que afecten I'activitat enzimatica de I’ADA representen aproximadament un
20% dels casos d’SCID (Blackburn y Kellems, 2005). A més, el grau d’abséncia d’activitat
ADA degut a les diferents mutacions o a I'absencia total de I’'enzim correlaciona bé
amb la severitat dels simptomes de la malaltia (Hershfield, 2003). Cal indicar que
només cal un 5% d’activitat adenosina desaminasa per a un desenvolupament

immunitari normal (Blackburn y Kellems, 2005).

Els mecanismes pels quals s’origina la immunodeficiencia son diversos. En
primer lloc s"acumula el substrat 2’deoxiadenosina, de forma preferent en teixits
limfoides (Aldrich et al., 2003), provocant un increment en els nivells de dATP, que
alhora inhibeixen I'enzim ribonucleotid reductasa implicat en la sintesi d’ADN (Cohen
et al.,, 1978; Hirschhorn, 1995). A més alguns estudis també suggereixen que elevats
nivells de dATP facilitarien I'apoptosi via APAF-1 (Leoni etal.,, 1998) o bé via
I'alliberament de citocrom C (Yang y Cortopassi, 1998). Un altre mecanisme involucrat
en la immunodeficiéncia podria ser la inhibicid6 de reaccions de metilacio que
involucren la S-metilmetionina (S-met). L'acimul d’un dels productes d’aquestes
reaccions, la S-adenosilhomocisteina (AdoHcy) actuaria com a inhibidor competitiu de
reaccions de metilacid critiques per a la cel-lula (Hershfield et al., 1979; Blackburn
etal., 1996). Finalment, un tercer mecanisme d’immunodeficiéncia seria un excés
d’adenosina a I'espai extracel-lular, que mitjancant la unid al receptor A

probablement provocant la down-regulacio del receptor, evitaria una correcta
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senyalitzacid del receptor en cél-lules T (Apasov et al., 2000, 2001; Cassani et al., 2008).
Aquest fet implicaria que les poques cél-lules T capaces de superar les dues alteracions
anteriors i arribar a un estat madur, no serien capaces d’activar-se de forma normal

(Figura 7).

dATP ®
\ Hey <——— SAH 7T SAM
L 4 +
Ado
RNR APAF-1 other X-CH3 X
. 7 / l
apoptosis ?

Figura 7: Mecanismes d’immunodeficiéncia per manca d’ADA.1) Mutacions o la inhibicié
farmacologica de I'ADA comporta I'acimul de 2’-deoxiadenosina (dAdo). 2) Nivells elevats de dAdo
comporten una senyalitzacidé aberrant dels receptors d’adenosina (AdoR) que afecta la viabilitat i funcié
cel-lular. 3) Nivells elevats de dAdo inhibeixen I'enzim S-adenosilhomocisteina (SAH) hidrolasa. L'acimul
de SAH produit a la vegada inhibeix reaccions de transmetilacié que usen la S-adenosilmetionina (SAM)
com a donadora de grups metil. Aquesta inhibicié comporta I'activacié de vies d’apoptosi o la disrupcio
de vies clau per a la diferenciacié cel-lular. 4) La dAdo pot ésser fosforilada a dATP per varies quinases.
Increments en dATP s’associen a fenomens d’apoptosi per la inhibicié de la ribonucleotid reductasa
(RNR), resultant en l'impediment de sintesi de novo del DNA, tot i que no es descarten altres

mecanismes. Modificat de (Blackburn y Kellems, 2005)

1.5.3 Ecto-adenosina desaminasa
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1.5.3.1 ADA extracel-lular, funcié com a ecto-enzim.

Ja a la década dels 70 i 80 es va observar que I’ADA es localitzava en les
mateixes fraccions subcel-lulars que altres enzims ancorats a la membrana, com ara el
CD73 (Trams y Lauter, 1975; Franco etal.,, 1986). En les dues décades posteriors
aquestes observacions es varen fer extensives a cel-lules d’origen hematopoétic (Bielat
y Tritsch, 1989; Dinjens et al., 1989; Franco et al., 1990) i endotel-lials (Meghji et al.,
1988). Donat que l'estructura de I'enzim no mostra cap domini d’integracié a la
membrana, es va concloure que podria actuar com a ecto-enzim localitzant-se a la
membrana per interaccié amb alguna proteina integral de membrana. Quan es va
aprofundir en la caracteritzacid de I’ecto-ADA en cel-lules del sistema immunitari, es va
trobar que la majoria de monaocits i limfocits B I'expressaven, mentre que |’ecto-enzim

era present en una menor porcié (10-20%) de la poblacié T (Aran et al., 1991).

Finalment, observacions més recents del nostre grup de recerca indiquen la
preséncia de I’ADA en la membrana de cel-lules dendritiques humanes, tant madures
com immadures (Pacheco et al., 2005). El fet de que I’ADA no interaccioni covalenment
amb les seves proteines d’unid a la membrana, i per tant pugui ser facilment
solubilitzada, explica la preséncia de I'ADA en fluids con ara el serum (entre 6.58 i
11.84 U/l) (Beyazit et al., 2012; Cakal et al., 2010), o secrecions més localitzades com
ara liquid cefaloraquidi, sinovial o pleural (Pérez-Rodriguez et al., 2012; Nakamachi
et al., 2003; Garcia-Zamalloa y Taboada-Gomez, 2012). Es interessant destacar que els
nivells d’ADA en aquests fluids es veuen alterats en un gran nombre de patologies
normalment relacionades amb processos inflamatoris o infecciosos, com ara
tuberculosi, meningitis bacteriana, SIDA o hepatitis virals (Gakis, 1996; Cristalli et al.,
2001). Tant és aixi que diversos estudis proposen I'Us dels nivells d’ADA com

marcadors d’aquestes alteracions (Kaya et al., 2007; Segura et al., 1989).
1.5.3.2 Proteines d’unio d’ADA a la membrana: CD26 i receptors d’adenosina.

El fet que no s’hagin trobat diferéncies moleculars ni enzimatiques entre ’ADA
intracel-lular i extracel-lular, conjuntament amb I'existéncia d’un Unic gen per a ADA,

indicaria que I’ecto-ADA ha de provenir de l'interior cel-lular. El mecanisme mitjangant
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el qual I’ADA s’exporta a |'espai extracel-lular és, perd, desconegut. El fet que ’ADA no
tingui cap sequencia senyal ni dominis transmembrana a la seva seqiiéncia proteica
descarta vies convencionals de secrecié. Precisament per la manca de dominis
transmembrana en la estructura de I'ADA, aquesta requereix d’altres proteines de
membrana per a la seva localitzacié a la superficie cel-lular. Actualment, es coneixen

dos grups de proteines d’unié a ADA: el CD26 i els receptors d’adenosina.

Al 1993 es va caracteritzar el CD26 com la proteina responsable d’ancorar ADA
a la superficie de cél-lules Jurkat (Kameoka etal.,, 1993). Posteriorment aquesta
interaccié s’ha detectat en diverses cel-lules, pero és interessant destacar que en
ratolins o en rates no s’observa aquesta unié (Schrader et al., 1990) i de fet ’ADA
murina tampoc és capag d’unir-se al CD26 huma (Richard et al., 2002). Per altre banda,
es va comprovar que en la interaccié CD26-ADA no hi estaven implicades les activitats
enzimatiques dels respectius enzims (Dong et al., 1996). En aquest ultim estudi també
es va demostrar la co-localitzacié de I’ADA amb el CD26 a la membrana plasmatica,
perd no a linterior de la cel-lula, suggerint que el mecanisme pel qual '"ADA és
secretada no involucra el CD26. Aquest punt es va confirmar realitzant co-cultius entre
cél-lules murines transfectades amb CD26 huma i cél-lules humanes CD26. En aquest
experiment les cel-lules murines, expressant CD26 huma, adoptaven ADA a la seva
superficie que uUnicament podia provenir de les cel-lules humanes, descartant la

necessitat del CD26 per a la secrecié d’ADA (Dong et al., 1996).

Mitjangant diferents delecions, mutacions puntuals i anticossos monoclonals
contra diferents epitops de CD26 es va determinar que els aminoacids Lzso, V341, Azaz i
Ras3 eren claus per a la unié d’ADA (Dong etal., 1997, 1998). Posteriors estudis
mitjancant I'Us de mutagenesi dirigida i mutants d’ADA amb seqiliéncies murines i
humanes, varen determinar que la regié d’ADA involucrada en la unié de CD26 estava
situada a I’hélix a, concretament els residus 126 al 143. Aixi, els aminoacids d’ADA
claus per a la interaccié amb CD26 son |Arg142, Glu139, i Asp143 (Richard et al., 2000,
2002). L'ADA murina mostra un canvi puntual en el residu 142, expressant GIn en
comptes d’Arg, fet que explicaria la no interacci6 amb el CD26 (Richard et al., 2002).

Posteriorment es va cristal-litzar el complex del CD26 huma i ’ADA bovina, mostrant
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que un dimer de CD26 uneix 2 molécules d’ADA (veure Fig 8) (Ludwig et al., 2004;
Weihofen et al., 2004).

La interaccio de I’ADA amb el CD26 sembla modular les propietats catalitiques
de 'ADA i del CD26. El pH optim per a 'activitat enzimatica del CD26 sembla ser més
elevat del normal, per sobre la neutralitat (Sharoyan et al., 2006). Aquests nivells de
pH dificilment tenen lloc a I'espai extracel-lular, i menys en condicions d’inflamacié o
infeccio on el pH té tendéncia a baixar. Donat que la interaccié molecular CD26/ADA
no impedeix cap de les dues activitats enzimatiques (De Meester et al., 1994; Fan
et al., 2012), la generacid local d’amoni per part de I’ADA com a conseqiéncia de la
desaminacido de I'adenosina podria incrementar el pH, incrementant aixi I'activitat

enzimatica del CD26.
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Figura 8: Interaccié CD26-ADA Extret de (Weihofen et al., 2004)

El CD26 no és la unica proteina capa¢ d’unir ADA a la membrana. La primera
evidencia d’una interaccid directa entre I'enzim i el receptor A; d’adenosina es va
observar en la linia cel-lular DDT;MF, que expressa de forma natural receptors
d’adenosina i també CD26. A I'afegir ADA bovina fusionada a una proteina fluorescent
a cultius d’aquesta linia cel-lular es va observar co-localitzacié amb el receptor A; inclis
a nivells més elevats que amb CD26 (Ciruela et al., 1996; Saura et al., 1998). Aquesta

interaccido ha estat també observada en la linia cel-lular HEK293 transfectada amb el
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DNACc per al receptor A; (Sun et al., 2005). Recentment, a més s’ha descrit la capacitat
de I’ADA per a actuar com a modulador al-losteric del receptor A; millorant I'afinitat
d’aquest receptor per als seus lligands i incrementant-ne la senyalitzacié (Gracia et al.,

2008) (Figura 9).

Diferents estudis centrats en la caracteritzacié de la interaccié entre CD26 i
ADA en cél-lules immunitaries ja havien destacat la preséncia de limfocits T positius
per a ecto-ADA i negatius per a CD26 (Cordero et al., 2001; Herrera et al., 2001a).
Donada la nul-la o molt baixa expressid6 de receptors A; en aquestes cel-lules els
resultats apuntaven a un altre receptor com a candidat per a unir I’ADA. Aixi, tant en
cél-lules CHO com en Jurkat i mitjancant técniques de coimmunoprecipitacio i
coimmunolocalitzacid es va demostrar la unié d’ADA als receptors d’adenosina A,g
(Herrera et al., 2001a). Tal i com succeeix amb el receptor A; la interaccié d’ADA amb
el receptor Az és capa¢ d’incrementar I'afinitat del receptor pels seus lligands i
estimular la produccié d’AMPc, segon missatger associat a la senyalitzacié d’aquest
receptor. Finalment, estudis recents del grup de recerca han determinat també la
interacci6 de l'ecto-ADA amb els receptors A,x d’adenosina en ceél-lules CHO
transfectades amb el DNAc per a aquest receptor. Mitjancant tecniques d’unié de
radiolligands s’ha determinat que tal i com passa amb el receptor A;i I’Azs, I’ADA actua
millorant I'afinitat del receptor A,s per als seus lligands (Gracia etal., 2011). Es
interessant destacar que aquests efectes d’ADA sobre els receptors d’adenosina es
produeixen fins i tot quan l'activitat enzimatica és inhibida per HgCl, (Ciruela et al.,

1996; Herrera et al., 2001a; Gracia et al., 2011).
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Figura 9: Interaccio de ’'ADA amb els receptors d’adenosina

Aixi doncs, la preséncia d’ecto-ADA en la superficie cel-lular és clau per a
regular els nivells extracel-lulars d’adenosina, fet que finalment pot modular les
senyals dels diferents receptors d’adenosina. Aquest fet es va observar en timocits, on
la quantitat d’ecto-ADA unida a les cél-lules, clarament influenciada per I'expressié de
CD26, resultava en diferents senyals d’AMPc per part dels receptors d’adenosina
(Hashikawa et al., 2004). Aquest rol seria d’especial importancia en elevades densitats
cel-lulars, ambients on hi hauria gran quantitat d’adenosina extracel-lular, com ara el

tim (Hashikawa et al., 2004), o en respostes immunitaries.
1.5.4 Paper de I’ecto-adenosina desaminasa en el sistema immunitari
1.5.4.1 ADA com a molécula co-estimuladora de 'activacié limfocitaria

El primer indici de que I’ADA extracel-lular podia desenvolupar un paper
especific en el sistema immunitari va ser I'observacié d’un increment en I'expressio de
CD26 i ecto-ADA en limfocits T activats via el complex TCR/CD3, suggerint un paper
d’aquest complex en [l'activacié limfocitaria. De fet, I'addici6 d’ADA exodgena

conjuntament amb I'estimulacié del TCR/CD3, es va mostrar capa¢ d’incrementar
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I'activacié limfocitaria. Donat que ni els anticossos policlonals contra I’ADA ni I'addicié
d’ADA sense estimuls per al TCR/CD3 produien un efecte activador, es va postular que
la interacci6 de I’ADA amb el CD26 actuaria com a senyal coestimuladora per a
limfocits T (Martin et al., 1995). Diversos estudis han suggerit que la unié d’ADA a
CD26 possibilitaria la degradacid extracel-lular d’adenosina, per tant eliminant senyals
inhibidores per al sistema immunitari (Dong et al., 1996, 1997; Ruers et al., 1987). Molt
més recentment, s’ha evidenciat que la interaccié CD26-ADA té lloc preferencialment
en cél-lules T efectores, que a més expressen baixos nivells de CD39 o CD73, enzims
productors d’adenosina. En canvi, cel-lules amb fenotip supressor (Treg) mostren
nivells elevats de CD39 o CD73 i nivells molt més baixos de complexos CD26/ADA a la
seva membrana (Mandapathil et al., 2010). Aixi, sembla clar que la unié d’ADA a CD26 i
I'activitat adenosina desaminasa extracel-lular estarien implicades en [I'activacié
limfocitaria, mentre la generacié d’adenosina extracel-lular i una manca de complexes
CD26/ADA correlacionaria amb una major immunosupressié. Es de destacar que s’han
obtingut resultats similars en altres models cel-lulars. Aixi, tant en membranes de
timocits com en cel-lules endotelials s’han observat complexos CD26/ADA que
permetrien evitar un acumul excessiu d’adenosina en situacions d’hipoxia generades
per altes densitats cel-lulars com les que es troben durant la maduracié limfocitaria en
el tim o per processos inflamatoris diversos (Hashikawa et al., 2004; Eltzschig et al.,
2006; Van Linden y Eltzschig, 2007). Per altre banda, la interaccié de I’ADA amb el
CD26 s’ha vist capac¢ d’incrementar la proliferacié i activacié limfocitaria de forma
independent a la seva activitat enzimatica (Martin et al., 1995; Pacheco et al., 2005;
Franco et al., 2007). Aixi, tot i inhibint I'activitat catalitica amb HgCl,, I'’ADA és capag
d’incrementar la proliferacié i secrecié de citocines de limfocits estimulats per
dendritiques autologues pulsades amb un super-antigen (SEA) (Pacheco et al., 2005).
En aquest mateix estudi es va demostrar que la major part dels efectes de I’ADA eren
inhibits al bloquejar la interaccié CD26-ADA mitjangant TA5.9, un anticos monoclonal
front I’epitop d’unié a ADA en la molecula de CD26. Donat que és conegut que el CD26
té dominis intermembrana d’interacci6 amb el CD45 (Torimoto etal., 1991), és
plausible que la interacci6 d’ADA amb el CD26 influeixi sobre la senyalitzacié

intracel-lular mitjancada per aquesta tirosin-fosfatasa (Pacheco et al., 2005; Franco
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et al., 2007). El fet que la majoria de CD26 expressat per diversos tipus cel-lulars no es
trobi saturat amb ADA (Morrison et al., 1993; Martin et al., 1995; Dong et al., 1996),
recolzaria un rol regulador d’aquesta interaccié. Es a dir, en moments determinats, la
secrecid d’ADA incrementaria la quantitat d’enzim unit al CD26 a la superficie de les
cel-lules, influint en la senyalitzacié cel-lular, incrementant la degradacid extracel-lular

d’adenosina o oferint anclatge per a contactes cel-lula-cél-lula (Pacheco et al., 2005)

Finalment, la rellevancia fisiologica de les interaccions de I'ADA amb els
receptors d’adenosina ha estat molt menys estudiada. S’ha observat que en cél-lules
dendritiques murines on I’ADA de la superficie no s’uneix al CD26 muri i probablement
interacciona amb els receptors d’adenosina, I’ADA és necessaria per a evitar els efectes
supressors de I'adenosina (Desrosiers et al., 2007). En aquest sentit, el nostre grup de
recerca va demostrar la preséncia d’ADA a la superficie de cél-lules dendritiques
humanes (Pacheco etal., 2005). Aquesta ADA co-localitzava principalment amb els
receptors d’adenosina A,z Es va formular la hipotesi per la qual la unié d’ADA a la
cel-lula dendritica mitjangant els receptors Ayg i alhora a les cel-lules T mitjangant el
CD26 actuaria de molécula pont co-estimulant a la cél-lula T (Pacheco et al., 2005;

Franco et al., 2007).
1.5.5 Interaccié CD26-ADA i infeccié pel VIH.

La implicacié de I’ADA i del CD26 en I'immunopatologia derivada de la infeccié
per VIH es va proposar a |'observar una correlacié entre la reduccié dels nivells de
cél-lules CD26" i la progressié a SIDA (Blazquez et al., 1992; Vanham etal., 1993) i a
I'observar que els nivells plasmatics d'ADA es troben elevats en aquests pacients

(Chittiprol et al., 2007; Khodadadi et al., 2011).

Inicialment es va proposar un paper del CD26 e la infeccié per VIH considerant
I'activitat catalitica d’aquesta molecula. L'activitat peptidasa del CD26 s’ha demostrat
capac d’influir sobre la capacitat de certes citocines d’inhibir I'entrada del VIH. Aixi
davant de soques R5, el processament de RANTES pel CD26 milloraria la unié al CCR5,
inhibint de forma més efectiva I'entrada del virus. Per contra, el processament de SDF-

la pel CD26, redueix la seva capacitat d’inhibir I’entrada viral via CXCR4 (De Meester
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et al., 1999). Segons aix0, el CD26 podria resultar protector en els primers estadis de la
infecciéd quan predominen les soques R5, mentre que contribuiria a la disseminacié de
la infeccid en estats més avancats on abunden soques X4 (De Meester et al., 1999). En
consonancia amb I'anterior hipotesi, I'expressié de CD26 s’ha vist incrementada en una
cohort d’individus exposats no infectats (Songok et al., 2010). A part de l'activitat
catalitica el CD26 pot interaccionar amb diferents elements del VIH. A finals dels anys
90 es va demostrar que la proteina Tat del VIH podia unir-se i inhibir I'activitat
enzimatica del CD26, possiblement contribuint a la immunosupressié mitjancada pel
virus (Gutheil et al.,, 1994; Fan et al., 2012). També durant la mateixa decada es va
proposar el CD26 com a coreceptor d’entrada per al VIH en linies cel-lulars (Callebaut
et al., 1993), tot i que altres grups varen ser incapacos de replicar aquests resultats
(Lazaro et al., 1994; Wang et al., 1995), fet que va generar forca controversia. El fet
gue s’hagi observat una interaccié directa i una comodulacié entre el CD26 i el CXCR4,
correceptor del virus, en la membrana de cél-lules T (Herrera et al., 2001b) afavoreix la
hipotesi de que el CD26 pugui actuar com a coreceptor d’entrada per al VIH. Aquesta
hipotesi esta també avalada pel fet de que la proteina de I'envolta gp120 és capag de
desplacar la unio de I’ADA al CD26 (Valenzuela et al., 1997; Blanco et al., 2000; Herrera
etal.,, 2001b; Eltzschig etal.,, 2006), fet que podria explicar els nivells plasmatics
elevats d'ADA en aquests pacients. A més, la gpl20 tot reduint el coestimul
CD26/ADA, podria provocar la menor resposta immunologica a antigens VIH que
s’observa en pacients en estadis avancgats de la malaltia (Martinez-Navio et al., 2009).
Per altre banda, la interaccid6 CD26/ADA en cas d’estar preservada en els pacients , ja
sigui per un control innat de la infeccié o pel tractament antiretroviral, oferiria una
millora de la resposta VIH especifica. En aquest sentit, s’"ha observat un increment de
la proliferacié de limfocits T i secrecid de citocines Th-1/pro-inflamatories en un model
de cocultiu autoleg usant cel-lules dendritiques pulsades amb el virus inactivat

(Climent et al., 2009).

1.6. a-Defensines

El concepte de péptids com a antibiotics naturals és forga antic en la literatura

cientifica. Ja als anys 50 es va observar I'activitat microbicida de la “leukina” péptid

46



Introduccio

present en leucocits (SKARNES y WATSON, 1956). No va ser fins als anys 80 pero, que
es varen caracteritzar amb més detall peptids antibiotics naturals presents en els
macrofags alveolars, amb una gran capacitat antimicrobiana davant una varietat de
patogens com candida, o varies espécies de bacteris gram-positives (Patterson-
Delafield etal.,, 1980, 1981; Lehrer etal., 1983). Aquests péptids posteriorment es
varen anomenar defensines, donada la seva caracteristica funcié. Es interessant
destacar que péptids d’estructura i funcionalitat semblant s’"han observat en plantes

(Carvalho y Gomes, 2011), fongs (Zhu, 2008) i invertebrats (Isogai et al., 2011).
1.6.1 Classificacio i Estructura

Actualment s’engloba a les defensines dins dels mecanismes efectors de la
immunitat innata, per la seva activitat antimicrobiana d’ampli espectre. Son peéptids
amfipatics molt petits (3-6 KDa), rics en cisteina, basics i altament cationics. En els
vertebrats es distingeixen 3 subfamilies de defensines segons la seva estructura: a, B i
0. Cada subfamilia presenta un domini altament conservat que conté 6 cisteines,
emparellades per 3 ponts disulfur. Cada subfamilia presenta una distribucié diferent
d’aquests ponts disulfur (veure fig 10). En I'estructura terciaria de les a i B defensines
predomina els plegaments en forma de full B, formant estructures molt semblants (Hill
etal., 1991; Selsted y Ouellette, 2005). En canvi, les defensines 6 mostren una
estructura circular. En I'ésser huma i en primats del nou mén la traduccié de les
defensines 8 s’atura prematurament per un codé d’aturada en la seqiiencia senyal,
evitant que es produeixi la proteina madura (Tang etal,, 1999; Tongaonkar et al.,
2011). Curiosament, aixd no succeeix en primats del vell mén ni en orangutans

(Nguyen et al., 2003).

l[ t 1 ||

1
HNP1 A YRIPATIAGIRR Y T I YOGRL WAF +3
HNP2 Y R IPA I AGERR Y T I YQGRL WAF +3
HNP3 DYRIPAIAGERR Y T I YQGRL WAF +2
HNP4 VS RLVF R RTELR VN L IGGVS FTY TRV +4
HD5 AT Y R TGR A TRESL S V E ISGRL YRL R +4
HD6 AFT HR R=-S Y STEYS Y T T VMGIN HRF L +2
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Fig 10: Seqiiéncia proteica i carrega de les diferents defensines humanes

S’ha demostrat la capacitat de certes defensines, com I'a-defensina-1 i 3, per
formar dimers (Hill et al., 1991), fet que es postula que podria ser important per a la
seva funcionalitat (Pazgier et al., 2012). Inclus es proposa la possibilitat de que aquests

péptids formin estructures més complexes, o oligomers (Hoover et al., 2000).
1.6.2 Estructura geénica.

Els gens de les a i B defensines ocupen locus adjacents en el cromosoma 8p22-
23, fet que és consistent amb una possible evolucié a partir d’'un gen ancestral (Liu
etal., 1997; Lehrer y Lu, 2012). Donat que les B-defensines ja existeixen en reptils o
aus, perd només els mamifers presenten a-defensines, sembla clar que les a-
defensines es van originar a partir de les B, (Lynn y Bradley, 2007; Lehrer y Lu, 2012)

probablement per fenomens de duplicacid i posterior pressio selectiva.

Pel que fa a les a-defensines humanes, fins a dia d’avui s’han trobat 5 gens
codificant 6 péptids diferents. El processament proteolitic d’un residu d’alanina en la
HNP-1 o d’acid aspartic en I'HNP-3 doéna lloc a la HNP-2, rad per la qual el gen
d’aquesta defensina no s’ha trobat (Linzmeier et al., 1993; Lehrer y Lu, 2012). Els gens
DEFA1 i DEFA3, codificants per a la HNP-1 i HNP-3, respectivament , es presenten en
un nombre variable de copies que pot variar entre un minim de 2 i un maxim de 12,
segons diferents estudis (Mars etal.,, 1995; Hollox et al., 2003; Aldred et al., 2005;
Linzmeier y Ganz, 2005). A més, entre un 10% i un 37% de la poblacié no presenta el
gen DEFA3 (Ballana et al., 2007). Paral-lelament, els gens DEFB4, DEFB103 i DEFB104
codificants per a B-defensines també mostren un nombre variable de copies (Lehrer y
Lu, 2012). Contrariament al que es podria concloure després d’aquestes observacions,
la majoria de gens implicats en la immunitat innata no presenten un nombre variable
de copies (Linzmeier y Ganz, 2006). Tant és aixi que les gens per a les a-defensines
DEFA4, DEFA5 i DEFAG6 i les B-defensines DEFB1 es presenta en un nombre fix (2) de

copies per genoma diplode (veure fig 11).
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Tot i que l'origen i extensid dels fenomens d’herencia en nombre de copies
variable tot just s’han comencat a entendre i a estudiar amb profunditat (Wain et al.,
2009; Craddock et al., 2010), varis estudis han demostrat la seva relacido amb diverses
patologies. Per al que fa les a i B-defensines, s’han correlacionat CNVs amb la malaltia
de Crohn (Bentley et al., 2010; Jespersgaard et al., 2011), mentre que el CNV de les B-
defensines s’ha associat també amb psoriasis (Hollox etal., 2008). Es important
destacar que s’ha trobat una correlacié entre els nivells d’RNAm provinents de cel-lules
de sang periféerica total i la quantitat de copies dels gens de defensines (Hollox et al.,

2003).

Il b NI NNEE ENE = N |

8p23.1

|DEFB1 |DEFA6 IDEFA4 IDEFA1A3Nx IlDEFAS | IDEFB105 IDEFB106 IDEFB104 ISPAG11 IDEFB103 |DEFB4 I

Figura 11: Estructura génica de les a-defensines. En vermell zones subjectes a CNV
1.6.3 Sintesi, expressio i distribucio de les a-defensines.

En I'ésser huma, la principal font de les a-defensines 1-4 sén els neutrofils, sent
les a-defensines 1-3 molt més abundants que la 4. D’aquesta expressid caracteristica
se’n deriva la nomenclatura HNP (Human Neutrophil-derived Peptides). Les a-
defensines 1-3 o HNP1-3 representen del 5 al 7% de la proteina total d’un neutrofil, i
del 30 al 50% del contingut dels granuls primaris (Rice etal.,, 1987). La quantitat de
péptids d’HNP1-3 en neutrofils s’ha vist correlacionada amb el nombre de copies per a
aquests gens (Linzmeier y Ganz, 2005). Les defensines es sintetitzen com a pre-pro-
péptids en poblacions precursores de neutrofils, com ara promielocits (Arnljots et al.,
1998; Cowland y Borregaard, 1999). Un cop aquests neutrofils ja son plenament
diferenciats, aturen la sintesi d’'mRNA i proteina d’a-defensines (Harwig et al., 1992). El
processament proteolitic d'una seqlieéncia senyal de reticle endoplasmatic d’uns 15
residus, allibera la pro-defensina, que encara no posseeix activitat antimicrobiana. Es
considera que aquesta petita “pro” seqliencia peptidica actua conferint a la pro-
defensina carrega neutre, protegint aixi la cél-lula de fenomens d’autotoxicitat (Ganz,
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2003; Selsted y Ouellette, 2005). En els neutrofils, després d’un ultim processament
proteolitic en el golgi, les defensines s’emmagatzemen en els granuls primaris

d’aquestes cel-lules (Rice et al., 1987).

A banda dels neutrofils, majors productors d” HNP1-3, també s’ha observat la
presencia d’aquests péptids en altres poblacions cel-lulars, com ara cel-lules B, NK, Tyd
o monocits (Agerberth et al., 2000). Recentment, a més, s’ha descrit la capacitat de les
cél-lules dendritiques derivades de monocit de produir i secretar aquestes molecules
(Rodriguez-Garcia et al., 2007). Pel que fa a les altres a-defensines, I'HD5 i I'HD6, es
produeixen principalment en les cel-lules de Paneth de l'intesti (Porter et al., 1997;

Ghosh et al., 2002), tot i que també s’han detectat en secrecions salivals o uretrals.

Finalment, les 6 B-defensines fins ara trobades s’expressen preferencialment en
cél-lules epitelials (Klotman y Chang, 2006), tot i també s’han observat en altres
cél-lules (Duits et al., 2002). L'HDB1 és sintetitzada de forma constitutiva tot i que els
seus nivells varien en situacions inflamatories, mentre que les HDB2-4 sén induibles en
resposta a productes microbians, virics o citocines proimflamatories (Singh et al., 1998;
Tsutsumi-Ishii y Nagaoka, 2003; Harder et al., 2004). Finalment, I'expressié de I’'HBD5 i

6 sembla restringida a I’epididim (Lehrer, 2004).
1.6.4 Variabilitat inter-espécie en I'expressio de defensines

Es important destacar que existeixen particularitats molt definides en I'expressié de
defensines, inclis entre les diferents especies de vertebrats, que s’han de tenir en
compte a I'hora de valorar els resultats obtinguts en diferents estudis. Aixi, per
exemple, els neutrofils humans expressen 4 a-defensines, els neutrofils bovins
expressen 14 B-defensines, mentre que els neutrofils dels ratolins no expressen cap
defensina (Eisenhauer y Lehrer, 1992). No només els neutrofils mostren aquests tipus

de diferencies en I'expressié de defensines, (veure taula 5).
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Taula 5. Expressio de defensines en diferents espécies de vertebrats

Espécie Neutrofils Cels Paneth Epiteli
Huma a o aif
Primat Rhesus oie N D B
Ratoli Absents a aif
Rata ol a B
Porc No detectades N D B
Vaca B Absents B
Pollastre B ND B

Modlificat de (Ganz, 2003)

1.6.5 Les a-defensines com a molécules efectores de la immunitat innata.
1.6.5.1 Activitat antimicrobiana directe.

Totes les defensines caracteritzades fins ara mostren wuna activitat
antimicrobiana d’ampli espectre, efectiva davant fongs, bacteris, virus i fins i tot alguns
parasits. Aquestes dades provenen d’estudis on s’ha assajat in vitro la capacitat de
defensines purificades per a eliminar un ampli ventall de patogens. Aixi s’ha
determinat que les condicions Optimes per aquesta activitat sén una baixa forga ionica
i pH neutre. En aquestes condicions, les defensines tenen una activitat microbicida
directe en un rang de 0.5 — 5 uM (Selsted y Ouellette, 2005). Aquesta activitat es

antagonitzada per concentracions creixents de sals (150mM NaCl), cations divalents
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(Ca®) i proteines seriques (Selsted et al., 1985; Tang et al., 1999). Les a-defensines
tenen una extremada tendéncia a unir-se a membranes cel-lulars i a tot tipus de
proteines, especialment si estan glicosilades. Aixo es deu probablement a la carrega
positiva d’aquests péptids i a la negativa dels carbohidrats i membranes. Aquest fet fa
que en plasma, practicament la totalitat de les a-defensines que hi pugui haver es
trobin unides a proteines plasmatiques, potencialment reduint la seva capacitat
antimicrobiana (Lehrer y Lu, 2012). En canvi, en el procés de fagocitosi per part dels
neutrofils i posterior fusi6 amb el fagolisosoma es creu que es poden arribar a
concentracions de defensines de l'ordre dels 10mg/ml, concentracié que s’ha
demostrat bactericida a concentracions salines fisiologiques. Concentracions
semblants s’han proposat en el lumen de les criptes de Lieberkhiin de I'intesti (Ganz
et al., 1986; Ayabe et al., 2000). Aixi I'activitat bactericida d’aquests peptids quedaria

restringida a zones d’inflamacid, principalment epitelis i mucoses.

Estudis en diversos models de ratoli validen in vivo la capacitat antimicrobiana
de les defensines. Per exemple ratolins knock out per a I'enzim MMP-7, que processa
el pas de pro-defensina a defensina madura en les criptes intestinals, mostraven una
major susceptibilitat a una exposicié oral per S. Typhimurium que els ratolins control
(Wilson et al., 1999). En I'extrem contrari, un ratoli transgénic que expressava HD-5
humana en les cél-lules de Paneth, es va demostrar immune a |'exposicié oral de

soques virulentes de S. Typhimurium (Salzman et al., 2003).
1.6.5.2 Mecanismes antimicrobians directes de les a-defensines.

Els mecanismes que permeten I'activitat microbicida de les defensines tot just
es comencen a entendre. Inicialment es va observar que I'exposicié de soques d’E.coli
a HNP1-3 provocava la permeabilitzacido seqiiencial de la membrana exterior i la
interior, provocant I'aturada de sintesi d’ARN i ADN i posteriorment la mort bacteriana
(Lehrer etal.,, 1989). Curiosament, es requeria que el bacteri es trobés en fase de
creixement i tingués un minim potencial de membrana per a observar els efectes litics
de les HNP1-3. Per altre banda, I'exposicié de candida albicans a HNP1-3 provoca
I'alliberament no litic pero si letal d’ATP cel-lular (Edgerton et al., 2000). Posteriors

estudis han determinat la capacitat de les defensines de formar porus en les
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membranes diana, conseqiéncia tant de I'elevada carrega positiva com d’una certa
hidrofobicitat d’aquestes molécules (Kagan etal., 1990; Wimley et al., 1994; Zhang
et al.,, 2010). Una major carrega negativa de les parets i membranes bacterianes
afavoriria la unid de les defensines a aquestes estructures, en comptes de fer-ho a
cel-lules i membranes propies. Aquests mecanismes també s’ha demostrat efectius

davant virus amb embolcall (Daher et al., 1986), (veure més endavant).

1.6.5.3 Activitat quimiotactica

Algunes defensines han demostrat tenir activitat quimiotactica i la capacitat de
promoure la secrecid de citocines en cél-lules epitelials i monocits, influint per tant, en
la resposta immunitaria adaptativa. Aixi les HNP1-3 s’han demostrat quimiotactiques
per a monocits, cél-lules T (incloent cel-lules naive) i cel-lules dendritiques (Territo
etal., 1989; Chertov etal.,, 1996; Yang etal., 2000). De forma semblant s’ha
caracteritzat com la interaccié de la HBD-2 amb el receptor CCR6 atreu cel-lules T
memoria i dendritiques immadures (Yang et al., 1999). També les HBD-3 i 4 mostren
quimioatracci6 per monocits i macrofags (Garcia etal.,, 2001), observant-se
interaccions amb el receptor CCR2 (Rohrl et al., 2010; Jin et al., 2010). Finalment, tot i
que a dia d’avui no s’ha evidenciat de forma clara interaccions de les HNP1-3 amb
receptors concrets, es coneix que poden provocar la desgranulacié de mastocits, un
fenomen que es pot bloquejar amb toxina pertussica, fet que revela un mecanisme

depenent de proteina G (Befus et al., 1999; Niyonsaba et al., 2002).

1.6.5.4 Efectes indirectes sobre diferents poblacions immunologiques.

A banda de les propietats quimiotactiques i antimicrobianes directes, s’ha
observat la capacitat de les defensines de modular I'alliberament de citocines i
quimiocines diverses. Tal i com s’ha comentat anteriorment, les HNP1-3 provoquen la
desgranulacié de mastocits, fet que també allibera histamina, incrementant processos
inflamatoris. Per altre banda, aquestes mateixes defensines incrementen la secrecié de
CXCL8 i CXCLS5 per part de I'epiteli bronquial (van Wetering et al., 2002). En monocits
s’han descrit fendomens semblants, amb les HNP1-3 incrementant la secrecié de TNF-a

i IL-1B, tot reduint la secrecié d’IL-10 (Chaly etal., 2000). Tots aquests fendmens
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impliqguen amplificar la resposta immunitaria innata, tot iniciant I’adaptativa. D’acord
amb aquest fet, s’ha descrit la capacitat de les HNP1-3 per activar el procés de
maduracié de la cel-lula dendritica, tot incrementant marcadors com CD80, CD83,
CD86 i HLA-DR i un seguit de citocines pro-inflamatories com TNF-a, IL-1B3 , IL-6, IL-8 0
IL-12 (Rodriguez-Garcia etal., 2009; Presicce etal., 2009). Aquestes dendritiques
demostren una lleugera millora en la seva capacitat d’estimular cel-lules T. S’han
proposat efectes semblants per a la HBD-3 sobre dendritiques tant mieloides com
plasmacitoides, mitjancant interaccions amb els TLR-1 i 2 (Funderburg et al., 2007).
Finalment, molt recentment s’ha descrit la capacitat de I'HBD-2 d’incrementar la
secrecié d’IFN-y i IL-10 tot reduint la d’IL-17 en cel-lules T (Kanda etal.,, 2011),
confirmant que tot i ser efectores de la immunitat innata les accions de les defensines

modulen també la immunitat adaptativa.
1.6.6 Efectes antivirals de les a-defensines, infeccié per VIH.

Ja als anys 80 es coneixia |'activitat antiviral de les HNP1-3, almenys davant
virus com I'HSV (herpes), CMV (citomegalovirus), el VSV (virus de I'estomatitis) o virus
de la grip (influenca A) (Daher et al., 1986). No va ser pero fins al 1993 que es va veure
aquesta activitat antiviral també davant el VIH (Nakashima et al., 1993). Posteriorment
es va observar que ceél-lules CD8" de pacients infectats perd que controlaven la
infeccid, secretaven un component amb activitat inhibitoria del VIH (Mackewicz et al.,
1995). Aquest factor soluble, produit i secretat pels CD8" es va anomenar CAF (CD8
Antiviral Factor), i es va proposar que les HNP1-3 en formaven part (Zhang et al.,
2002). Posteriorment es va veure que les HNP1-3 observades a l'interior de les cél-lules
CD8" provenien en realitat de cél-lules accessories usades en els cultius (Zaharatos
et al., 2004), provocant la retraccié de la interpretacié segons la qual els CD8" produien
HNP1-3 (Zhang etal., 2004). Evidentment, les HNP1-3 es varen descartar com a
integrants del CAF (Mackewicz et al., 2003; Chang etal.,, 2003), tot i que la seva
activitat antiviral i anti-VIH no ha estat qlestionada, i s’"ha demostrat en nombrosos
estudis posteriors (D’Agostino et al., 2009; Seidel et al., 2010; Lehrer y Lu, 2012).
Aquesta controversia va revelar la facilitat amb la que diferents tipus cel-lulars

adquireixen defensines sense necessitat de produir-les (Zaharatos et al., 2004). A més
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existeixen mecanismes com la fagocitosi de granuls provinents de neutrofils apoptotics
per part de macrofags que poden representar nous mecanismes mitjancant els quals
diferents cél-lules adquireixen defensines (Arnett etal., 2011; Tan etal., 2006).
Aquests resultats ressalten la importancia de la preséncia de les defensines en els llocs
d’inflamacidé i exposicié a patogens, independentment dels tipus cel-lulars que les

puguin produir.
1.6.6.1 Mecanismes anti-VIH de les a-defensines

Actualment s’accepta que els efectes antivirals de les defensines depenen del
virus, la defensina i les cel-lules diana estudiades. No obstant, estudis inicials varen
demostrar que la preséncia d’'HNP1-3 a dosis de 200 pg/ml era capag¢ d’inhibir la
replicacié del VIH en un 70-98% en aproximadament una hora (Mackewicz et al.,
2003). Aquest efecte, a més, s’inhibia en preséncia d’'un 5% de FCS en el medi.
Resultats similars es varen obtenir en posteriors estudis, inclis a dosis de defensines
més baixes (Chang et al., 2005). No obstant, aquest ultim estudi proposava que els
efectes directes sobre el virid (equivalents als anteriorment explicats per a bacteris) no
eren els Unics implicats en I'activitat anti-VIH de les defensines. Previament s’havia
demostrat la capacitat de les defensines per a interactuar i inhibir la PKC (Charp et al.,
1988). Aquest mecanisme es va evidenciar clau per a explicar I'efecte inhibitori de les
defensines a concentracions no citotoxiques sobre la transcripcid i import nuclear del
VIH en cél-lules T CD4" (Chang et al., 2005). En un estudi molt més recent es comparen
les activitats anti-VIH de diferents defensines, arribant-se a la conclusié que
comparteixen alguns mecanismes antivirals com una reduccié d’expressié de CXCR4,
mentre que en difereixen en altres. Aixi per exemple, ’'HNP-1 o I'HBD-1 sén capaces
d’inhibir la replicacié viral fins a 12 hores post-infeccid, un cop la retrotranscripcié viral

ja s’ha completat, inactivant tant soques X4 com R5 (Seidel et al., 2010).

Per altre banda, s’ha proposat que les defensines serien capaces d’interactuar
tant amb la proteina gp120 com amb el CD4 (Wang et al., 2004; Demirkhanyan et al.,
2012), tot inhibint la fusié del VIH amb la membrana de la cél-lula diana (Furci et al.,
2007). Resultats similars s’han observat per a la HNP4, inclds amb millor activitat anti-

VIH que les HNP1-3 (Wu et al., 2005). Finalment, les HNP1-3 poden incrementar la

55



Introduccid

secrecié de quimiocines com CCL3, CCL4 O CCL5, quimiocines capaces d’antagonitzar la

unié del VIH als seus coreceptors (Guo et al., 2004).

1.6.6.2 a-defensines i proteccié davant del VIH. Individus exposats no

infectats.

Donades les diverses propietats antivirals de les defensines, és evident que
poden resultar un factor decisiu en la proteccid davant la infeccié per VIH. Aixi la
propia presencia del virus indueix la secrecié de defeninses (HBD-2 i 3) en cel-lules
epitel-lials (Klotman y Chang, 2006). A més, s’ha observat que en individus sans, tant
les secrecions vaginals com el fluid seminal contenen certa activitat anti-VIH, atribuible
en gran mesura a péptids cationics com les defensines (Venkataraman et al., 2005;
Martellini et al., 2009). Certes malalties de transmissid sexual s’han observat també
capaces d’elevar els nivells locals de defensines (Porter etal.,, 2005), fet que
paradoxalment s’ha associat a una major transmissié del VIH (Klotman et al., 2008;
Levinson et al., 2009) tot i que aquest fenomen podria tenir més relacié amb els
mateixos patogens que amb les defensines en si (Ding etal.,, 2010; Ding y Chang,

2012).

Per tot I'anteriorment descrit, seria esperable que una major expressié o
funcionalitat de les defensines comportés una millor resistencia o millor resposta
immunologica a la infecci6 per VIH. Estudis en cohorts d’individus exposats no
infectats confirmen aquesta hipotesi. Aixi es va demostrar una expressié constitutiva
d’HNP1-3 més elevada en cél-lules CD8" d’EU comparat amb individus infectats per VIH
o individus sans (Trabattoni et al., 2004). Aquest increment, a més, s’observava tant en
CD8 de sang periferica com provinents de rentats cervico-vaginals. De forma
interessant, els autors mostraven que els pacients infectats per VIH mostraven nivells
més elevats d’HNP1-3 que els individus sans, possiblement concordant amb una
induccié d’aquests peptids per la resposta innata al mateix virus. Confirmant aquesta
hipotesi, es va trobar una correlacié entre la carrega viral a la que cadascun dels
individus EU s’exposaven (viremia plasmatica de la corresponent parella infectada per
VIH) i els nivells basals d’HNP1-3. Aquesta correlacié s’ha confirmat en un estudi molt

més recent, en una cohort de 164 dones exposades no infectades (Levinson et al.,
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2012). Aquest estudi demostrava, a més que la capacitat de les secrecions vaginals de
neutralitzar el VIH era deguda principalment a péptids cationics (HNP1-3 i LL-37).
Donada I'extensa variabilitat en la heréncia génica de certes a i f defensines, no es pot
descartar que certs polimorfismes o genotips particulars puguin contribuir a una major
resisténcia al VIH, tal i com s’ha descrit per a altres factors tant de la immunitat innata
com adaptativa. En aquest sentit, es va observar una major quantitat d’ARNm de B-
defensines en una cohort d’exposats no infectats que en individus control. A més, la
cohort EU mostrava una freqliencia més elevada d’un polimorfisme associat a una

major produccié d’aquestes defensines (Zapata et al.,, 2008; Milanese et al., 2009).
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Objectius
2.0BJECTIUS

El grup de recerca en el que s’ha desenvolupat aquesta Tesis ha estat pioner en la
investigacio del paper de ’ADA com una proteina extracel-lular que, mitjancant la unié
a proteines de membrana, és capacg de potenciar la proliferacié de limfocits T induida
per l'activacié del complex TCR-CD3 (Martin etal.,, 1995; Pacheco etal.,, 2005;
Martinez-Navio et al., 2009). Per tal d’aprofundir en aquest coneixement, el primer

Objectiu General d’aquesta Tesi ha estat:

Analitzar el possible paper co-estimulador de I’ADA en la immunosinapsi produida
per interaccio de cél-lules T i cél-lules dendritiques de donants sans o pacients

infectats pel VIH.
Per assolir aguest objectiu general s’han plantejat els seglients objectius concrets:

e Objectiu 1. Caracteritzar I'efecte de I'ADA en la maduracié i presentacio
antigenica de les cel-lules dendritiques de donants sans o d’una amplia cohort

de pacients infectats pel VIH.

o Objectiu 2. Caracteritzar I'efecte co-estimulador de I'ADA en la generacié de
cél-lules T CD4" efectores, memoria o reguladores en co-cultius autdlegs de
cél-lules T CD4" CD45RA" i cél-lules dendritiques de donants sans o d’una amplia

cohort de pacients infectats pel VIH.

e Objectiu 3. |Investigar quines citocines estan implicades en I'efecte co-

estimulador de ’ADA
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Un dels fets més esperancadors per a la recerca d’una terapia preventiva enfront el
VIH és el fet que certs individus mostren control sobre la progressié de la malaltia, o
fins i tot immunitat natural davant la infeccid. S’"han descrit mecanismes que poden
contribuir a aquesta resisténcia, perd molts romanen totalment desconeguts. Tal com
s’ha descrit en la introduccié d’aquesta Tesi, les a-defensines produides per les
cél-lules dendritiques son molecules candidates a participar en aquest procés, tant per
la seva marcada capacitat antiviral com pel fet que les dendritiques son de les primeres
cél-lules a contactar amb el virus durant la infeccié. En aquest context, el segon

Objectiu General d’aquesta tesis ha estat:

Estudiar la produccié d’a-defensines per part de cél-lules dendritiques com a possible

mecanisme innat de resisténcia a la infeccio per VIH.
Per assolir aquest objectiu general s’han plantejat els seglients objectius concrets:

e Objectiu 4. Investigar la produccio i secrecié d’a-defensines 1-3 per cel-lules
dendritiques en pacients infectats pel VIH amb diferent grau de progressié de
la malaltia.

e Objectiu 5. Investigar la relacié existent entre el nombre de copies del gen

DEFA1A3 i la proteccio front la infeccié per VIH.
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3. RESULTATS

Els resultats d’aquesta Tesi es presenten en les seglients publicacions o manuscrits:

3.1 Adenosine Deaminase Enhances the Immunogenicity of Human Dendritic

cells from Healthy and HIV-infected individuals

Victor Casanova*, Isaac Naval-Macabuhay *, Marta Massanella, Marta Rodriguez-
Garcia, Julia Blanco, José M. Gatell, Felipe Garcia, Teresa Gallart, Carme Lluis, Josefa
Mallol , Rafael Franco’, Ndria Climent’, Peter J. McCormick .

Acceptat a Plos One

3.2 Adenosine deaminase potentiates the generation of effector, memory and

regulatory CD4" T-cells

José M. Martinez-Navio,* Victor Casanova*, Rodrigo Pacheco, Nuria Climent, Felipe
Garcia, José M. Gatell, Josefa Mallol, Teresa Gallart, Carme Lluis and Rafael Franco

J Leukoc Biol. 2010 Oct 27

3.3 Increased a-defensins 1-3 production by dendritic cells in HIV-infected

individuals is associated with slower disease progression

Marta Rodriguez-Garcia, Nuria Climent*, Harold Oliva*, Victor Casanova, Rafael Franco,
Agathe Leon, José M. Gatell, Felipe Garcia and Teresa Gallart

PLoS One. 2010 Feb 25;5(2):e9436

3.4 Higher DEFA1A3 Gene Copy Number and a-Defensins 1-3 Secretion are

Associated with HIV Protection.

Victor Casanova, Isaac Naval-Macabuhay, Felipe Garcia, Agathe Leon, Marta Rodriguez-
Garcia, Emma Fernandez , Laia Miralles, Cristina Rovira , Josefa Mallol Peter-Joseph
McCormick, Enric | Canela, José Maria Gatell , Teresa GaIIart*, Ndria Climent’.

(Manuscrit en preparacio)
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Resultats 3.1: L’adenosina desaminasa incrementa la immunogenicitat

de les cél-lules dendritiques d’individus sans i infectats per VIH.

Victor Casanova*’l, Isaac Nava/—Macabuhay*’l, Marta Massane//az, Marta Rodr/'guez-Garcia3 , Julia

Blancoz, José M. Gatell", Felipe Garc:’a4’5, Teresa Gallart4’6, Carme Lluisl, Josefa Mallo/l* , Rafael Franco™

ﬂ, Ndria C/iment*’4, Peter J. McCormick "

! Department of Biochemistry and Molecular Biology, Faculty of Biology, University of Barcelona,
Barcelona, Spain. ° Fundacié irsiCaixa-HIVACAT, Institut d’Investigacié en Ciéncies de la Salut Germans
Trias i Pujol, Badalona, Spain.3 Department of Physiology and Neurobiology, Dartmouth Medical School
Lebanon, NH, USA. * Institut d'Investigacions Biomédiques August Pi i Sunyer (IDIBAPS)-AIDS Research
Group, and Catalonian Center for HIV Vaccines (HIVACAT), Barcelona, Spain.” Infectious Diseases and
AIDS Unit, Hospital Clinic de Barcelona, Barcelona, Spain.6 Service of Immunology, Hospital Clinic de

Barcelona, Barcelona, Spain

L’ADA és un enzim implicat en el metabolisme purinic, crucial per a una correcte funcio
immunologica. El seu deéficit congénit comporta una immunodeficiencia combinada severa
(SCID). La unié d’ADA als receptors d’adenosina en la cel-lula dendritica i al CD26 en els
limfocits T possibilita senyals co-estimuladores per als limfocits T, fet que incrementa
I'activacid i la proliferacié de la cél-lula T. Tot i I'existencia de nombrosos estudis sobre les
funcions de I'ADA en l'activacié de la cél-lula T, la possible modulacié dels processos de
maduracié de la cél-lula dendritica per aquest ecto-enzim és encara enigmatica. En aquest
treball, es varen investigar les accions de I’ADA en la biologia de la cel-lula dendritica humana
derivada de monocit. Els resultats obtinguts demostren que I’ADA incrementa I'expressié de
CD80, CD86, CD40 i CCR7 en cél-lules dendritiques immadures tant en individus sans com en
infectats pel VIH. En aquests processos tant I'activitat enzimatica com la no enzimatica de
I’ADA hi estan implicades. Els increments en CD83 i mol:-lecules co-estimuladores son paral-lels
a una major secrecié d’IL-12, IL-6, TNF-a, CXCL8(IL-8), CCL3(MIP1-a), CCL4(MIP-1B) i
CCL5(RANTES), tant en donants sans com en pacients infectats pel VIH. En aquests ultims, a
més, s’oberven patrons d’apoptosi alterats com a conseqiiencia de I'efecte de I’ADA. D’acord
amb els resultats esmentats, els efectes de I’ADA sobre les iDCs sén capagos d’incrementar la
proliferacié de cél-lules T CD4" i CD8" al-logéniques, fet que reflexa una major immunogenicitat
d’aquestes dendritiques. De forma conjunta, aquests resultats suggereixen que I'ADA
promouria respostes T més potents i millor polaritzades en pacients infectats pel VIH en estat

asimptomatic.
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Abstract

ADA is an enzyme implicated in purine metabolism, and is critical to ensure normal immune
function. Its congenital deficit leads to severe combined immunodeficiency (SCID). ADA binding
to adenosine receptor on dendritic cell surface enables T-cell costimulation through CD26
crosslinking, which enhances T-cell activation and proliferation. Despite a large body of work on
the ecto-enzyme ADA actions on T-cell activation, questions arise on whether ADA can also
modulate dendritic cell maturation. To this end we investigated the ADA actions on human
monocyte derived dendritic cell biology. Our results show that ADA enhances CD80, CD83,
CD86, CD40 and CCRY7 expression on immature dendritic cells from healthy and HIV-infected
individuals, and both the enzymatic and non-enzymatic activities of ADA are implicated. These
ADA-mediated increases in CD83 and costimulatory molecule expression is concomitant to an
enhanced IL-12, IL-6, TNF-a, CXCL8(IL-8), CCL3(MIP1-a), CCL4(MIP-1B) and CCL5(RANTES)
cytokine/chemokine secretion both in healthy and HIV-infected individuals and to an altered
apoptotic death in cells from HIV-infected individuals. Consistently, ADA-mediated actions on
iDCs are able to enhance allogeneic CD4 and CD8-T-cell proliferation, globally yielding
increased iDC immunogenicity. Taken together, these findings suggest that ADA would promote
enhanced and correctly polarized T-cell responses in strategies targeting asymptomatic HIV-

infected individuals.



INTRODUCTION

Adenosine deaminase (ADA, EC 3.54.4) is a key enzyme in the purine pathway
catalyzing the irreversible deamination of adenosine or 2’-deoxyadenosine to inosine or 2'-
deoxyinosine and ammonia. ADA’s function is essential in maintaining an immune response as
patients with ADA deficiency suffer from SCID, a rare inherited metabolic disorder that causes
lymphopenia and immunodeficiency [1,2] due to the accumulation of toxic substrates [3] and
excessive adenosine receptor activation [4]. ADA is released into the extracellular medium by
immune cells where the enzyme can bind to certain membrane proteins such as CD26 [5-7]
and adenosine receptors A [8] Azs [9] and A, [10] CD26 is a T-cell-activation marker molecule
that has dipeptidylpeptidase enzymatic activity. Physiologically, this activity regulates the
actions of several peptides, including chemokines [11]. Adenosine receptors are members of
the G protein coupled receptor family. A, is negatively coupled to adenylate cyclase, while Aja
and Ay can activate this same enzyme through the Gg protein subunit. This leads to an
increase in cAMP levels, which may account for the adenosine mediated anti-inflammatory
effects on T-cells, neutrophils or antigen presenting cells [12]. Thus, ADA is expressed as an
ecto-enzyme with relevant physiological roles in the immune synapse [13,14]. On one hand, the
enzymatic activity of ADA reduces adenosine levels available for stimulation of adenosine
receptors expressed on the T-cell surface contributing to immune regulation [7,15,16]. On the
other hand, ADA delivers costimulatory signals to T-cells through CD26 crosslinking [17]. By
acting as a bridge between A,g adenosine receptors on dendritic cells (DCs) and CD26 on T-
cells [13], ADA acts as a costimulatory molecule in DC-T-cells cocultures enhancing T-cell
proliferation, Th-1/pro-inflammatory cytokine secretion [13], and T-CD4" cell activation, memory,
and Foxp3"™ generation in both healthy and HIV-infected subjects [18]. Although HIV gp120
envelope protein disrupts ADA-CD26 interaction [19], possibly contributing to the
immunodeficiency [20], ADA is still able to enhance autologous T-cell proliferation against
inactivated-HIV presentation by DC in individuals under HAART [21], suggesting a beneficial
role for ADA on improving HIV-specific T-cell responses in those individuals [22].

While ADA actions on T-cells have been extensively studied, its actions on human DC
are still largely unknown, despite the pivotal role of these cells on the immunological synapse

and T-cell activation. In fact, DCs are the most potent antigen presenting cells (APC), critical in



the initiation and control of protective immune responses [23,24]. Immature dendritic cells
(iDCs) are widely spread among peripheral tissues, where they actively scan the environment to
detect any invading pathogen or foreign antigen. Towards this end, pathogen associated
molecular patterns (PAMPS), nucleotides, inflammatory cytokines or cell damage activate a
complex DC maturation programme consisting of the up-regulation of maturation markers such
as CD83, costimulatory (such as CD80, CD86 and CD40) and HLA molecules, the activation of
CCR7 expression-induced migration to secondary lymph-nodes and the secretion of T-cell
polarizing cytokines, in a process set to efficiently activate antigen-specific T-cells [25]. In
contrast, in the absence of alarm signals, self-antigens are presented to T-cells in the absence
of or in limited costimulation, which results in tolerance, either by T-cell apoptosis, anergy or
regulatory T-cell (Treg) development in a process driven by inhibitory receptors such as PD-1 or
CTLA-4 [26] and suppressive mediators such as IL-10, TGF-B or adenosine [27-29]. These
unique and versatile properties of DCs makes them a valuable tool for therapeutic vaccination

purposes such as in HIV [30,31], cancer [32,33] or tolerogenic approaches [34]. Therefore, it is

important to know the role played by ADA on the biology of DCs.

Since it has been observed that DCs are able to arise from monocytes in vivo [35,36],
monocyte-derived DCs are a good model for in vitro studies [37]. The role of ADA on the
expression of costimulatory molecules, on cytokine and chemokine secretion, on the
immunogenicity, migration and viability of human monocyte-derived DC from healthy or HIV-
infected donors was here addressed. Four novel observations derive from this study: First, ADA
enhances DCs costimulatory molecule expression. Second, ecto-ADA actions on iDCs are able
to increase the secretion of both pro-inflammatory cytokines and chemokines that are known to
promote Th-1 immune responses. Third, we establish that both the enzymatic and enzymatic-
independent role of ADA participate in ADA-induced effects. Finally, ADA globally enhances the
immunogenicity of human DCs, a process that results in improved CD4" T-cell proliferation after
alloantigen presentation. These results demonstrate that ADA can lead to an increased mature
DC status; a property that can be harnessed to improve the outcome of immune responses to

chronic infections such as HIV.



MATERIALS AND METHODS

Sampling and study population

Blood samples were obtained by venipuncture from the antecubital vein using EDTA-treated
vacutainers (Becton Dickinson, Mountain View, CA, USA) and were processed immediately
after extraction. Healthy control volunteers (n = 25) and HIV-1-infected individuals (n = 22) were
included in the study. The study received the approval of the Institutional Committee of Ethics
and Clinical Investigation and all individuals gave informed written consent. The characteristics

of HIV- infected subjects are shown in Table 1.
Antibodies and Reagents

FITC-conjugated mAbs against HLA-DR, HLA-ABC, CD4, CD14, CD19, CD25, CD45RA and
IgG-y1 isotype-matched control, PE-conjugated mAbs against HLA-DR, CD1a, CD11c, CD14,
CD19, CD25, CD40, CD45R0O, CD56 and IgG-y1 isotype-matched control, PerCP-conjugated
mAbs against CD3, CD4 and IgG-y1 isotype-matched control and PE-Cy7-conjugated mAb
against CCR7 from Becton Dickinson Biosciences (Erembodegem-Aalst, Belgium); PE-
conjugated mAbs against CD80, CD83 and CD86 from Coulter-Immunotech Diagnostic
(Marseille, France); PE-conjugated mAb against CD209 from eBioscience (California, USA).
Human-specific mAb against CD26, TA5.9-CC1-4C8 were used as previously indicated

[13,19,20]
ADA preparation and activity determination

ADA from calf intestine (Roche Diagnostic Inc, Mannheim, Germany) was desalted by passage
through a PD-10 column (Amersham Biosciences, Cerdanyola, Spain) and its enzymatic activity
was evaluated by adenosine deamination measured as decreases in absorbance at 265 nm as
previously reported [38]. To obtain ADA without enzymatic activity, desalted ADA was treated
with HgCl, as described previously [8] and passed again through a PD-10 column to eliminate
remaining HgCl,. The enzymatic activity of Hg*'-treated ADA (ADA-Hg) was completely
abolished. The possibility of LPS contamination in the ADA preparations was addressed by
boiling the ADA preparation for 10 min before its addition to iDCs cultures. This process

completely removed ADA'’s ability to induce phenotypic changes in iDCs (data not shown).



Generation of monocyte-derived DCs

Monocyte-derived DCs were obtained as described previously [13,18,39]. Human PBMC were
obtained immediately after blood extraction using the standard Ficoll gradient method. To obtain
monocytes, PBMC were incubated for 2 h at 37 °C in a humid atmosphere of 5% CO,in 75 cm?
plastic flasks with DC-medium, consisting of serum free XVIVO-15 medium (Bio-Whittaker,
Walkersville, MD, USA) supplemented with 1% autologous serum, 50 ug/ml gentamycin (Braun
B., Melsungen, Germany), 2.5 ug/ml fungizone (Bristol-Myers Squibb, Munchen, Germany) and,
in the case of HIV-infected individuals, with 1 uM zidovudine (Retrovir from GlaxoSmithKline,
Madrid, Spain) to avoid possible replication of endogenous HIV-1. To obtain immature DCs
(iDCs) adherent monocytes were washed four times with pre-warmed serum free XVIVO-10
medium (Bio-Whittaker) and cultured during 5 days in DC-medium, supplemented at days 0 and
2 with human recombinant IL-4 and GM-CSF (1000 Ul/ml, each) (Prospec-Tany Technogene
LTD, Rehovot, Israel). The purity and immunophenotype were assessed by flow cytometry and
was found to be similar to previously reported [13,18,39]. At day 5 of differentiation, iDCs were
washed 4 times with XVIVO-10 media, counted and 5-X10° cells/ml distributed in 12.5 cm?
plastic flasks with fresh DC-medium supplemented with IL-4 and GM-CSF. To obtain ADA-
treated DCs or fully mature DCs (mDCs), 2 uM ADA or 10 ul/ml of cytokine maturation cocktail
were added, and cultured for two additional days. This cytokine maturation cocktail contains
TNF-q, IL-6 (1000 Ul/ml each, Strathmann-Biotec AG), IL-1 (300 Ul/ml, Strathmann Biotec AG)

and PGE,; (1 ug/ml, Pfizer, Madrid, Spain).

T-cell isolation, cocultures and proliferation assays.

As a source of T-cell-enriched population, non-adherent PBMC (see above) were washed four
times with XVIVO-10 medium and collected for further coculture experiments as described
before [13,18]. To measure T-cell proliferation, 107 cells/ml were stained with 5 MM CFSE using
the CellTrace CFSE proliferation kit (Molecular Probes, Paisley,UK) as indicated by the

manufacturer’s protocol.

Autologous or allogeneic cocultures were performed in 96-well round bottom plates, containing
non-treated or treated iDCs (10* cells/well) and fresh CFSE stained T-cells (2:x10° cells) in a
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final volume of 200 pl of in XVIVO-10 media. T-cell proliferation was assessed by flow cytometry

after 7 days of coculture in a humidified atmosphere with 5% CO, at 37 °C.
Cytokine and chemokine secretion measurement.

iDCs, ADA-treated iDCs or mDCs (5-X10° cell/ml) were cultured in DC-medium and the
secretion of cytokines and chemokines was measured in the supernatants after 48 h of culture.
Multiplex Luminex assays (Cytokine Human 25-Plex Panel, Invitrogen, Carlsbad, CA, USA)
were performed following the manufacturer instructions. The following 25 mediators were
tested: Eotaxin, GM-CSF, IL-18, IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, CXCLS8(IL-8), IL-10,
IL-12p40/p70, IL-13, IL-15, IL-17, IFN-a, IFN-y, CXCL10(IP-10), CCL2(MCP-1), CXCL9(MIG),

CCL3(MIP1-a), CCL4(MIP-1B8), CCL5(RANTES) and TNF-a
Chemotaxis assay

DCs migration towards CCL19 or CCL21 chemokines (from PeproTech, London, UK) was
measured in a 96-plate transwell chemotaxis chambers (Corning Costar, Cambridge, MA, USA),
using a polycarbonate filter of 5 ym pore size as previously reported [40]. Briefly, 150 ul of
recombinant human CCL19 (300 ng/ml) or recombinant human CCL21 (250 ng/ml) or medium
alone were placed in the lower wells. Upper wells were loaded with 50 pl of XVIVO-15 medium
containing 2.5-x10* iDCs, ADA-treated iDCs or mDCs. Each condition was set up in duplicates.
The complete chamber was kept in a humidified atmosphere with 5% CO, at 37 °C for 3 h.
Thereafter, cell suspensions in the upper well were removed and cells that had migrated
through the filter to the lower wells were counted by flow cytometry for 1 min. Values were given

as percentage of migrated cells + SEM in relation to the initial cell input.
Flow cytometry

Cells were collected, washed with PBS and incubated 30 min at 4°C with PBS containing 10%
rabbit serum and 0,1% NaN; prior 30 min incubation (4°C) with primary labeled antibodies.
When CCRY staining was performed, cells were incubated with PBS containing 5% BSA for 30
min at room temperature prior staining with CCR7-labeled monoclonal antibody for 30 min at 4
°C. Cells were washed with PBS and 10,000 to 50,000 events were collected on a FACsCAN or

a FACsCANTO flow cytometer (Becton Dickinson Biosciences Erembodegem-Aalst, Belgium).



Data was analyzed with FlowJo software (Tree Star, Inc. Ashland, OR, USA). The expression of
iDCs immunophenotype (CD3", CD14", CD19", CD56", HLA-DR", HLA-ABC*, CD80"", CD83"",
CD86", CD1a’, CD11¢", CD40", CD45R0O", CD45RA") was addressed and the percentage of
positive cells and the geometric mean fluorescence intensity was measured. DC and T-cell

populations were selected by forward and side light-scatter parameters.
Cell Death Assay

iDCs, ADA-treated iDCs and mDCs were carefully washed with XVIVO-15 medium after 48 h
cell culture in DC-medium. Cells (2:10°) were resuspended in 200 pl of XVIVO-15 media and
incubated with 40 nM of the potentiometric mitochondrial probe DIOCs (Molecular Probes;
Invitrogen, Carlsbad, California, USA) and 10 pl of propidium iodide (Sigma-Aldrich, St. Louis,
MO, USA) for 1 h at 37 °C. Samples were then acquired in a FACsCANTO instrument (BD). A
minimum of 10,000 events of every sample were collected and analyzed on FlowJo software.
After gating on DCs population by Forward and Side parameters, apoptotic and necrotic cells
were identified by their low DIOCq fluorescence [41] plus the absence or presence of propidium

lodide staining.
Statistical Analysis:

Graphs were plotted using the GraphPad Prism 5.0 software (GraphPad Software, Inc., San
Diego, California, USA). Quantitative variables were analyzed using medians and IQRs. The
non-parametric Mann Whitney U-test for unpaired data or the Wilcoxon signed rank test for
paired data were used when comparing two groups. For multiple comparisons, Kruskal-Wallis
test followed by Dunns post-test was used. For all the tests used, a two tailed P value <0.05

was considered statistically significant.



RESULTS

ADA enhances the expression of costimulatory molecules in iDCs

To study the influence of ADA on the phenotype of DCs, we first investigated the effect
of ADA on the expression of costimulatory molecules by flow cytometry. Immature monocyte-
derived DCs (iDCs) from healthy or HIV-infected donors were cultured in the absence or in the
presence of ADA for 48 h, and the expression of CD83, CD80 and CD86 was compared with
the expression detected in mature DCs (mDCs) obtained from the same donors after a cytokine-
PGE, maturation cocktail stimulation [42]. Different doses of ADA were tested, choosing 2 uM
as the lowest dose at which significant ADA effects were observed (Supplemental Fig. S1 A and
B). When iDCs were treated with ADA, a consistent and statistically significant (P<0.001)
upregulation of CD83 (Fig. 1 A and B) and CD80 (Fig. 1 C and D) was observed, both in healthy
and in HIV-infected donors. As expected, mDCs showed a marked increase in the expression of
CD83 and CD80 (Fig. 1 A and C). When assessing CD86 expression (Fig. 1 E and F), all DCs
expressed CD86 (>95% cells were positive on this marker) but culturing iDCs in the presence of
ADA resulted in a statistically significant increase in CD86 geometric mean, which was seen in
healthy donors (P <0.05) as well as in HIV-infected individuals (P < 0.001) (Fig. 1 F). Again,
mDCs expressed a higher CD86 geometric mean than its immature counterparts. CD83, CD80
and CD86 are classically considered maturation markers [43], and their upregulation suggests
that ADA is potentiating DC maturation. The coordinated upregulation of costimulatory and HLA
molecules on the surface of DCs is a characteristic feature of maturing DCs [43], thus, we next
sought to examine the ADA effect on HLA expression in the same experimental settings as
above. No statistically significant changes in HLA-DR (Fig. 2 A and B) or HLA-ABC (Fig. 2 C
and D) geometric mean were obtained in either healthy nor in HIV-infected individuals when
their iDCs were cultured in the presence of ADA. In contrast, cytokine maturation of DCs clearly
increased HLA-DR and ABC geometric mean (Fig. 2 A and C). Both ADA treatment and
cytokine maturation cocktail failed to affect the percentage of cells expressing other monocyte-
derived DCs markers such as CD11c (90% positive) or CD14 (<5% positive). The failure of ADA
to induce a clear upregulation of HLA molecules indicates that ADA does not promote a full

maturation process but a preferential enhancement of costimulatory molecules. To address the



latter, the ADA effect on the expression of CD40, another costimulatory marker, was measured.
All iDCs expressed CD40 (>95% cells were positive on this marker). A moderate and significant
(p<0.05) increase in CD40 geometric mean was observed when iDCs from healthy donors were
treated with ADA (Fig. 2 E and F). A tiny increase in CD40 geometric mean was noticeable
when iDCs from HIV-infected individuals were treated with ADA, although this effect was not
consistent on every patient tested due to a high inter-individual variability (Fig. 2 F). In contrast,
a clear increase in geometric mean was observed both in healthy and HIV individuals in mDCs
(Fig. 2 E). Considering that CD83, CD80, CD86 and CD40 are important for delivering the
appropriate secondary signals to T-cells [43,44] the ADA-mediated up-regulation of these
markers indicates that ADA may increase the costimulatory potential of iDCs. Given the
heterogeneity of the different HIV-infected individuals (table 1) we sought to determine whether
differences could be observed on iDCs by classifying patients according to their clinical
parameters, including CD4" or CD8" cell counts, viral load, HAART treatment or disease
progression (controller vs non controller). This analysis shows that iDCs from patients with
detectable viremia have increased CD80 while reduced CD83 expression compared to patients
with undetectable viremia (Supplemental Fig. S2 B). No other major differences were found on
this analysis. We further tested whether ADA effects on costimulatory markers expression might
correlate with any clinical parameter from these patients. Interestingly, ADA-mediated effects on
CD80 expression did correlate with the patients’ viral load (Supplemental Fig S3 A), but no

other major correlations were found.

ADA enhances Th-1/pro-inflammatory cytokines and chemokines secretion

Eliciting the appropriate cytokine and chemokine expression pattern to each invading
pathogen is critical to ensure a correctly polarized and efficient immune response [25]. To
investigate whether ADA was able to enhance DC cytokine and chemokine release and to
characterize the specific molecules involved, up to 25 cytokines and chemokines were
determined in culture supernatants from non-treated and ADA-treated iDCs using the Luminex
technology. iDCs from either healthy or HIV-infected individuals were cultured in the absence or
in the presence of ADA or with the maturation cocktail. After 48 h supernatants were collected

for further analysis. ADA addition to iDCs cultures resulted in a consistent enhancement in the
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release of a specific group of Th-1/pro-inflammatory cytokines and chemokines both in healthy
and in HIV donors (Fig. 3). IL-12, whose secretion is pivotal in regulating Th-1 polarization, was
augmented 2-fold in the presence of ADA when compared to iDCs in both healthy and HIV-
infected individuals. When the pro-inflammatory cytokines were addressed, a striking 10-fold
up-regulation of IL-6 was found, whereas a less consistent increase in TNF-a (2.5 median in-
fold) was seen (Fig. 3). It must be noted that IL-13 which is often found together with IL-6 and
TNF-a under inflammatory stimuli, was not detected in our iDC cultures in any donor,
suggesting that a very specific effect was triggered. Low, yet measurable levels (40-50 pg/ml) of
the antiviral IFN-a cytokine were detected in iDCs, but were not increased by ADA
(Supplementary Fig. S1 C). When chemoattractant mediators were analysed in the
supernatants, a clear and significant increase in CXCL8, CCL3, CCL4 and CCL5 was observed
in healthy donors and also in HIV-infected individuals (Fig. 3). The ADA-mediated increase on
these latter three CCL chemokines (B-chemokines) is relevant to HIV pathogenesis since potent
HIV-inhibitory activities are associated to these mediators [45]. In addition, ADA induced a less
prominent but noticeable increase in other chemokines such as CCL2 (Fig. 3) or CXCL9 (1.35
median in-fold, Supplementary Fig. S1). Importantly, the cytokine and chemokine profile
enhanced by ADA is very similar to the one observed for mDCs (Supplementary Fig. S1). It is
also remarkable that in our culture conditions no measurable levels of eotaxin, IL-5, IL-7, IL-13,

IL-15, IL-17 and CXCL10 were detected (data not shown).

ADA enzymatic—dependent and independent activities contribute to its effects on iDCs

Both adenosine deamination and CD26 binding are reported to have important roles on
the immune system [7,14]. Thus, we sought to delineate the particular contribution of these
activities on the ADA-mediated effects on iDCs. To address this question, we blocked the
enzymatic activity of ADA via inhibition with HgCl, (ADA-Hg). ADA-Hg is unable to degrade
adenosine while retaining its receptor binding capability [8]. iDCs were then cultured in the
absence or presence of ADA or ADA-Hg. As expected, ADA led to an upregulation of CD83 and
CD80 expression on all donors tested (Fig. 4 A and B). By contrast, ADA-Hg decreased the
ADA-mediated up-regulation of CD83 and CD80 in a median of 0.7 and 0.8 in-fold respectively
(Fig. 4 A). Despite this reduction, ADA-Hg was still able to induce a noticeable increase in CD80
and CD83 expression compared to non-treated iDCs (Fig. 4 A), indicating that a mechanism
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other than the enzymatic activity must be also involved. Since the presence of ADA on cell
membranes has classically been associated to CD26 expression in many cell types [5,46,47]
and CD26 is also expressed in human iDCs [13], the participation of CD26 on ADA-mediated
effects on iDCs was investigated. To address this, the mAb TA5.9, which is directed against the
ADA-binding epitope on CD26, was used. When iDCs had been previously pre-incubated with
TA5.9, the ADA-mediated upregulation of CD83 and CD80 was reduced by 0.46 and 0.64 in-
folds respectively suggesting an important role for ADA binding to CD26 in the ADA-mediated
increase in CD86 and CD80 expression (Fig. 4 B). Our next goal was to address the role of
ADA enzymatic activity and CD26 binding on cytokine and chemokine release. iDCs cultured in
the presence of ADA-Hg have a decreased secretion of IL-12, CCL2, CCL4 and slightly CCL3
(Fig. 4 C) while TNF-a secretion were not significantly modified and IL-6 secretion was
enhanced under these condition (Fig. 4 C). When the mAb TA5.9 was used in the same
experimental settings, no significant effect could be seen on IL-12, TNF-a or CCL3 secretion,
while IL-6, CCL2 and CCL4 were slightly decreased (Fig. 4 C). Interestingly, neither the ADA-
mediated changes in CXCL8 and CCLS5 secretion were affected by ADA-Hg or TA5.9 (results
not shown), suggesting these require a mechanism independent of CD26 or adenosine levels.
Taken together, these results suggest that both the enzymatic activity and binding to CD26
contribute to the global ADA mediated effects observed, since the abrogation of one of these

mechanisms alone does not abolish all the ADA effects.
ADA enhances the DCs capacity to stimulate allogeneic T-cells.

The ADA-induced enhancement of costimulatory molecules expression and Th-1/pro-
inflammatory mediators release on iDCs, suggested that ADA could render iDCs more
immunogenic by improving antigen presentation. To address this question, iDCs were cultured
in the absence or presence of ADA or with maturating cocktail during 48 h, strictly washed, and
cocultured with allogeneic CFSE-stained T-cells or autologous CFSE-stained T-cells as a
negative control. Proliferation of both CD4" and CD8" T-cell subsets was quantified. As
expected, mDCs induced the highest T-cell proliferation (Fig. 5 A and B). Remarkably, ADA also
induced a significant increase in CD4" T-cell proliferation compared to non-treated iDCs (Fig. 5
A and C). Moreover, an enhanced proliferation of CD8" T-cells was also observed in cocultures
with ADA-treated iDCs, although this increase was less consistent than that of CD4" T-cells
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(Fig. 5 B and C). Barely detectable levels of CD4" or CD8" T-cell proliferation was detected on
autologous cocultures, neither in the absence nor in the presence of ADA (Fig. 5 A and B),
discarding the possibility of ADA being presented as a foreign antigen. As ADA has been
previously shown capable of increasing Th-1 immune responses when present at the immune
synapse [13], we further tested whether ADA-induced effects on iDCs could still favor this T-cell
polarization. To address this issue, co-culture supernatants were addressed for IFN-y, IL-4, and
IL-17, indicative of Th-1, Th-2 and Th-17 polarization, respectively. In all conditions tested IFN-y
levels clearly predominated, and ADA actions on iDC did not alter this secretion profile, as we

detected 423 pg/ml of IFN-y as a median, while only 40 pg/ml of IL-4 and 49 pg/ml of IL-17 were

found (Fig 5 D). These results indicate that the ADA-induced effects on iDCs contribute to an

improved iDC function.

ADA increases CCR7 expression without an increase in DCs migration.

To further characterize the ADA effect on DCs status, we next tested the effect of ADA
on DCs migration. CCRY7 is critical to normal DC function as it drives antigen-loaded DCs entry
to secondary-lymph nodes, through CCL19 and CCL21-dependent chemotactic gradients [48].
AS CCRY is up-regulated upon DCs maturation, its expression is an indicator of DC status [43].
Therefore, we determined CCR7 expression and CCR7-dependent DCs migration as a way to
evaluate the DC population. iDCs from healthy donors were cultured in the absence or in the
presence of exogenous ADA or in the presence of maturating cocktail and CCR7 expression
was determined by flow cytometry. A small but statistically significant increase in CCR7
expression was obtained in the presence of ADA in every tested healthy donor (Fig. 6 A and B).
In accordance with previous studies [49], the maturation cocktail induced a more potent up-
regulation of CCR7 (Fig. 6 A). We next sought to determine whether the increase on CCR7
expression also improved CCR7-dependent DC migration. To address this question, a transwell
assay was used to assess the migration towards CCL19 or CCL21. As expected, extremely low
numbers of iDCs migrated to CCL19 or to CCL21 after 3 hours of assay (Fig. 6 C and D). ADA
addition to iDC cultures did not result in significant changes in iDC migration, neither to CCL19
nor to CCL21 in contrast to the migration observed with mDCs (Fig. 6 C and D). The ADA-

induced increase in CCR7 expression fits with the role of ADA on increasing the expression of
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costimulatory molecules in iDCs that confers a more mature DC status, but is not sufficient to

induce an increase on the in vitro DCs migration.

Role of ADA in iDCs viability.

The right balance between cell death and survival is critical to achieve a correct immune
homeostasis and this is especially important in HIV-infected donors where DCs death
contributes to the pathogenesis of the disease [50]. Thus, we next tested whether the ADA-
induced more mature DC phenotype could be playing a role on DCs viability. iDCs from either
healthy or HIV-infected individuals were cultured in the absence or in the presence of ADA or
with maturing cocktail. DIOCg, a fluorescent dye sensing mitochondrial potential was used to
stain viable cells. Early apoptotic and late apoptotic/necrotic cells could be easily distinguished
through the combination of low DIOCg staining and negative (apoptosis) or positive (necrosis)
propidium iodide staining (Fig. 7). The low percentage of cells that showed a bright DIOCg and
positive propidium iodide staining might represent dead cells phagocyted by live DCs or DCs
broken during manipulation. ADA addition to iDCs from healthy or HIV-infected donors did not
result in significant changes in iDCs viability after 48 h of cell culture as measured by low DIOC6
staining (Fig. 7 A and B). When apoptosis and necrosis were addressed on iDCs from healthy
donors, ADA was found unable of inducing significant changes in any of these populations, (Fig.
7 A, C and D). In contrast, all HIV-infected donors showed increased percentage of early
apoptotic cells in the presence of ADA while a reduced necrosis was detected (Fig. 7 A, C and
D). A clearly higher DCs viability with reduced apoptosis and necrosis were observed in mDCs
from either healthy or HIV-infected individuals (Supplemental Fig. S4), a result most likely due to
the presence of PGE, in the maturating cocktail [51]. These findings indicate that ADA does not
play a role in iDCs viability in healthy individuals whereas a different situation emerges on HIV-
infected donors. In a chronic disease setting, ADA showed a protective role against late steps of
cell death, an observation which may apply to other cells such as CD8 T-cells [52] .This was
however, not always reflected in a total increase in iDCs viability, suggesting that ADA is

inhibiting a post-mitochondrial event in apoptotic cascades in iDCs from HIV-infected

individuals.
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DISCUSSION

In this study, we explored the effects of extracellular ADA on human monocyte-derived
DCs from healthy and HIV-infected individuals. Four novel observations derive from this study.
First, ADA added to human iDCs cultures enhances DCs-self costimulatory and maturation
molecule expression. Second, we demonstrate, for the first time, that ecto-ADA actions on iDCs
are able to increase the secretion of both pro-inflammatory cytokines and chemokines that are
known to promote Th-1 immune responses. Third, we establish that both the enzymatic and
enzymatic-independent role of ADA participate in ADA-induced effects. Finally, ADA globally
enhances the immunogenicity of human DCs, a process that results in an improved CD4" and

CD8" T-cell activation after alloantigen presentation.

Despite the now clear role of ecto-ADA on promoting an enhanced T-cell activation, proliferation
and Th-1 effector/memory generation [13,18,21], it remained unclear whether ecto-ADA would
modulate human DC functions. It is this issue we have investigated. Using human monocyte-
derived DCs obtained from peripheral blood, we first determined if the addition of ADA to iDC
cultures would induce the expression of costimulatory molecules on iDCs. In fact we observed
that ADA increases CD83, CD80, CD86 and CD40 expression. These molecules are classically
considered maturation markers and their up-regulation suggests that ADA is potentiating the
DCs maturation. Considering that CD83, CD80, CD86 and CD40 are important for delivering the
appropriate secondary signals to T-cells [43,44], the ADA-mediated up-regulation of these
markers indicates that ADA may increase the costimulatory potential of DCs. Another interesting
aspect to highlight is that the addition of ADA to iDC cultures increases Th-1/pro-inflammatory
cytokine release including IL-12, TNF-a and IL-6. This cytokine pattern is very similar to the
ADA-increased effect on DC-T-cell autologous cocultures [13], indicating that ADA can act not
only on lymphocytes but also on DCs to increase Th-1/pro-inflammatory cytokine release.
Whereas IL-12 is critical to polarize T-cells towards Th-1, both IL-6 and TNF-a promote
inflammation and the activation of both innate and adaptive immune responses including T-
CD4" memory generation [18,53] and the maturation of DCs [54]. In addition, pro-inflammatory
cytokines in general and IL-6 in particular have been shown to block Treg mediated suppression

of DCs [55] as well as global Treg suppression capacity [56]. Together with deaminase activity,
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the ADA-induced secretion of pro-inflammatory cytokines would provide a local “suppression
free” environment to facilitate T-cell activation. In addition to the cytokines, we also
demonstrate, for the first time, that ADA addition to iDCs culture is able to increase the
secretion of chemokines such as CXCL8, CCL2, CCL3, CCL4 and CCL5. The global role of
these chemokines is to recruit immune cells such as neutrophils, monocytes, DCs, and
activated T and B cells to the sites where antigen processing is taking place, in order to further

develop the corresponding immune response [57].

To discern the exact mechanisms by which ADA is acting to induce DCs maturation is
difficult but our results indicate that both the enzymatic and extraenzymatic activity of ADA are
mediating its effects. By using ADA inhibited by HgCl, we observed a reduced expression of
costimulatory molecules and a decreased secretion of IL-12, CCL2, CCL3 and slightly CCL4
compared to active ADA, suggesting that the enzymatic activity of ADA is mediating part of
these effects. ADA catalyzes the irreversible deamination of adenosine to inosine and ammonia
decreasing the amount of extracellular adenosine able to bind to its receptors. It is known that
human monocyte-derived DCs as well as plasmacytoid DCs express adenosine receptors
[13,58,59] and adenosine, by binding to its receptors, modulates DC function, generally
reducing the maturation and immunogenicity of stimulated DCs by enhancing IL-10 while
diminishing IL-12, IL-6 and TNF-a secretion, lowering allo-stimulatory potential and limiting Th1
polarization [58-60]. Since the ADA-induced effects are the increase, not the decrease, of the
expression or secretion of these molecules, part of the effects here observed can be due to the
ADA-mediated reduction of adenosine available to bind adenosine receptors. This has been
seen in mice where adenosine deamination by ecto-ADA on DCs surface was revealed to be
critical to ensure DCs activation to TLR ligands [61].Interestingly however, inactive ADA (ADA-
Hg) is able to increase IL-6 secretion, rather than decreasing it. Since adenosine has been
proposed to signal through A.g receptors and promote IL-6 secretion on iDCs [62,63] and ADA,
by binding to A increases the affinity and signaling of its ligands [9], it is plausible that ADA

inactivation results in increased adenosine effects through its receptors. We observed that part

of the ADA-mediated effects are independent of its enzymatic activity. In this respect, human or
bovine ADA binds to human CD26 [5,64,65], whereas murine ADA neither binds to mouse nor

human CD26 [66], suggesting relevant differences between human and mice models. We have

16



previously described that ADA, by a mechanism independent of its enzymatic activity, binds to
CD26 on T-cells enhancing cytokine release and T-cell costimulation [13,18,20]. To address the
role of CD26 in the ADA-induced effects, the mAb TA5.9, which is directed against the ADA-
binding epitope on CD26, was used. In the presence of the antibody, the ADA-mediated
upregulation of CD83 and CD80 was reduced and the secretion of IL-6, CCL2 and CCL4 were
slightly decreased suggesting a role for ADA binding to CD26 in these effects. Membrane-

bound CD26 is known to interact with CD45 [67], a tyrosine phosphatase also present in

dendritic cells. Since CD45 has been shown to modulate costimulatory molecule expression
and TLR-induced cytokine secretion on murine DCs [68-70] it is plausible that after ADA

binding, CD26 may interact and affect the subsequent Src kinases under CD45.

While ecto-ADA may attract immune effector cells through chemokine up-regulation, it
clearly does not seem to promote iDCs migration to CCL19 or CCL21 gradients, despite the
upregulated CCRY7 receptor expression observed in presence of ADA. This would fit with a role
of ADA in the facilitation of DCs maturation rather than inducing the entire process alone.
Regardless, the above mentioned ADA-mediated effects converge into one ultimate purpose:
render DCs more immunogenic. In fact, in cocultures of lymphocytes and iDCs previously
treated with ADA it was observed an enhanced proliferation of CD4" T-cells. As DCs were
extensively washed to eliminate the ADA added before the coculture, this improved
immunogenicity is likely attributable to the enhanced expression of costimulatory molecules
previously demonstrated. It is also plausible that iDCs treated with ADA are able to release
greater amounts of cytokines and chemokines upon T-cell contact, due to their more mature

status.

Finally, we have examined the effects of ADA on dendritic cells from asymptomatic HIV
subjects. HIV-1 viral particles are known for affecting several immune mechanisms in their

compulsory search for immune evasion. DC costimulatory molecule expression [71] and even

CD26/ADA interactions [19,20] are found to be disrupted by HIV-1. In addition, HIV-1 deviates

the appropriate Th-1 cell polarization towards Th-2 [72] and takes advantage  of
immunoregulatory mechanisms such as Tregs [73] or adenosine cell generation [74] to ensure

the disease progression. Last but not least, diverse HIV factors are known to render DCs more
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sensitive to apoptosis [50]. In the asymptomatic HIV subjects addressed here, where limited or
null viremia is found, ADA was able to enhance costimulatory molecule expression and Th-1
promoting cytokine/chemokine secretion, slightly enhancing DCs viability in some individuals.
Taken together, these findings suggest that HIV-T-cell specific responses could be improved in
the presence of ADA. In fact, previous experiments revealed that inactivated HIV-loaded DCs
cocultured with autologous T-cells in the presence of ADA enhanced HIV-specific T-cell
responses [21]. In addition, CCR5-binding chemokines CCL3, CCL4 and CCL5 are among the
most potent natural HIV-1 suppression factors [45] known to block HIV cell fusion by

antagonizing CCR5, an HIV co-receptor [75]. Also CXCL8 showed some transcriptional
inhibition of HIV-1 in peripheral blood lymphocytes [76]. These facts raise the question of

whether ecto-ADA mediated effects on iDCs could be accompanied of certain HIV-1-R5
suppressing activity, a hypothesis deserving future investigation. Taken together, the findings
here described demonstrate that ADA enhances maturation and costimulatory molecule
expression on iDCs from healthy and HIV-infected individuals, concomitantly to an enhanced IL-
12, IL-6, TNF-a, CXCL8, CCL3, CCL4 and CCL5 cytokine/chemokine secretion and an altered
transition to late apoptosis in HIV-infected individuals. As a whole these effects render DCs
more immunogenic and suggest that ADA might promote enhanced and correctly polarized HIV-

specific T-cell responses targeting asymptomatic HIV-infected individuals.
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FIGURE LEGENDS

Figure 1. ADA enhances CD83, CD80 and CD86 expression on iDCs.

iDCs, obtained as indicated in Materials and Methods, were cultured for 48 h in medium in the
absence (-ADA) or in the presence (+ADA) of 2 uM ADA or in the presence of maturating
cocktail (mDCs). Expression of CD83 (A and B), CD80 (C and D) or CD86 (E and F) in the DCs
gate was assessed by flow cytometry. In A, C and E, histogram overlays and the percentage of
positive cells (A and B) or geometric mean (C) for a representative healthy donor and HIV-
infected subject are shown. In B, D and F, values obtained from 16 to 19 healthy donors
(circles) or 12 to 16 HIV-infected individuals (triangles) in the absence (open symboils) or in the
presence (filled symbols) of 2 yM ADA are plotted. Each pair of linked symbols represents

results from a particular individual. *P <0.05; ***P < 0.001.

Figure 2. ADA effect on CD40 and HLA expression on iDCs

iDCs, obtained as indicated in Materials and Methods, were cultured for 48h in medium in the
absence (-ADA) or in the presence (+ADA) of 2 uM ADA or in the presence of maturating
cocktail (mDCs). Expression of HLA-DR (A and B), HLA-ABC (C and D) or CD40 (E and F) in
the DCs gate was measured by flow cytometry. In A, C and E, histogram overlays and the
geometric mean from a representative healthy donor and HIV-infected patient are shown. In B,
D and F, values obtained from 6 to 10 healthy donors (circles) or 9 to 10 HIV-infected subjects
(triangles) in absence (open symbols) or in presence (filled symbols) of 2 yM ADA. Values
obtained from 6 to 10 healthy donors (circles) or 9 to 10 HIV-infected subjects (triangles). * P

<0.05.

Figure 3. ADA increases cytokines and chemokines secretion.

iDCs, obtained as indicated in Materials and Methods, from 9 healthy (circles) and 8 HIV-
infected (triangles) donors were cultured during 48 h in medium in the absence (iDCs) or in the
presence of 2 yM ADA and the indicated cytokines and chemokines were determined in the
supernatant as described in Materials and Methods. Values are expressed as the ratio (in-fold)

of cytokine or chemokine levels obtained in presence of ADA versus levels obtained in absence
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of ADA (iDCs, the reference value of 1 is represented by a dotted line). For each group, the

median is indicated by a thick line. *P <0.05; **P <0.01 respect to iDCs.

Figure 4. Enzymatic and non-enzymatic activities are implicated on ADA-mediated

effects.

iDCs, obtained as indicated in Materials and Methods, from 4 to 8 healthy donors were cultured
for 48 h in medium in the absence (iDC) or in the presence of 2 uM ADA (+ADA) or 2 yM HgCl,
inactivated ADA (ADA-Hg) or iDCs were pre-incubated with the mAb anti-CD26 TA5.9 and
incubated with 2uM ADA (ADA+TA5.9). In (A) and (B), the expression of CD83 and CD80 was
assessed in the DCs gate by flow cytometry. In C) the indicated cytokines and chemokines
were determined in the supernatants after 48 h of cell culture. Each pair of linked symbols
represents results from a particular individual. Results are expressed as the ratio (in-fold) of the
values obtained in presence of ADA, ADA-Hg or ADA+TAS.9 versus untreated cells (iDCs, the

reference value of 1 is represented by a dotted line). *P <0.05; **P <0.01 respect to iDCs
Figure 5. ADA enhances DCs immunogenicity in iDC-T-cell Allogeneic cocultures.

In A and B, iDCs, obtained as described in Materials and Methods, from a representative
healthy donor were cultured during 48 h in medium in the absence of ADA (iDCs), in the
presence of 2 yM ADA (iDCs + ADA) or in the presence of maturating cocktail (mDCs). DCs
were washed and cocultured with allogeneic (upper contour plots) or autologous (lower contour
plots) T-cells (1:20 DCs:T-cells ratio). After 7 days, the percentage of CD4" (A) and CD8" (B) T-
cell proliferation was assessed by flow cytometry using the CFSE method. In (C) percentages of
CD4" (circles) and CD8" (squares) T-cell proliferation in absence (open symbols) or presence
(filled symbols) of 2 yM ADA in allogeneic cocultures from 6 to 7 healthy donors are shown.
Each pair of linked symbols represents results from a particular healthy donor. *P <0.05. In (D)
bars indicate IFN-y, IL-4 and IL-17 levels in ADA-treated iDC co-culture supernatants. Results

are the mean + SD (pg/ml) of 3 independent experiments.
Figure 6. Effect of ADA on CCR7 expression and iDC migration.

iDCs, obtained as described in Materials and Methods, from healthy donors were cultured

during 48 h in medium in the absence (-ADA) or in the presence (+ADA) of 2uM ADA or in the
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presence of maturating cocktail (mDCs). In (A) and (B), CCR7 expression in the CD40" DCs
gate was measured by flow cytometry. Histogram overlays and the percentage of CCR7
expression for a representative donor are shown in (A). Values obtained from 7 healthy donors
in the absence (open symbols) or in the presence (filled symbols) of 2uM ADA are shown in (B).
In (C) and (D), CCL19/CCL21 chemokine-induced migration assays were performed as
described in Materials and Methods. The percentage of cell migration to CCL19 (C) or CCL21
(D) in the absence (-ADA) or in the presence (+ADA) of 2uM ADA or in the presence of

maturating cocktail (mDCs), in relation to the initial cell input is shown. *P <0.01, ***P < 0.001
Figure 7. Effect of ADA on the iDCs viability

iDCs, obtained as described in Materials and Methods, from healthy or HIV-infected donors
were cultured during 48 h in the absence (-ADA) or in the presence (+ADA) of 2uM ADA. Cell
viability was assessed through DIOCg and propidium lodide (PI) staining and measured by flow
cytometry. In (A), contour plots showing the percentage of viable (bright DIOCg and negative
propidium iodide staining), apoptotic (low DIOCg and negative propidium iodide staining) and
necrotic (low DIOCg and positive propidium iodide staining) populations from a representative
healthy or HIV-infected donor are shown. Percentage of viable (B), apoptotic (C) and necrotic

(D) DCs from 7 different healthy and 6 HIV-infected donors are shown.*P <0.05.

Supplemental Figure S1. ADA dose-response in CD80/83 expression and cytokine

secretion.

iDCs, obtained as indicated in Materials and Methods, were cultured for 48h in medium in the
absence (iDC) or in the presence of 1, 2, 4 or 6uM ADA (+ADA) and the expression of CD83 (A)
or CD80 (B) was addressed by flow cytometry in the DCs gate. Bars indicating the mean + SEM
of 2 independent experiments are shown. In (C) the indicated cytokines and chemokines were
determined in the supernatant from iDCs cultured in the absence (iDCs) or in the presence of 1,
2, 4 uM ADA or in the presence of the maturating cocktail (mDCs). Bars indicating the mean
and SEM of 4 different experiments are shown. Values are expressed as the ratio (in-fold) of
CD83, CD80 or cytokine/chemokine levels obtained in presence of ADA or mDCs versus levels

obtained in absence of ADA (iDCs, the reference value of 1 is represented by a dotted line).
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Supplemental Figure S2. CD80 and CD83 expression on iDCs from HIV-infected subjects

according to different clinical parameters.

iDCs from HIV-infected subjects were cultured for 48 h in medium in the absence (-ADA) or in
the presence of 2 uM ADA (+ADA) and the expression of CD83 and CD80 was addressed by
flow cytometry. Patients were separated according to receiving HAART or not (A), having

undetectable (<DL) or detectable viral load (>DL) (B), being above or below 600 CD4"/ uL (C) or

above or below 900 CD8"/ uL (D). .*P <0.05, **P <0.01.

Supplemental Figure S3. Correlation of ADA effect on CD83, CD80 and CD86 expression

on iDCs from HIV subjects with different clinical parameters.

iDCs from HIV-infected subjects were cultured for 48 h in medium in the absence (-ADA) or in
the presence of 2 uyM ADA (+ADA) and the expression of CD83, CD80 and CD86 was
addressed by flow cytometry. The % of ADA increase on the expression of each marker was
obtained by subtracting the percentage of expression in the absence of ADA from the the
percentage of expression in the presence of ADA. These values for CD83 (Left column), CD80
(middle column) and CD86 (right column) were then correlated with patient’s viral load (A),
CD4" cell counts (B), CD4" Nadir (C) and CD8" cell counts (D). Spearman correlation test was

applied.

Supplemental Figure S4. mDCs viability.

iDCs, obtained as described in Materials and Methods, from healthy or HIV-infected donors
were cultured during 48 h in presence of a maturating cocktail (mDCs). Cell viability was
assessed through DIOCg and propidium lodide (PI) staining and measured by flow cytometry. In
A, contour plots showing the percentage of viable (bright DIOCs and negative propidium iodide
staining), apoptotic (low DIOCs and negative propidium iodide staining) and necrotic (low DIOCq
and positive propidium iodide staining) populations from a representative healthy or HIV-
infected donor are shown. Percentage of viable (B), apoptotic (C) and necrotic (D) DCs from 4

different healthy and 6 HIV-infected donors are shown.

28



Table 1, Clinical information of patients with HIV-1

Patients Receiving HAART (n=11) ‘

Sex Age VL* T CD4 T CD4 Nadir T CD8 Progression
cells/ uL % cells/ uL % cells/ uL %
M 48 <DL 582 28 255 28 882 42 NC
M 68 <DL 565 24 277 14 1354 66 NC
M 33 <DL 1075 34 396 16 1458 45 ve
M 40 <DL 666 42 537 30 458 21 NC
M 63 <DL 539 23 266 20 1174 51 NC
M 40 <DL 671 22 243 19 1456 47 NC
F 51 <DL 342 11 332 10 2533 79 Ve
F 59 <DL 1245 41 185 35 1435 48 NC
F 44 <DL 625 37 274 28 809 48 NC
M 35 27 764 45 365 26 673 40 NC
M 37 2,7 1193 31 783 29 2297 59 ve
Mean 2,7 751,5 30,7 355,7 232 1320,8 49,6
SD 291,4 10,3 170,5 7.8 641,4 14,9

Patients Not Receiving HAART (n=11)

Sex Age VL* T CD4 T CD4 Nadir T CD8 Progression
cells/ uL % cells/ uL % cells/ uL %
m 60 <DL 420 16 420 16 1182 45 vC
M 65 1,6 512 26 504 28 874 44 EC
F 54 1,9 540 20 451 19 854 52 EC
M 48 2,1 876 31 823 30 1355 48 vC
m 36 3,1 576 32 197 30 1332 59 Ve
m 34 3,2 519 25 406 29 1148 55 NC
m 31 3,4 480 30 480 30 76 48 vC
m 35 3,4 660 22 452 16 1368 46 NC
F 47 34 844 47 702 44 638 35 EC
M 35 35 880 40 867 36 1582 48 N/A
M 41 35 664 30 537 17 979 44 NC
Mean 2,9 633,7 29,0 530,8 26,8 1035,3 47,6
SD 0,8 165,7 8,9 195,7 9,0 421,2 6,3

*VL is expressed as log viral copies/ml
NC: Non controller

VC: Viremic Controller

EC: Elite Controller
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Resultats 3.2: L’adenosina desaminasa potencia la generacio de cél-lules

T CD4’ efectores, reguladores i memoria.

José M. Martinez—Navio,*'l Victor Casanova,*’l Rodrigo Pacheco,f’i Isaac Naval—Macabuhay,* Ndria
Climent,§’ Felipe Garcia,’” Jose” M. Gatell,"’ Josefa Mallol,* Teresa Gallart®Carme Lluis,* and Rafael

*2
Franco’

*Department of Biochemistry and Molecular Biology, Faculty of Biology, §Services of Immunology and
Infectious Diseases & AIDS Unit, Hospital Clinic, Institut d'Investigacions Biomediques August Pi i Sunyer
(IDIBAPS), and 9 HIVACAT, Hospital Clinic, Faculty of Medicine, University of Barcelona, Spain;
tFundacién Ciencia para la Vida and Instituto Milenio de Biologia Fundamental y Aplicada, Santiago,

Chile; and ¥Universidad San Sebastian, Chile.

Degut a la interaccié amb el CD26 a la superficie de la cél-lula T CD4" i amb el receptor Az a la
superficie de la cél-lula dendritica, 'ADA desencadena una senyal coestimuladora per a les
cel-lules T humanes. L'objectiu d’aquest treball va ser investigar si el coestimul mitjangat per
I’ADA participa en I'activacié i diferenciacié de les cél-lules T. Els resultats demostren que de
forma independent a la seva activitat enzimatica i depenent del increment en la lliberacié d’IL-
6, TNF-a i IFN-y, 'ADA incrementa la diferenciacié de cél-lules T CD4" CD45RA" CD45RO™ Naive
cap a cél-lules CD4'CD25'CD45R0O" efectores i CD4* CD45RA™ CD45R0O" memoria. A més, I’ADA
incrementa la generacié de cél-lules CD4*CD25"8"Foxp3”, fenotip de Tregs, mitjancant un
mecanisme on l'activitat de I’ADA hi esta implicada. Aquests increments en la generacio de
cel-lules efectores memoria i reguladores s’observa també en cél-lules de pacients infectats pel
VIH. Aquestes dades suggereixen que I’ADA és un modulador important en l'activacio i
diferenciacié de les cél-lules T CD4", fins i tot en céllules d’individus immunoldgicament

compromesos.
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Article

Adenosine deaminase potentiates the
generation of effector, memory, and
regulatory CD4" T cells

José M. Martinez-Navio, =1 Victor Casanova,*”! Rodrigo Pacheco, ™ Isaac Naval-Macabuhay, *
Nuiria Climent,®" Felipe Garcia,"" José M. Gatell,"" Josefa Mallol,* Teresa Gallart,™"
Carme Lluis,* and Rafael Franco*”

*Department of Biochemistry and Molecular Biology, Faculty of Biology, SServices of Immunology and Infectious Diseases &
"AIDS Unit, Hospital Clinic, Institut d'Investigacions Biomédiques August Pi i Sunyer (IDIBAPS), and YHIVACAT, Hospital
Clinic, Faculty of Medicine, University of Barcelona, Spain; "Fundacion Ciencia para la Vida and Instituto Milenio de Biologia
Fundamental y Aplicada, Santiago, Chile; and *Universidad San Sebastian, Chile
RECEIVED OCTOBER 27, 2009; REVISED SEPTEMBER 10, 2010; ACCEPTED SEPTEMBER 20, 2010. DOI: 10.1189/j1b.1009696

ABSTRACT

By interacting with CD26 on the CD4" T cell surface
and with the AdoR A_g on the DC surface, ADA triggers
a costimulatory signal for human T cells. The aim of this
study was to know whether ADA-mediated costimula-
tion plays a role in the differentiation of T cells. The re-
sults show that irrespective of its enzymatic activity and
dependent on TNF-«, IFN-vy, and IL-6 action, ADA en-
hanced the differentiation of CD4*CD45RA"CD45R0O"
naive T cells toward CD4*CD25"CD45R0O" Teffs and
CD4"CD45RACD45RO" memory T cells. Furthermore,
ADA potentiated generation of CD4*CD25"9"Foxp3™*
Tregs by a mechanism that seems to be mainly depen-
dent on the enzymatic activity of ADA. Interestingly, an
ADA-mediated increase on Teff, memory T cell, and
Treg generation occurred, not only in cocultures from
healthy individuals but also from HIV-infected patients.
These data suggest that ADA is a relevant modulator of
CD4™" T cell differentiation, even in cells from immuno-
logically compromised individuals. J. Leukoc. Biol. 89:
000-000; 2011.

Introduction

DCs are relevant APCs for activation of CD4"CD45RA™ naive T
cells and for their differentiation toward CD4*CD25"CD45RO™
Teffs or CD4* CD25"€"Foxp3* Tregs. Whereas Teffs promote
immunity against their cognate Ags, Tregs, by inhibiting function
of Teffs, play an important physiological role limiting the effector
phase of T cell responses, maintaining self-tolerance, and pre-

Abbreviations: 3D=three-dimensional, ADA=adenosine deaminase, ADA-
Hg=adenosine deaminase inhibited by HgCl,, Ado=adenosine, AnR=
adenosine receptor n, FL1-3=fluorescence 1-3, Foxp3=forkhead box p3,
IDC=immature DC, IQR=interquartile ranges, SEA=staphylococcal entero-
toxin A, Teff=effector T cell, Treg=regulatory T cell

The online version of this paper, found at www.jleukbio.org, includes
supplemental information.

0741-5400/11/0089-0001 © Society for Leukocyte Biology

venting autoimmunity [1, 2]. After a CD4™" T cell response, reac-
tivated Ag-specific T cells, which are a part of the pool of
CD4"CD45RA"CD45RO ™" memory T cells [3, 4], coordinate a
faster, stronger, and longer immune response [5, 6].

ADA, an enzyme involved in purine metabolism, catalyzes
the hydrolytic deamination of Ado to inosine and ammonia. A
congenital defect of ADA causes SCID, which is characterized
by the absence of functional lymphocytes in affected individu-
als [7]. For many years, ADA was considered to be cytosolic,
but it has been found on the cell surface of many cells. To
date, it has been described that three different surface-anchor-
ing proteins might mediate the binding of ecto-ADA to the
cell surface, including the multifunctional protein CD26 and
AR and AR [8, 9]. A number of studies have evidenced that
ADA, expressed on the cell surface, not only plays enzymatic
activity-dependent functions, but also, it can trigger regulatory
signals through its extraenzymatic properties [8, 9].

As a result of its enzymatic activity, ecto-ADA regulates the
concentration of Ado available to bind to AdoRs [10]. Surface
expression of AdoRs has been described in T cells [11-13]
and in DCs [14-19]. In human T cells, the major AdoR ex-
pressed is the Ay, R [11-13], which is coupled with cAMP pro-
duction. Elevated cAMP levels induce a marked impairment in
T cell activation and IL-2 production [20], which promote an-
ergy and tolerance in Thl clones [21]. Accordingly, enzymatic
activity of ecto-ADA decreases Ado levels available for stimula-
tion of AdoRs expressed on the T cell surface, and this mecha-
nism contributes to immune regulation [10, 22, 23].

During Ag presentation by DCs, T cell activation is subjected
to regulation by several intercellular interactions mediated by
surface and soluble molecules that stimulate their receptors
expressed on T cells. These regulatory interactions might mod-
ulate the activation and differentiation of T cells. In this re-

1. These authors contributed equally to this work.

2. Correspondence at current address: CIMA, University of Navarra, Avda
Pio XII, 55, 31008 Pamplona. E-mail: rfranco@unav.es

Volume 89, January 2011 Journal of Leukocyte Biology 1

Copyright 2010 by The Society for Leukocyte Biology.
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gard, ADA, in a deaminase activity-independent way and by
interacting with CD26 on the CD4" T cell surface and with
the A,pR on the DC surface, triggers a strong costimulatory
signal for T cell activation [14]. This ADA-mediated costimula-
tion not only potentiates T cell proliferation but also the se-
cretion of Thl (IFN-y) and proinflammatory (IL-6 and TNF-o)
cytokines [8]. Importantly, we have recently described that this
ADA-mediated costimulation is attenuated in CD4" T cells ob-
tained from HIV-infected individuals, which contributes to the
immunodeficiency [24]. However, when exogenous ADA is
added on a coculture of HIV-pulsed DCs and autologous T
cells, it is possible to generate a HIV-specific T cell response.
This finding supports the possibility of using exogenous ADA
to counteract the HIV-induced attenuation of ADA-mediated
costimulation [25].

To know whether ADA may modulate naive T cell differenti-
ation, cocultures of naive CD4"CD45RA"CD45RO™ T cells
and autologous superantigen-pulsed DCs were used as a
model. ADA not only enhanced Teff generation but also in-
creased memory T cell generation. Interestingly, ADA en-
hanced the generation of Tregs. The ADA-mediated effects
were observed not only in healthy donors but also in immuno-
logically compromised individuals, such as HIV-infected pa-
tients. In addition, we analyzed the contribution of IL-6,
TNF-a, IFN-y, and the deaminase activity to the ADA-mediated
effects.

MATERIALS AND METHODS

Sampling and study population

Blood samples were obtained by venipuncture from the antecubital vein.
EDTA-treated vacutainers (Becton Dickinson, San Jose, CA, USA) were
used as collecting tubes, and every sample was processed immediately after
extraction. Fifteen HIV-l-infected patients and 30 healthy control volun-

teers were included in the study. All individuals gave informed consent.
The characteristics of HIV-infected patients are shown in Table 1.

Antibodies and reagents

The following primary antibodies were used: FITC-conjugated mAb against
HLA-DR, CCR5, CD4, CD14, CD19, CD25, CD45RA, and IgG-y1 isotype-
matched control; PE-conjugated mAb against HLA-DR, CXCR4, CDla,
CDllc, CD14, CD19, CD25, CD40, CD45, CD45R0O, CD56, and IgG-yl iso-
type-matched control, and PerCP-conjugated mAb against CD3, CD4, and
IgG-y1 isotype-matched control from BD Biosciences (Erembodegem-Aalst,
Belgium); nonconjugated mouse mAb against CD26 (Ba5), nonconjugated
mouse IgG2a control isotype, and PE-conjugated mAb against CD80, CD83,
and CD86 (Coulter-Immunotech Diagnostic, Marseille, France); PE-conju-
gated mAb against CD209 (eBioscience, San Diego, CA, USA); activity-neu-
tralizing mouse mAb against human IL-6, TNF-«, and IFN-y (Bender Med-
Systems Inc., Burlingame, CA, USA); affinity-purified, nonconjugated goat
PADb against A,zR (N-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA);
and nonconjugated rabbit pAb against purified calf ADA [26]. The follow-
ing secondary pAb were used: FITC-conjugated goat anti-rabbit IgG (Gene
Tex, Inc., Irvine, CA, USA), rabbit anti-mouse Igs (Dako, Glostrup Denmark),
and rabbit anti-goat IgG (Sigma-Aldrich, St. Louis, MO, USA). All antibodies
were used at the concentration range recommended by the supplier. TNF-a,
IL-6, SEA and irrelevant mouse IgGs were purchased from Sigma-Aldrich;
IFN-y (Actimmune) was from InterMune, Inc. (Brisbane, CA, USA). ADA
from calf intestine (Roche Diagnostic Inc., Mannheim, Germany) was desalted
by passage through a PD-10 column (Amersham Biosciences, Cerdanyola,
Spain), and its enzymatic activity was evaluated for consumption of Ado, mea-
sured as decreases in absorbance at 265 nm [27]. To obtain ADA without en-
zymatic activity, desalted ADA was treated with HgCl,, as described previously
[28], and passed again through a PD-10 column to eliminate remaining
HgCl,. The enzymatic activity of Hg**-treated ADA was completely and irre-
versibly abolished.

Cocultures of monocyte-derived DCs and
CD4*CD45RA" CD45RO™ lymphocytes

Human PBMCs were obtained immediately after blood extraction using the
standard Ficoll gradient method [29]. Monocytes were obtained as de-

TABLE 1. Clinical Information of Patients with HIV-1

T CD4 T CD4 Nadir T CD8
Patient HAART Sex Age VL Cells/pl % Cells/pl % Cells/pl %
1 yes M 42 <DL 858 31.4 364 19.0 858 31.2
2 no M 30 4.3 802 37.4 565 29.0 672 31.1
3 yes M 37 <DL 930 29.5 504 19.2 1395 45.0
4 no F 41 2.2 891 49.2 646 41.8 655 35.7
5 no F 43 3.6 548 26.3 513 26.3 907 43.1
6 no M 36 4.0 1007 38.3 714 28.0 1166 43.7
7 yes M 39 <DL 497 22.5 264 21.6 1401 62.5
8 no M 32 2.5 1122 34.5 1073 324 693 21.0
9 yes M 45 <DL 914 34.0 450 23.8 618 23.2
10 yes M 27 2.3 517 31.0 331 17.9 768 46.2
11 yes M 44 <DL 854 34.8 220 16.0 951 38.8
12 yes M 39 <DL 665 38.1 437 30.9 577 32.6
13 yes M 53 <DL 740 25.2 375 14.6 1302 44.0
14 no M 36 3.14 576 32.0 351 26.0 1098 61.0
15 no F 53 1.8 540 20.0 451 19.0 1944 72.0
Mean 40 3.0 764.1 32 484 24 1000 42
SD 7 0.9 198 7 211 7 384 14

HAART, Highly active antiretroviral therapy; VL, viral load; DL, detection limit.
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scribed previously [14] and were differentiated for 7 days to iDCs by add-
ing 1000 U/ml IL-4 (Prospec-Tany Technogene Ltd.,Rehovot, Israel) and
1000 U/ml GM-CSF (Prospec-Tany Technogene Ltd.) at Days 0, 3, and 5.
DC immunophenotype (CD3~, CD4~, CD8", CD14~, CD19~, CD56~, HLA-
DR*, CD80", CD83", CD86"*, CDla", CD11lc*, CD40", CD45RO",
CD45RA™, CD209%, CXCR4*, CCR5") was confirmed by flow cytometry. A
T cell-enriched fraction was obtained as described previously [14]. By using
the human naive CD4" T cell isolation kit (Miltenyi Biotec GmbH, Ger-
many), a negative selection of these cells was performed, according to the
manufacturer's instructions, to obtain CD4"CD45RA*CD45RO-CD25~ T
cells. To confirm the purity and the naive phenotype, the presence of CD4
and CD45RA and the absence of CD45RO and CD25 were tested by flow
cytometry immediately after cell isolation. The purity of CD4"CD45RA™
CD45ROCD25™ T cells was between 94% and 98%. Autologous cocultures
were performed in 96-well plates, containing naive CD4"CD45RA™*
CD45RO"CD25™ T cells (2X10° cells/well) and iDCs (5X10? cells/well),
pulsed or not with 100 pg/ml SEA for 3.5 h at 37°C in 200 ul/well
XVIVO-10 medium containing or not 2 uM ADA, 20 ng/ml IL-6, 250 U/ml
TNF-a;, 1000 U/ml IFN-y, or a combination of these cytokines. When indi-
cated, cocultures were performed in the presence of 2 uM ADA and anti-
IL-6 (150 ng/ml), anti-TNF-a (1.9 pug/ml), anti-IFN-y (2 ug/ml), or
irrelevant mouse IgG1 (2 ug/ml) as a negative control. Cocultures were incubated
for the indicated times at 37°C in a humid atmosphere of 5% CO.,.

Immunostaining, quantification of Tregs, and flow
cytometry

To analyze expression of cell surface markers, cocultured cells were col-
lected, washed with PBS, resuspended at 2 X 10° cells/ml (50 wl/tube),
and incubated with FITC-, PE-, and/or PerCP-conjugated antibodies (see
above) for 30 min at 4°C. Cells were then washed with PBS, fixed with 1%
formaldehyde in PBS, and analyzed by flow cytometry. FITC-, PE-, and
PerCP-conjugated isotype-matched antibodies were used for negative con-
trol. When nonconjugated primary antibodies were used, cells washed with
PBS were incubated for 30 min at 4°C with blocking buffer (PBS contain-
ing 5% BSA for ADA labeling or PBS containing 10% rabbit serum and
0.1% NaNj for CD26 or A,yR labeling) prior incubation with 10 ug/ml
N-19, 20 pg/ml anti-ADA, 20 ug/ml irrelevant rabbit IgG (used as a nega-
tive control of anti-ADA), Bab (1:10), or mouse IgG2a (1:10) isotype con-
trol (used as a negative control of Ba5) for 30 min at 4°C. Cells were
washed three times with blocking buffer and stained for flow cytometry
analysis with the corresponding secondary antibodies: FITC-conjugated rab-
bit anti-goat IgG (1:400), FITC-conjugated rabbit anti-mouse IgG (1:20),
and FITC-conjugated goat anti-rabbit IgG. Stained cells were analyzed on a
FACSCan flow cytometer (Becton Dickinson). Cells were gated on the basis
of forward- and side-scatter parameters, and this gating region was evalu-
ated further for the expression of FL1, FL2, and FL3. To quantify Tregs,
Foxp3 was detected using the commercially available human Treg staining
kit (eBioscience), following the manufacturer's instructions. Cell samples
were analyzed in a FACSCalibur flow cytometer (Becton Dickinson). In all
cases, data were analyzed using CellQuest and Flow]Jo software.

Proliferation assays

T cell proliferation was determined by the CFSE method. Cells (107 cells/
ml) were stained with 5 uM CFSE, as indicated by the manufacturer’s pro-
tocol, using the CellTrace CFSE proliferation kit (Molecular Probes, Pais-

ley, UK).

Statistical analysis

Data were analyzed using the GraphPad Prism 5.0 software. Quantitative
variables were analyzed using medians and IQRs. The nonparametric Mann
Whitney U test for unpaired data or the Wilcoxon signed rank test for
paired data was used when comparing two groups. For multiple compari-
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sons, the Kruskal-Wallis test, followed by Dunns post-test, was used. For all
the tests used, a two-tailed P value <0.05 was considered statistically signifi-
cant.

Online Supplemental material

Expression of cell surface ADA, CD26, and A,;R in T cells cocultured with
SEA-pulsed DCs is shown in Supplemental Fig. 1. Kinetic analysis and the
role of enzymatic and extraenzymatic activity of ADA in the generation of
the CD4"CD25"" population are shown in Supplemental Fig. 2. Expres-
sion of CD25"%" on the CD4" T cell population from HIV-infected patients
and healthy controls is also shown in Supplemental Fig. 2.

RESULTS

ADA enhanced the switch from the naive
CD45RA"CD45RO CD25 to the effector CD45RA™
CD45RO*CD25™ phenotype

To address whether ADA has an impact over the generation of
Teffs, naive CD4"CD45RA*CD45RO™ T cells were freshly iso-
lated and cocultured with autologous, SEA-pulsed iDCs. As
markers of effector phenotype, expression of CD45RO and
CD25 was determined by flow cytometry. In the absence of
exogenous ADA, the percentage of CD45RO™* and CD25% T
cells increased with time, reaching a maximum at Day 7. ADA

promoted an increase in the percentage of T cells expressing
CD45RO or CD25 with similar kinetics (Fig. 1A and B). Con-
trol assays performed with nonpulsed iDCs did not lead to sig-
nificant increases of CD45RO or CD25 expression in the ab-
sence or presence of ADA (Fig. 1A and B). These results indi-
cate that ADA enhanced the TCR-mediated generation of
Teffs, but it had no effect by itself. The ADA-mediated, co-
stimulatory effect on CD4" T cell proliferation is impaired in
HIV-infected individuals [24]. Thereby, the question of
whether the generation of Teffs is attenuated in cocultures
obtained from HIV-infected patients, compared with healthy
donors, was investigated. ADA promoted a statistically signifi-
cant increase of CD45R0O and CD25 expression in every tested
healthy or HIV-infected donor, showing individual-dependent
variability (Fig. 1C and D). The ADA-mediated effect was not
significantly different when comparing HIV-infected and
healthy donors (Fig. 1C and D, insets), suggesting that ADA is
also able to increase generation of the Teff phenotype in these
immunologically compromised individuals.

ADA potentiates T cell proliferation in autologous cocultures
with Ag-pulsed human iDC or mature DC. Costimulation is not a
result of the enzymatic activity but of the interaction of ADA-
CD26 complexes on T cells with A,pR expressed on DCs [14].
Accordingly, in cocultures of naive CD4"CD45RA" CD45RO™ T
cells and autologous, SEA-pulsed iDCs, ADA induced an increase
in the T cell proliferation that was independent of Ado deamina-
tion. Thus, active ADA and ADA-Hg enhanced T cell prolifera-
tion (Fig. 2A). In cocultures performed in the presence of ADA
or ADA-Hg, it was observed that active and enzymatically inactive
ADA promoted an increase in the percentage of T cells express-
ing CD45RO (Fig. 2B), demonstrating that the deaminase activity
was not required to potentiate the generation of Teffs. As it has
been described previously that ADA, independently of its deami-
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nase activity, leads to a marked increase in the production of the
Thl and proimmflamatory cytokines IFN-y, TNF-o, and IL-6 [14],
the role of these cytokines in the ADA-induced increase in
CD45RO and CD25 expression was investigated. Accordingly, na-
ive CD4"CD45RA™ CD45RO™ T cells were cocultured with autolo-
gous, SEA-pulsed iDCs in the presence of ADA, IL-6, TNF-a,
IFN-y, or a combination of these factors, and CD45RO and CD25
expression on T cells was determined by flow cytometry. The
concentration of cytokines used for these experiments was equiva-
lent to the average of the maximum amount of cytokines pro-
duced in this experimental setup in response to ADA [14]. As
shown in Fig. 3A and C, IL-6 and to a lesser extent, TNF-a and
IFN-y enhanced generation of Teffs. In magnitude, the IL-6-me-
diated effect was not significantly different from the ADA-medi-
ated effect, and the maximum effect was obtained when using a
cocktail of the three cytokines (Fig. 3A and C) or when using
IL-6 plus TNF-« or IL-6 plus IFN-y (data not shown). In cocul-
tures performed in the presence of ADA and activity-neutralizing
antibodies directed against IL-6, TNF-a, or IFN-y, the ADA-in-
duced effect was reduced significantly (Fig. 3B and D), some-
thing that was not encountered when an irrelevant mouse IgG1
was used (data not shown). Neither CD45RO nor CD25 expres-
sion was modified significantly in cocultures performed in the
presence of IL-6 and the anti-IL-6 antibody, TNF-«a and the anti-
TNF-a antibody, or IFN-y and the anti-IFN-y antibody (data not
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shown), which confirmed the neutralizing action of these anti-
bodies. Overall, these results indicate that I1L-6, TNF-a, and IFN-y
may be involved in the ADA-induced pathway, leading to the po-
tentiation of Teff generation.

Taking into account that ADA induces a costimulatory effect
by interacting with CD26 on the T cell surface and with AyzR
on the iDCs surface [14], control experiments were performed
to test whether the T cell-iDC interaction is able to modulate
the expression of ADA and ADA-binding proteins. Results
show that ADA expression on the T cell surface was increased
by coculturing them with SEA-pulsed iDCs; the effect was
slightly potentiated by IL-6 and by a cocktail of IL-6, TNF-c,
and IFN-y (Supplemental Fig. 1A). It was also observed that
the CD26 expression on the T cell surface was increased signif-
icantly when T cells were cocultured with SEA-pulsed iDCs,
and this effect was also slightly potentiated by IL-6 and by a
cocktail of IL-6, TNF-a, and IFN-y but not by ADA (Supple-
mental Fig. 1B). All CD4" T cells expressed A,pR on the
plasma membrane (Supplemental Fig. 1C), and levels of this
receptor increased when naive T cells were cocultured with
SEA-pulsed iDCs, as measured by the geometric mean value of
fluorescence intensity. Neither ADA nor the cytokines de-
scribed above were able to further increase Ay,pR expression
levels on CD4" T cells (Supplemental Fig. 1C and D).
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Figure 2. Role of ADA enzymatic activity on the proliferation and the
expression of CD45RO in CD4" T cells cocultured with SEA-pulsed
DCs. CD4"CD45RA" CD45RO™ naive T cells, freshly isolated from
healthy donors, were labeled with CFSE and cocultured with autolo-
gous, SEA-pulsed iDCs in the absence or presence of 2 uM ADA or
ADA-Hg. (A) CD4™ T cell proliferation was analyzed by flow cytometry
at Day 7 of coculture. (B) Contour plots showing CD45RO expression
at Day 14 of coculture are shown. Representative data from one of
three independent experiments are shown.

ADA enhanced the generation of

CD4"CD45RO "CD45RA"CD25™ memory T cells

To determine the effect of ADA upon memory T cell genera-
tion after effector responses, T cells with the memory pheno-
type CD4"CD45RO " CD25~ were identified in cocultures of
naive CD4"CD45RA"CD45RO™ T cells and autologous, SEA-
pulsed iDCs. The CD45RA expression in the CD4" CD25 pop-
ulation decreased upon time (Fig. 4A, upper image), and this
CD45RA™ population was confirmed to be CD45RO™ (Fig. 4A,
lower image). Importantly, the presence of ADA induced a
notable increase of memory T cells at Day 14 of coculture
(Fig. 4A). The ADA-mediated effect was observed in cells from
almost every healthy or HIV-infected donor (Fig. 4B) without
significant differences when comparing HIV-infected and
healthy individuals. Thus, the ADA induced enhancement of
the Teff phenotype during the peak of T cell response results,
after the contraction phase, in an increased generation of
memory T cells.

To test whether the ADA enzymatic activity is involved in the
ADA-induced increase of memory T cell generation, cocultures
were performed in the presence of ADA or ADA-Hg. As shown
in Fig. 4C, ADA and ADA-Hg promoted an increase in the per-
centage of CD45RO-expressing cells within the CD4"CD25™~-
gated population of T cells. These results indicate that ADA
enzymatic activity was not required to enhance memory T cell
generation and suggest that similarly to ADA-enhanced Teff
generation, augmented memory T cell production is mediated
by interaction of ADA with ADA-binding proteins. To investi-
gate the role of IFN-y, TNF-a, and IL-6 on the ADA-induced
increase of memory T cell generation, cocultures of naive
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CD4"CD45RA*"CD45RO™ T cells and autologous, SEA-pulsed
iDCs were performed in the absence or in the presence of
ADA, IFN-y, TNF-a, or IL-6 and in the presence of a combina-
tion of these factors. As shown in Fig. 5A and B, IL-6 and to a
lesser extent, IFN-y and TNF-a were able to emulate the ADA
effect on the CD4"CD25"CD45RO™ T cell generation. When
the three cytokines were added together, an additive effect was
observed. Moreover, when 11.-6 was combined with IFN-y or
TNF-a, but not when TNF-a was combined with IFN-vy, a signif-
icant increase in the generation of memory CD4" T cells was
reached (data not shown). In cocultures performed in the
presence of ADA and neutralizing antibodies directed against
IL-6, TNF-o, or IFN-y, the ADA-induced effect was reduced
(Fig. 5C), and it did not change in the presence of irrelevant
mouse IgG1 (data not shown). As a negative control, the gen-
eration of memory CD4" T cells was not significantly modified
in cocultures performed in the presence of IL-6 and the anti-
IL-6 antibody, TNF-a and the anti-TNF-a antibody, or IFN-y
and the anti-IFN-y antibody (data not shown). Taken together,
these results indicate that mainly IL-6, and to a minor extent,
IFN-y and TNF-a are involved in the ADA-promoted enhance-
ment of the memory CD4" T cell generation.

ADA enhanced the generation of
CD4*CD25"¢"Foxp3™ Tregs

According to the important role played by Tregs in the regula-
tion of immune responses and as a result of the fact that ADA
may modulate the generation of other T cell phenotypes (Figs. 1
and 4), the question of whether ADA is able to modulate the
generation of Tregs was investigated. To determine the presence
of a CD4"CD25"5"Foxp3* Treg subset in the CD4"CD25" T
cell population, cocultures of naive CD4*CD45RA"CD45RO™ T
cells and autologous, SEA-pulsed iDCs were performed. Accord-
ing to the expression of CD25", three different CD4" T cell sub-
populations were identified by flow cytometry: cells not express-
ing CD25, cells moderately expressing CD25, and cells with a
high expression of CD25 (CD25"#"; Supplemental Fig. 2). The
CD25" " subset of CD4"* T cells appeared at Day 5 of coculture,
and it became almost undetectable at later time periods (Supple-
mental Fig. 2A). In the presence of ADA, but not in the presence
of ADA-Hg, the percentage of CD25"#" from HIV-infected and
healthy donors was higher than in its absence (Supplemental Fig.
2B and C). To gain further evidence about the role of ADA on
the Treg generation, the expression of the transcriptional factor
Foxp3 within the CD4"CD25"8" population was also assessed in
coculture experiments at Day 5. ADA induced an increased gen-
eration of CD4"CD25"8"Foxp3™ T cells in cocultures from
healthy and HIV-infected donors (Fig. 6A). The effect was not
significantly different on comparing HIV-infected patients and
healthy controls. Controls performed using nonpulsed iDCs did
not lead to the generation of the CD4"CD25"#"Foxp3™ T cell
phenotype, in the absence or in the presence of ADA (data not
shown). Enzyme-inactive ADA (Fig. 6B) was unable to potentiate
the generation of CD4"CD25"#"Foxp3™ T cells in cells from
healthy or HIV-infected donors. Taken together, these results
suggest that deamination of endogenous Ado promoted an en-
hanced generation of Tregs during the effector phase of the T
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cell response. According to this notion, the ADA-mediated poten-
tiation on the generation of CD4*CD25"#"Foxp3™ T cells was
not directly related to the ADA-induced IFN-y, TNF-o, and IL-6
secretion. In fact, when the generation of CD4"CD25™8"Foxp3™
T cells was analyzed in cocultures performed in the absence or in
the presence of ADA or in the presence of IFN-y, TNF-o, IL-6, or
a cocktail of these cytokines, the ADA-triggered increase of Treg
production was not emulated (Fig. 7). Therefore, the generation
of Tregs seemed to be dependent on the enzymatic activity of
ADA.

DISCUSSION

The lack of ADA is deleterious for the development and func-
tion of lymphocytes. The pathological mechanism linking ADA
deficiency to SCID was first assumed to be largely dependent
on dATP accumulation and toxicity [30]. AdoRs were placed
into the equation later on, as excess of Ado as a result of an
ADA deficit may lead to sustained activation of AdoRs present
in lymphocytes [10, 31]. AdoR-mediated regulation of the im-
mune system is mediated by at least three of the four receptor
subtypes, Aoy [32, 33], Ag [34], and Ay, [12, 35]. As we dem-
onstrated that ADA was on the cell surface of lymphocytes [36,
371, and cell surface ADA-binding proteins started to be iden-
tified [38-41], the enzyme-independent, signaling-dependent
role of ADA on immune function has been demonstrated. Cell
surface ADA may therefore contribute to lymphocyte develop-
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ment, activation, and fate by two mechanisms: by regulating
the levels of extracellular Ado available to AdoRs and by inter-
acting with ADA-binding proteins and engaging cAMP-inde-
pendent signaling pathways. It is here shown that ADA-medi-
ated costimulation, in a deaminase activity-independent way,
promotes an enhanced production of Teffs during the effector
phase of the T cell response and augmented generation of
memory T cells after the effector phase. Furthermore, the en-
zymatic activity of ADA promotes an augmented generation of
Tregs during the effector phase of the T cell response. Impor-
tantly, the potentiation in the induction of Teffs, Tregs, and
memory T cells was not only observed in cocultures of cells
obtained from healthy individuals but also in cultures of cells
obtained from HIV-infected patients.

Cellular and molecular mechanisms involved in the genera-
tion of memory T cells are not yet well known. The findings
here reported point to the idea that the intercellular AgzR-
ADA-CD26 interaction contributes to the differentiation from
naive CD4"CD45RA™ T cells toward memory CD4*"CD45RO™"
T cells. It has been demonstrated that CD26-triggered signal-
ing occurs through its interaction with CD45 in the plasma
membrane of T cells [42, 43]. When CD45RO anchors CD26
in lipid raft microdomains, CD26 engagement evokes stimula-
tory signals for T cell activation [42]; in contrast, when
CD45RA maintains CD26 excluded from lipid rafts, CD26 en-
gagement attenuates T cell activation [43]. This evidence sug-
gests that in our coculture conditions, the interaction of the
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Figure 4. ADA increases the genera-
tion of a CD4™ T cell population
with memory phenotype.
CD4"CD45RA"CD45RO™ naive T
cells were freshly isolated from healthy
donors and cocultured with autolo-
gous, SEA-pulsed iDCs in the absence
or presence of 2 uM ADA, and subse-
quently, CD45RA, CD45RO, and
CD25 expression was determined by
flow cytometry on CD4" T cells.

(A) 3D-Overlaid histograms reflecting
kinetics of CD45RA (upper images)
or CD45RO (lower images) expres-
sion in the CD4*CD25-gated popula-
tion are shown (representative experi-
ment). Arrows indicate the CD45RA™
or CD45RO™ population at Day 14

of coculture. (B) Percentages of
CD4"CD25"CD45RO™ cells induced
in healthy (triangles) or HIV-infected
(circles) donors after 14 days of cocul-
ture in the absence (open symbols) or
presence (solid symbols) of ADA.
Each pair of linked symbols repre-
sents data obtained using cells from a
particular individual. *P < 0.05.

(C) Contour plots of CD45RO expres-
sion in the CD4 " CD25gated popula-
tion of T cells in cocultures, treated or
not with 2 uM ADA or ADA-Hg.

(data not shown). In contrast, when the TCR-triggered switch
of CD45RA to CD45RO is induced, the ADA-mediated effect
would begin to operate positively in the production of Teffs
and later, in the generation of memory T cells.
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Figure 5. Role of IL-6, TNF-a, and IFN-y in the ADA-induced increase of memory CD4" T cell generation. CD4 " CD45RA *CD45RO™ naive T cells
were freshly isolated from healthy donors and cocultured with autologous, SEA-pulsed iDCs, and subsequently, CD45RA, CD45R0O, and CD25 ex-
pression was determined on CD4™ T cells by flow cytometry at Day 14. (A and B) Cocultures were performed in the absence or presence of 2 uM
ADA, 20 ng/ml IL-6, 250 U/ml TNF-c, 1000 U/ml IFN-y, or a combination of these cytokines (COCKTAIL). (A) Expression of the memory phe-
notype CD45RA"CD45RO™ from healthy donors is shown, and the median for each treatment is indicated by a thick line. (B) Representative con-
tour plots of CD45RO expression in the CD4*CD25-gated population. (C) Expression of CD4"CD25"CD45RO™ cells in cocultures performed
with 2 uM ADA in the absence (solid symbols) or in the presence (open symbols) of 150 ng/ml anti-IL-6 antibody, 1.9 pg/ml anti-TNF-« anti-
body, or 2 ug/ml anti-IFN-y antibody is depicted. Each pair of linked symbols represents data obtained using cells from a particular donor.

(A and C) Values represent the ratio (in-fold) of the percentage of positive cells obtained with treatment versus untreated; the reference value of
1 is indicated by a dotted line. *P < 0.05.
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Figure 6. ADA increased the generation of
CD4*CD25"" Foxp3™ Tregs. Freshly iso-
lated, naive CD4"CD45RATCD45RO™ T cells
were cocultured for 5 days (see Supplemental
Fig. 2) with autologous, SEA-pulsed DCs in
the absence or presence of 2 uM ADA. Ex-
pression of Foxp3 in the CD4"CD25"=" pop-
ulation (gated as indicated in B) was deter-
mined. (A) Expression of CD4"CD25"¢"
Foxp3™ T cells in cocultures obtained using
cells from healthy (triangles) or HIV-infected
(circles) donors in the absence (open sym-
bols) or presence (solid symbols) of ADA.
Each pair of linked symbols represents a dif-
ferent donor. *P < 0.05; ***P < (0.001.

(B) Contour plots showing CD25"&" expres-
sion in CD4" T cells and 3D-overlaid histo-
grams representing Foxp3 expression in the
CD4*CD25"%"gated population in cocul-
tures using cells from a healthy (upper im-
age) or a HIV-infected (lower image) donor,
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performed in the absence or in the presence
of 2 uM ADA or 2 uM ADA-Hg.

ADA:

CD39 and CD73 have been described as two surface markers
specifically expressed on the Foxp3™ population of CD4" T
cells [44, 45]. The coordinated action of these two ecto-en-
zymes catalyzes the production of pericellular Ado from extra-
cellular nucleotides. As a result of the inhibitory role of A, R
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Figure 7. Role of IL-6, TNF-« and IFN-y in the ADA-induced increase
of Tregs. CD4"CD45RA*CD45RO™ naive T cells were freshly isolated
and cocultured with autologous, SEA-pulsed iDCs in the absence or
presence of 2 uM ADA, 20 ng/ml IL-6, 250 U/ml TNF-«, 1000 U/ml
IFN-vy, or a combination of these cytokines (COCKTAIL), and the
CD25"8"Foxp3™ subset in the CD4" T cell population was quantified
by flow cytometry at Day 5. Data obtained using cells from healthy do-
nors are shown, and the median for each treatment is indicated by a
thick line. Values represent the ratio (in-fold) of the percentage of
CD4"CD25"8"Foxp3™" cells obtained with SEA-pulsed iDCs with treat-
ment versus untreated; the reference value of 1 is indicated by a dot-
ted line. *P < 0.05.
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stimulation in the activation and function of Teffs [11-13], the
synthesis of extracellular Ado by Tregs constitutes one of the
regulatory mechanisms operating in these cells to attenuate
Teff responses [44, 45]. In this regard, enhanced expression
of ecto-ADA would enhance Ado degradation, thus leading to
make Teffs less responsive to the inhibition exerted by Tregs.
On the other hand, we observed here that ADA promoted an
augmented generation of CD47CD25"*#"Foxp3™ Tregs by a
mechanism that seemed to be mainly dependent on its enzy-
matic activity. This constitutes the first study reporting a regu-
latory role of Ado in the generation of Tregs. Therefore, it
seems that the deaminase activity of ADA is involved in poten-
tiating the generation of Tregs.

Several studies have revealed a correlation among depletion
of CD4"CD26™ T cells, increased serum levels of ADA, and
the evolution of AIDS in infected individuals [46—-48]. Fur-
thermore, it has been described that ADA binding to CD26 is
inhibited by soluble rHIV-1 envelope glycoprotein gp120 and
by HIV-1 infectious particles [49]. Importantly, whereas ADA-
CD26-mediated costimulation of T cell activation is impaired
in HIV-l-infected patients [24], we here show that ADA-medi-
ated costimulation promotes potentiation in the generation of
Teffs and memory T cells in a similar extent to that observed
in cocultures from healthy individuals. Thereby, exogenous
addition of ADA could increase effector response and genera-
tion of CD4" memory T cells against HIV. As ADA-mediated
enhancement in the production of Teffs is followed by a de-
layed increase of Tregs, the addition of exogenous ADA to po-
tentiate effector response seems to be a self-limited and prom-
ising approach to be used as a complement for immunostimu-
latory therapies. Another important point to consider is that
whereas HIV-infected patients require potentiation of the Thl
reponse [25], their T cell responses are often deviated toward
Th2 [25]. We have described previously that ADA-mediated
costimulation favors a Thl pattern in CD4" T cells [14]. Thus,
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an ADA-based therapy could be beneficial for potentiation of
Th1 effector responses and generation of immunological
memory in HIV-infected individuals. In this regard, we have
proposed recently that ADA would be a good adjuvant to be
used in a DGC-based vaccine for the treatment of AIDS [25].
Similarly, this idea could be applicable to potentiate an anti-
tumor Thl response in cancer patients.

The present results not only contribute to the knowledge of
T cell biology but also provide a rationale for the development
of therapeutic strategies aimed at reinforcing a compromised
immune system. In fact, an imbalance between Teffs and
Tregs has been observed in pathological scenarios ranging
from immunosuppression [50, 51] and cancer [52] to autoim-
munity [53, 54]. As a result of the fact that development of
vaccines relies on the generation of memory T cells [55], our
results may also be useful in the formulation of novel vaccines
or immunotherapies.
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Resultats

Resultats 3.3. La major produccio d’a-Defensines 1-3 per les cél-lules
dendritiques d’individus infectats pel VIH s’associa a una menor

progressio de la malaltia.
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Les defensines sdn peptids antimicrobians endogens amb una potent activitat anti-VIH
i efectes immunomoduladors. Recentment s’ha demostrat la capacitat de les cel-lules
dendritiques immadures (iDCs) per a secretar aquests peptids i la capacitat d’aquests per a
modular la generacié i maduracié de les cél-lules dendritiques. Donat que les interaccions
entre la dendritica i el VIH sén claus durant les primeres etapes de la infeccid, en aquest treball
s’ha estudiat el possible impacte de la produccié d’a-defensines 1-3 en la progressié de la

malaltia.

S’ha observat que la produccié d’a-Defensines 1-3 es troba incrementada en les iDCs
de pacients infectats amb el VIH, comparat amb donants sans. Aquestes diferencies es deuen
sobretot a I'increment observat en el grup de pacients controladors, mentre que els no
controladors no mostraren diferéncies significatives amb els individus sans. Els nivells d’a-
defensines 1-3 secretats per les iDCs es correlacionaren amb els nivells de CD4" en pacients
controladors, mentre que no es va observar aquesta correlacié en pacients no controladors. A
més, independentment del seu estat clinic, els pacients les iDCs dels quals mostraren més
secrecid d’a-defensines 1-3 mostraren també una menor progressio de la malaltia, mesurada
com a abséncia de caigudes per sota dels 350 CD4"/mm?®, menors increments de la carrega
viral i no iniciar tractament al llarg del temps. En clar contrast, els nivells plasmatics d’a-

defensines 1-3 no mostraren cap relaciéo amb parametres immunologics o virologics.

Aquests resultats suggereixen que una elevada produccié d’a-defensines 1-3 per part

de les iDCs podria ser considerat un factor de proteccio envers la progressié de la infeccio per
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VIH, suggerint implicacions diagnostiques, terapéutiques o preventives. Aquest rol protector
podria venir donat per la capacitat d’aquests péptids d’inactivar els virions abans o durant la
seva interaccié amb les cel-lules dendritiques. Aixd afavoriria un millor processament viral i
presentacié antigénica a les cél-lules T CD4", disminuint la transmissié de la infeccié a aquestes

cel-lules.
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Abstract

Background: Defensins are natural endogenous antimicrobial peptides with potent anti-HIV activity and immuno-
modulatory effects. We recently demonstrated that immature dendritic cells (DC) produce o-defensins1-3 and that o-
defensins1-3 modulate DC generation and maturation. Since DC-HIV interaction plays a critical role during the first steps of
HIV infection, we investigated the possible impact of a-defensinsi1-3 production by DC on disease progression.

Methodology/Principal Findings: Monocyte-derived DC (MDDC) were analyzed comparatively in healthy controls (HC) and
HIV-infected patients, including untreated “elite” and “viremic” controllers, untreated viremic non-controllers and
antiretroviral-treated patients. We found that production of a-defensins1-3 was significantly increased in MDDC from HIV-
infected patients versus HC, and this increase was mainly due to that observed in controllers, while in non-controllers the
increase was not statistically significant (controllers vs. HC, p<<0.005; controllers vs. non-controllers p<<0.05). Secreted o-
defensins1-3 by immature MDDC positively correlated with CD4 T cell counts in controllers, but not in non-controllers.
Moreover, independently of their clinical classification, HIV-infected patients with higher o-defensins1-3 secretion by
immature MDDC showed slower disease progression, measured as no decrease in the number of CD4+ T-cells below 350
cell/mm?, lower increase of plasma viral load and no initiation of treatment over time. Plasma alpha-defensins1-3 levels
lacked any relationship with immunologic and virologic parameters.

Conclusions/Significance: High production of a-defensins1-3 by immature DCs appears as a host protective factor against
progression of HIV-Tinfection, suggesting potential diagnostic, therapeutic and preventive implications. This protective
effect may arise from the activity of a-defensins1-3 to damage the virions prior and/or after their internalization by
immature DC, and hence favoring a more efficient viral processing and presentation to HIV-specific CD4+ T cells, without or
with a minor rate of transmission of infectious HIV-1 virions.
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Introduction main cellular source for a-defensins1-3, which are also designated
human neutrophil peptides (HNP1-3)[4], although other leukocyte

Defensins are natural endogenous antimicrobial peptides with subsets also produce them([2,5-7]. Apart from their direct anti-
potent anti-HIV-1 activity [1,2]. According to structural charac- HIV-1 effect[5,8-10], a-defensins1-3 display multiple immunosti-
teristics, two subfamilies of defensins exist in humans, o- and mulatory activities[11], including chemoattraction of naive T cells

B-defensins, both with anti-HIV activity[3]. Neutrophils are the and immature dendritic cells (imDCs)[12], induction of cytokine
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and chemokine production[13—15] and modulation of the expres-
sion of HIV receptors and coreceptors [16].

Recently, we demonstrated that immature (im) monocyte-
derived DC (MDDC) from healthy individuals produce o-
defensins1-3 [17] and that o-defensinsl-3 are able to modulate
the maturation and differentiation process of MDDC[18]. MDDC
are a valid and widely used i vitro-generated model of myeloid
DCs [19-23].

Myeloid or classical DC are key cells for the generation and
regulation of the adaptive immune T-cell responses. They are the
most potent professional antigen-presenting cells, unique in their
capacity to induce the antigen-specific activation of naive CD4
and CD8 T cells i vivo and wn witro, as well as in their ability to
induce the response of CD8 T' cells via MHC-class I molecules to
exogenous non-infectious pathogens, a process called cross-
priming or cross-presentation[24-28]. Immature myeloid DCs
are cells specialized in internalizing exogenous components that
reside in the skin, mucosal territories and other non-lymphoid
tissues, where they act as sentinels to detect invading pathogens
and foreign antigens. Once they engulf a pathogen or an antigen
in an inflammatory microenvironment, undergo a process of
maturation and migration to proximal lymphoid tissues, where
they appear as the interdigitating DC in the T-cell areas, and
contact with antigen-specific T cells and induce their activation
[24-28]. Immature myeloid DC such as Langerhans cells in the
mucosal epithelium and interstitial DC in the subepithelial
mucosal tissues are thought to be the first cell types that contact
with HIV-1, which exploits the biology of DCs to spread the
infection to HIV-1-specific and HIV-1-nonspecific CD4 T cells
[29-31]. Nevertheless, DCs are required for induction of T-cell
responses to intracellular pathogens [32], and the capacity of DCs
loaded with infectious and non-infectious HIV-1 virions to activate
naive HIV-1-specific CD4 and CD8 T cells has been recently
demonstrated i vitro [33]. Therefore, the initial contact of HIV-1
with DCs can result in opposite outcomes, either beneficial in
inducing strong HIV-specific T-cell responses or deleterious in
promoting the spread and dissemination of HIV-1 among HIV-
specific and HIV-nonspecific CD4 T-cells, leading to the pro-
gressive depletion of CD4 T cells that characterize the natural
history of chronic HIV-1 infection. In that setting, given the strong
anti-HIV activity of a-defensins1-3, we hypothesized that a high
production of a-defensins1-3 by immature DC could contribute to
determine a beneficial outcome of the HIV-1-DC interaction
that would involve increased and optimal HIV-1-specific T-cell
responses, which in turn would retard the progression of the
disease. To gain insight about this hypothesis, @ vitro generated
immature and mature MDDC were analyzed for their capacity
to produce o-defensins 1-3 comparatively in healthy controls
(HC) and HIV-infected patients, including untreated “elite” and
“viremic” controllers, untreated viremic non-controllers and anti-
retroviral-treated patients.

Table 1. Characteristics of the patients included in the study.

Alpha-Defensins1-3 and HIV

Materials and Methods
Study Subjects

1. Ethics statement. Patients and control subjects were
recruited at the Hospital Clinic Universitari, Barcelona, after an
informed consent, following the approved rules of the Clinical
Research and Ethics Committee of our Institution. 2. Charac-
teristics. The study included healthy, non-infected controls (HC)
and HIV-1-infected subjects. The HIV-1-infected individuals were
classified as: elite controllers, with plasma viral loads (PVLs) below
50 RNA copies/ml in all the determinations in the absence of
therapy; viremic controllers, with PVLs higher than 50 and lower
than 5000 RNA copies/ml without therapy[34]; viremic non-
controllers, patients with PVLs higher than 5000 RNA copies/ml
without therapy; patients with antiretroviral therapy. All patients
had CD4 T cell counts higher than 450 cell/mm®. The charac-

teristics of the patients are shown in table 1.

Generation of Monocyte-Derived Dendritic Cells (MDDC)

MDDCis were generated from human monocytes as previously
reported[15,17,35,36] from volunteer healthy donors or HIV-1-
infected patients. Briefly, peripheral blood mononuclear cells
(PBMC) were isolated immediately after venous blood extrac-
tion by standard Ficoll density gradient centrifugation, and then
incubated in cell culture dishes for 2 h at 37°C, resuspended at a
concentration of 3 million PBMC per ml in serum-free X-
VIVOL15 culture medium (BioWhittaker, Cambrex) supplemented
with 1% of AB human serum. Adherent cells (=95% CD14+)
were washed (3x) in pre-warmed (at 37°C) serum-free X-VIVO10
medium (BioWhittaker, Cambrex), and then differentiated to
mmmature MDDC in a cell culture for 5 days in a total volume
of 6 ml of complete DC medium, consisting of serum-free X-
VIVO15(BioWhittaker, Cambrex), containing a final concentra-
tion of 1,000 units/ml IL-4 (Strathmann Biotec AG, Hamburg,
Germany) and 1,000 units/ml of GM-CSF (Peprotech, London,
UK). IL-4 and GM-CSF at the same indicated concentration were
added at days 0, 3 and 5. Complete XVIVO-15 medium was also
supplemented with 1% human AB serum, 50 ug/ml gentamycin
(Braun B.) and 2.5 pg/ml fungizone (Bristol-Myers Squibb). To
obtain mature MDDC, a cocktail of proinflammatory cytokines
[17,18], containing IL-1f (10 ng/ml), IL-6 (1000 U/ml) and
TNF-a (1000 U/ml) (Strathmann Biotec AG) was added on day 5,
and the cell culture prolonged for two days. The purity and
immunophenotype of immature and mature MDDC was assessed
by flow cytometry analysis using commercially labeled monoclonal
antibodies (mAbs) against surface markers (See below, “Flow
Cytometry”).

Real Time RT-PCR
The expression of a-defensins1-3 mRNA was evaluated by real
time RT-PCR in immature and mature MDDC as previously

Characteristic ELITE (n=4) VC (n=15) VNC (n=11) HAART (n=9)
Sex (male/female) 31 9/6 11/0 9/0
Geographic origin (Europe/Other)  3/1 12/3 9/2 8/1

Age Mean (min-max) 47.5 (41-63) 37.6 (26-54) 36.2 (28-59) 41.1 (26-56)
CD4 T cell counts (cell/micr) 803+275.6 741114 595+170 780+225

HIV load (log copies/ml) 1.69+0 3.11+0.41 4.23+0.36 241+1.11

doi:10.1371/journal.pone.0009436.t001
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described[17]. Total RNA was extracted with Trizol Reagent
(Invitrogen Corporation, Paisley, Scotland), and cDNA gene-
rated as reported. The cDNAs were amplified using LightCycler
FastStart DNA Master™"® SYBR Green I kit (Roche, Penzberg,
Germany). Real-time PCR was carried out for 45 cycles using the
LightCycler instrument (Roche) and the specific primers (Sigma-
Aldrich) described previously[17]. PBMC were used as a positive
control[37]. To calculate relative levels of a-defensins1-3 mRNA,
B-2-microglobulin mRNA levels were used as an endogenous
control[36,38] to normalize mRNA quantities. Relative mRNA
levels were calculated using this formula[39]: Relative mRNA
CXpI‘CSSiOIl =9 (Ct of o-defesins 1-3 — Ct of endogenous conlrol)>< 103 All

cDNA samples were amplified in duplicates.

ELISA

The levels of a-defensins1-3 in cell-free culture supernatants and
plasmas were quantified using the commercial HNP 1-3 ELISA
test Kit (Hycult biotechnology) following the manufacturer in-
structions. The supernatants of immature MDDCs were collected
on day 5 of the cell culture of monocytes in the presence of IL-4
+GM-CSF, before adding the maturation cytokine cocktail. The
supernatants of mature MDDC were collected two days after the
addition of the maturation cocktail.

Flow Cytometry

The immunophenotype of immature and mature MDDCs was
assessed by two-color flow cytometry using FITC- and PE-
conjugated mAbs against CD14, CD80, CD83, CD86, CDllc,
CD40 and HLA-DR (BD Biosciences). Also, CD3, CD19 and
CD56 were used to assess the purity of the cell cultures, resulting
to be lower than 2% of the total population. FITC- and PE-
conjugated isotype-matched monoclonal antibodies of unknown
specificity were used as negative controls.

Intracellular staining of o-defensins 1-3 was performed as
described before with minor modifications [17]. Briefly, immature
MDDCs were pretreated with monensin (Golgi Stop, BD
Biosciences) for 8 h and surface stained with FITC-conjugated
CD40 (BD Biosciences). MDDCs were then fixed and permeabi-
lized with the Cytofix-Cytoperm Plus kit (BD Biosciences) for
20 min, incubated with biotinylated mouse mAb anti-human o-
defensins 1-3 (Clone D21, Hycult Biotechnology, BD Bioscience)
for 30 min and then with PE-conjugated streptavidin (1/1000),
BD Biosciences) during 30 min. The negative control was FITC-
conjugated isotype control (BD Biosciences) and biotin-conjugated
mouse IgG1 isotype control (Southern Biotechnology, Birming-
ham, AL, USA).

The cells were analyzed in a FACScan flow cytometer (Beckton
Dickinson). Data obtained were analyzed with the FlowJo soft-
ware (Tree Star, Inc. Ashland, OR). Expression of surface and
intracellular markers was measured by the percentage of positive
cells and the geometric mean fluorescence intensity.

Statistical Analysis

Data were analyzed using the GraphPad Prism 5.0 software.
The non-parametric tests U-Mann Whitney for the comparison of
two groups or Kruskal-Wallis followed by Dunns post test for the
comparison of more than two groups were used. For the analysis of
the correlation the non-parametric test of Spearman was applied.
The follow-up of patients for the analysis of mortality curves ended
at the month when the event occurred or on April 15, 2009,
whichever occurred first. The differences between the mortality
curves were analyzed with the log-rank test. For all the tests used, a
two sided P value <0.05 was considered statistically significant.
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Results

Increased a-Defensins1-3 Production by MDDC from HIV-
Infected Subjects

To define the levels of a-defensins1-3 produced by immature
and mature MDDC from HIV-negative healthy controls (HC) and
HIV-1-infected patients, we first performed a comparative analysis
of o-defensinsl-3 secretion and mRNA relative expression
between HC (n = 15) and HIV-infected patients (n = 39). Secreted
levels in the culture supernatants were assessed by ELISA and
mRNA expression by real time RT-PCR.

The immunophenotype of immature and mature MDDC was
assessed in all individuals. Fig. 1A shows a typical representative
flow cytometry analysis from a HC subject and an HIV-1-infected
patient. As expected from our previous studies[17,18,36,40] with
MDDC from HC, generated in the same conditions as in the
current study, after 5 days of cell culture in the presence of GM-
CSF and IL-4, monocytes had differentiated into immature
MDDCs (imMDDC); these were mostly CD14-negative (=92%)
and virtually all positive (=98%) for HLA-DR and also mostly
positive for CD40, CD11c and CD86, while they lacked expression
of CD80 and CD83, markers of mature DC' immunophenotype.
Maturation was induced by two additional days of culture in the
presence of the maturation-cytokine cocktail (II-1B+IL-6+TNF-o).
In accord with our previous studies mentioned above[17,18,36,40],
the immunophenotype of mature MDDC (mMDDC) was cha-
racterized by an increase in the expression intensity of HLA-DR,
CD40, CD86 and CDllc, and in the expression of CD80 and
CD83 in a notable proportion of cells. The up-regulation of these
markers is a typical feature of DC maturation and was observed in
all the individuals included in the study.

As shown in Fig. 1B and 1C, we found that imMDDCs from
HIV-negative HC produced higher levels of o-defensins1-3 than
mature mMDDCs, in terms of both mRNA relative expression
(Fig. 1B; p<<0.02) and levels secreted in the supernatants (Fig. 1C;
p<<0.04). In most cases, a-defensins1-3 mRNA levels in mMDDCs
from HC were undetectable or barely detectable. These findings in
HC confirm our previous results with a smaller group of healthy
individuals [17]. In HIV-infected patients, the production of o-
defensins1-3 by imMDDC was also higher than in mMDDC as
measured by both mRNA relative expression (Fig. 1B; p<<0.0001)
and secreted levels in the supernatants (Fig. 1C; p<<0.005). The
comparison between HC and HIV-infected patients showed that
the production of a-defensins1-3 was significantly higher in HIV-
infected patients than in HC subjects as assessed by both mRNA
expression (fig. 1B; p<<0.005) and secreted levels in the super-
natants (fig. 1C; p<<0.0001). Among HIV-I-infected patients,
there was a higher number of individuals with detectable levels of
mRNA in mMDDCs compared to HCs, but these levels were
clearly lower than those found in imMDDGCs (Fig. 1B, p<<0.0001).

Additionally, to confirm that the o-defensins1-3 secreted in the
supernatants were constitutively produced by imMDDCs, intracel-
lular expression of a-defensins1-3 was analyzed by flow cytometry
(Fig. 1D). Immature MDDCs from HCs and HIV-infected patients
were treated with monesin for 8 h to accumulate the o-defensins1-3
inside the cell. Flow cytometry analysis after monensin treat-
ment revealed that 5.3%2.1% of imMDDC from HCs contained
mtracellular a-defensins1-3, an expected finding given our previous
study with healthy individuals [17]. In imMDDC from HIV-
infected patients, the analysis of the intracellular expression of o-
defensins1-3 showed a significant increase in the percentage of
positive cells (24%4.8%; figure 1D) as well as in the geometric
mean intensity compared to HCs (P<<0.02; figure 1E). This higher
expression of intracellular o-defensinsl-3 in imMDDC of HIV-
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Figure 1. Production of a-defensins 1-3 by immature (im) and mature (m) MDDCs. (A) Immature and mature MDDC immunophenotype
from one representative healthy control individual and one HIV-infected subject. X-axis represents HLA-DR expression and Y-axis represents the
surface markers indicated. The percentage of positive cells are shown in each quadrant. (B) Relative expression of a-defensins 1-3 mRNA by real time
RT-PCR in healthy control individuals (n=15; open circles) and HIV-infected subjects (n=39; open rhombus). Dots represent each patient and
horizontal lines represent median = interquartile ranges. Undetectable samples from mMMDC in HC and HIV-infected patients are not represented in
the figure. (C) Levels of a-defensins 1-3 detected in MDDC culture supernatants from healthy non-infected controls (n=15; white boxes) and HIV-
infected subjects (n=39; grey boxes). Boxes represent interquartile ranges, horizontal lines inside each box indicate the median and whiskers indicate
maximum and minimum values. (D) Intracellular staining and flow cytometry analysis of a-defensins 1-3 in immature MDDCs. MDDCs were treated
with monensin for 8h and double-stained for CD40 and a-defensins 1-3. CD40 positive cells were selected and the histogram corresponds to positive
cells for intracellular a-defensins 1-3. Histogram represents the isotype control (dots line), healthy control (open line) and HIV-infected subject (filled
histogram). Numbers indicate the percent of positive cells for healthy control (normal number) or HIV-infected patient (bold numbers).
Representative result of four different healthy controls and four HIV-infected patients. (E) Geometric mean fluorescence intensity for intracellular o-
defensins 1-3 in non-infected individuals (n = 4; white box) and HIV-infected subjects (n =4; grey box). Boxes represent interquartile ranges, horizontal
lines inside each box indicate the median and whiskers indicate maximum and minimum values.

doi:10.1371/journal.pone.0009436.g001
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infected patients compared to HC is in agreement with the higher
levels of RNA expression and o-defensins1-3 secretion.

Since in both HIV-infected patients and HC subjects, imMDDC
were the main o-defensinsl-3-producing cells as compared to
mMDDC, all the following analyses were done using imMDDC.

Increased a-Defensins1-3 Production by imMDDC in

Controller versus Non-Controller HIV-Infected Patients

Given the increased production of a-defensinsl-3 in the HIV-
infected group, we next analyzed comparatively the different
subgroups of HIV-infected subjects. These subgroups included (i)
“elite controllers” with PVL persistently <50 RNA copies/ml; (ii)
“viremic controllers” with PVL between 50 and 5000 RNA
copies/ml; (iil) untreated chronic HIV-infected viremic subjects
with PVL >5000 RNA copies/ml; and (iv) chronic HIV-infected
patients receiving HAART.

The comparison between controllers (elite +
controllers) and non-controllers (untreated viremic + treated
patients) showed a significantly higher secretion of o-defensinsl-
3 by imMDDC from those individuals able to spontaneously
control the infection than in subjects with no control of the
infection (fig. 2A; p<0.05). We also found that the secretion of o-
defensins1-3 in the two controller groups was significantly higher
than in HC subjects. In the non-controller groups this secretion
remained slightly increased compared to HC but without statistical
significance (Fig. 2B).

These data collectively indicate that a-defensins1-3 secretion by
imMDDC is clearly increased in HIV-infected individuals who
spontaneously control the infection.

“viremic”

Secreted Levels of a-Defensins1-3 by imMDDC Correlated
with CD4 T Cell Counts but Not with PVL

We next examined the possible relationship between o-
defensins1-3 secretion by inMDDC and two markers of disease
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Figure 2. Levels of a-defensins 1-3 produced by imMDDC from
HIV-infected individuals. (A) Comparison between the secreted
levels of o-defensins 1-3 by imMDDC from HIV-controllers (elite
controllers and viremic controllers; n=19) and HIV non-controllers
(viremic non-controllers and patients with HAART; n=20). (B) Secreted
levels of a-defensins 1-3 by imMDDC from healthy non-infected (NI;
n=15), elite controllers (ELITE; n=4), viremic controllers (VC; n=15),
viremic non-controllers (VNC; n=11) and patients receiving HAART
(HAART; n=9). Dots indicate each patient and lines represent median *=
interquartile ranges.

doi:10.1371/journal.pone.0009436.9002
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progression: CD4 T cell count and PVL. For this comparison we
employed CD4 T cell counts and PVL found on the same date of
blood extraction for generation of imMDDC.

In the whole cohort of HIV-infected patients, secreted o-
defensins1-3 by imMDDC did not correlate with CD4 T cell
counts (Fig. 3A). However, a positive correlation was found when
the patients with HAART were eliminated from the analysis
(Fig. 3B; Spearman r=0.47; p<0.009). In dividing the whole
cohort between controllers and non-controllers, the correlation
was only maintained in controllers (Fig. 3C; Spearman r=0.58;
p<<0.009), but not in non-controllers (Fig. 3D).

No correlation was found between PVL and levels of a-
defensins1-3 secreted by imMDDC (Fig. 4A), even eliminating
untreated patients from the analysis (fig. 4B) or separating
controllers (Fig. 4C) from non-controllers (Fig. 4D).

Plasma Levels of a-Defensins1-3 Showed No Differences
between Controllers and Non-Controllers HIV-Infected
Patients

Given the lack of correlation between secreted o-defensinsl-3
by imMDDC and PVL, we wanted to study whether plasma levels
of a-defensins1-3, which are thought to be mainly neutrophil-
derived [41], could show some relationship with immunologic and
virologic parameters.

The plasma levels of o-defensins1-3 were determined using
frozen plasma from 35 patients. No significant differences between
the different groups of HIV-1-infected patients were found in the
plasma levels of a-defensins1-3 (Fig. 5A). It is worth noting the
different profile between plasma o-defensinsl-3 levels and the
levels secreted in the supernatant by imMDDC (Fig. 2Q).
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Figure 3. Positive correlation between secreted levels of a-
defensins 1-3 by imMDDC and CD4 T cell counts. (A) HIV-infected
patients (n=39), (B) patients not receiving HAART (n=30), (C)
controllers (elite and viremic controllers; n=19), and (D) non-controllers
(viremic non-controllers and patients with HAART; n=20). Spearman
correlation test was applied.

doi:10.1371/journal.pone.0009436.9g003
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Figure 4. No correlation between secreted levels of a-defensins
1-3 by imMDDC and plasmatic viral load (PVL). (A) HIV-infected
patients (n=39), (B) patients not receiving HAART (n=30), (C)
controllers (elite and viremic controllers; n=19), and (D) non-controllers
(viremic non-controllers and patients with HAART; n=20). Spearman
correlation test was applied.

doi:10.1371/journal.pone.0009436.9g004

Furthermore, the analysis of the possible relationship between
plasma levels of a-defensins1-3 and CD4 T cell counts or PVL
lacked any correlation (Fig. 5B and Fig 5C), even after eliminating
the patients with HAART or separating controllers from non-
controllers for the analysis (data not shown).

To test the possible influence of the evolution of the disease in
the levels of o-defensinsl-3 in plasma, two samples separated in
time were analyzed for every patient. The results of this analysis
are shown in Fig. 5D. No significant differences were observed
between plasma levels of o-defensins 1-3 in the two different
determinations in patients that remained controllers (Fig. 5D,
white boxes). Similarly, no significant differences were found in
those patients that were controllers in the first determination but
lost viremic control in the second one (Fig. 5D, grey pointed
boxes), controller patients in the first determination with disease
progression and receiving HAART in the second one (Fig. 5D;
grey boxes), and patients receiving HAART during both
determinations (Fig. 5D; grey lined boxes).

These data indicate that the differences found in the levels of a-
defensins1-3 secreted by imMDDC were independent of plasma
levels of these molecules.

Higher Secretion of a-Defensins1-3 by imMDDC from
HIV-Infected Patients Was Associated with Slower
Disease Progression

To analyze the possible association of secreted levels of a-
defensins1-3 by imMDDC from HIV-infected patients with the
risk of disease progression, the untreated patients were separated
in two groups: those with levels of secretion over the median of the
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whole group (650 pg/ml) (hereafter “high secretors”) and those
with levels below this median value (hereafter “low secretors”).
The median was utilized instead of the mean because it is less
influenced by extreme values. Decrease in the number of CD4 T
cells, increase in the PVL, and initiation of treatment were
considered as indicators of disease progression and were analyzed
over time by applying the log-rank test. The percent of patients
with a decrease in the number of CD4 T cells below 350 counts
over time was analyzed. This decrease in the number of CD4 T
cells constitute a critical point to consider treatment according to
current guidelines [42,43]. As shown in fig. 6A, 45% of low a-
defensins1-3-secretor patients suffered this CD4 T-cell decrease,
while it did not occur in the high o-defensins1-3-secretor patients
(p<<0.035;HR =8.9).

In addition, an increase in PVL greater than 0.5 log occurred
in all low o-defensinsl-3-secretor patients, versus 65% of high
secretors (fig. 6B; p<<0.04; HR=2.67). Furthermore, 31% of
low secretor patients without treatment at the beginning of the
study initiated HAART during the follow-up, while none of the
high o-defensins1-3-secretors initiated treatment (fig. 6C; p<<0.05;
HR =10).

Taken together these data indicate that those individuals with
higher secretion of a-defensins1-3 by imMDDC had a lower risk of
disease progression.

Discussion

In this study we have investigated the production of o-defen-
sins1-3 by immature DC of HIV-infected patients and their
possible impact on the disease progression rate. As far as we know,
no other studies have approached this issue. Our results revealed
that immature DC from HIV-infected patients produced higher
levels of a-defensins1-3 than the non-infected control group and
these levels were associated with a better control of HIV infection
and slower disease progression.

Although the anti-HIV activity of o-defensinsl-3 has been
clearly demonstrated m vitro [5,8-10,15,44], their possible protec-
tive role during HIV infection i vivo remains uncertain. Very few
studies[5,45-50] have analyzed o-defensinsl-3 at different ana-
tomical sites in low risk healthy controls and HIV-infected subjects
to try to determine the physiological and pathological levels of
these molecules. For our study we used MDDC, a valid model of ir
vivo myeloid DC[20,22,23]. Due to their mucosal localization,
myeloid DG i vivo are thought to be one of the first cells that
encounter the HIV and, after migration to the lymph nodes,
would mediate the transmission of HIV-1 virions to CD4 T cells,
the main source of HIV-1 replication and dissemination [30].
These in vivo myeloid DC might be one of the key cells involved in
early HIV infection, and therefore their capacity to produce and
release a-defensinsl-3 by DC may have physiological relevance.

Our HIV-infected patients included controllers and non-con-
trollers to study the behavior of o-defensinsl-3 secretion during
opposite situations. The study of controller patients, especially
elite controllers, is of particular relevance since these individuals
demonstrate that natural control of HIV replication in the absence
of antiretroviral therapy is possible[51]. Therefore, the character-
ization of the protective factors that contribute to this con-
troller state will provide valuable information for new therapeutic
approaches.

We found that immature DC from individuals that spontane-
ously control the infection (i.e. elite controllers and “viremic”
controllers) produced higher levels of a-defensins1-3 than the non-
controller group (i.e. viremic and treated patients). This higher
production occurred in a constitutive manner, in the absence of
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any w uitro stimulation, a characteristic of innate Immune
mechanisms[52,53]. Patients with high viremia and patients with
undetectable viremia due to antiretroviral therapy produced
similar levels of o-defensinsl-3, indicating that low PVL alone
was not responsible for the increased levels of secreted o-
defensins1-3 in controllers. It is worth noting that all selected
patients were matched to have conserved levels of CD4 T cells, so
the differences observed were not attributable to distinct degrees of
immunodeficiency.

We also found that secreted levels of o-defensinsl-3 by
mMDDC positively correlated with CD4 T cell counts, a para-
meter of disease progression. However, this correlation was only
found in untreated patients and especially in the controller group,
but not in non-controllers, even though all selected patients had
similar CD4 T cell counts, providing evidence of a relationship
between higher o-defensins1-3 production by DC and better
immunological state. Interestingly, no correlation was found
between PVL and secreted o-defensinsl-3 by MDDC. In agree-
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ment with our results, in other studies no correlation was found
between PVL and a-defensins1-3 expression in lymph nodes[48]
or PVL and levels of a-defensinsl-3 in breast milk[46].

It should be noted that the analysis of plasma levels of a-
defensins1-3 did not show differences between groups of patients.
High levels of plasma a-defensinsl-3 in humans have only been
found during acute infectious processes, such as sepsis, bacterial
meningitis or intrauterine infections [54]. Furthermore, we did not
observe any correlation between plasma levels of a-defensinsl-3
and CD4 T cell counts or PVL. This is not contradictory with our
results with MDDC since o-defensinsl-3 detected in plasma are
mainly secreted by neutrophils[41]. The possible association
between plasma levels of a-defensins1-3 and neutrophil activation
was not analyzed in our study, but it has been previously found in
pregnant and post-partum women [55]. Furthermore, Baroncelli
et al [45], reported a marked increased in a-defensinsl-3 plasma
levels only two weeks after SIV post-infection of macaques, which
coincided with the peak of viral replication, but following the acute

February 2010 | Volume 5 | Issue 2 | 9436



b
w

tm

100+

=
o
o
]
(0]
o
1

p<0.035
HR=8.9 (1.2-65)

o
(=]
1
[+2]
(=]
1

¢-00-———--00
1

¢

@o!
[}

0#—-—-—-—-—-

N
o
1

p<0.04

% of patients with increase in

o

HR=2.67 (1.05-6.74)

Alpha-Defensins1-3 and HIV

0 60-

40
G0O----0
| P<0.05

QEO--00 1 p-10 (1.02-98.2)

4

20+

% patients initiating HAART

0 50

% of patients with decrease
of CD4* T cells below 350 cellmm *
viral load greater than 0.5 logari
B
o
1

1 T T 1
0 50 100 150
Months

T
100

months

T T 1 1
150 0 50 100 150

months

Figure 6. Levels of a-defensins 1-3 secreted by imMDDC were associated with indicators of disease progression. Patients without
treatment at the moment of blood extraction for the differentiation of MDDC were divided in two groups according to their secreted levels of a-
defensins 1-3 by imMDDC. Levels higher than the median (650 pg/ml) of the whole group of patients (black squares; n = 18) and secreted levels lower
than the median (grey circles; n=12). (A) Percentage of patients with a decrease in the number of CD4 T cells below 350 cel/mm? during follow up
time (months). (B) Percentage of patients with an increase in PVL greater than 0.5 logarithms and (C) percentage of patients without HAART at the
moment of determination of a-defensins 1-3 levels but started treatment later during the follow up. P values and hazard ratio (HR) with 95%
confidence interval values are represented in the figure. Log-Rank test was used to determine statistical differences between curves.

doi:10.1371/journal.pone.0009436.g006

phase of infection the levels of o-defensinsl-3 decreased.
Therefore, it would be conceivable that no differences were found
in the plasma levels of a-defensins1-3 in our chronically-infected
patients.

The results found in the analysis of disease progression markers
over time further support that a higher production of a-defensins1-
3 by immature DC acts as a protective host factor against disease
progression. Indeed, regardless their clinical classification, HIV-1-
infected patients with higher o-defensins1-3 secretion by immature
MDDC showed a delayed disease progression, measured as no
decrease in the number of CD4+ T-cells below 350 cell/mm?,
lower increase in PVL and no initiation of treatment. The
association with a decrease in CD4 T cells below 350 cell/mm”® is
especially relevant since this CD4 T-cell count constitutes a critical
point to decide the starting of treatment[42,43]. The possibility of
a genetic predisposition for a higher production of a-defensinsl-3
deserves further studies. In fact, the genes encoding for o-
defensins1-3 map in a cluster on chromosome 8p23.1 and have
been demonstrated to vary in their copy number between
individuals[56-59]. In this line, recent studies reported higher
copy number of the B-defensins HBD-2 and HBD-3 mRNA in
oral mucosa from exposed seronegative (ESN) than healthy
controls [60] and lower copy number of the gene DEFB104 in
HIV-infected than ESN children[61].

In vivo, different immature myeloid DC subsets, such as
Langerhans cells and interstitial DC, are found positioned in
mucosal territories where the natural HIV-1 infection and
dissemination occurs. The production of a-defensinsl-3 by these
i vivo myeloid DC subsets has not been investigated, an issue that
deserves further investigation. Even though the levels of o-
defensins1-3 secreted by imMDDC did not reach the described
concentration for direct inactivation of the virus [8], there is the
possibility that the amount of a-defensins1-3 produced by these i
viwo myeloid DC subsets is higher than that produced by our
imMDDC. In this regard, it is worth noting that we have recently
compared directly isolated circulating myeloid DC (CD1c+ CD19-)
and i vitro generated imMDDC of the same donors for secretion of
a-defensins1-3, and we found that the former secreted a 10-fold
higher amount then the latter (M Escribese et al, manuscript in
preparation). On the other hand, it is also plausible that i vive the
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virus would be internalized by immature DC and be localized in
intracellular compartments where the concentration of defensins
might be locally higher than the levels secreted by imMDDC.
Moreover, the reported concentration necessary for direct inacti-
vation of the virus [8] was determined 2 vitro using CD4 T cells for
the assays. As it is well known, compared to CD4 T cells, immature
myeloid DCs are poorly permissive to HIV-1- replication and
therefore it is likely that the concentration of o-defensinsl-3
necessary to inhibit the productive infection of DCs is lower than
the concentration previously reported to be required using CD4 T
cells.

It would be conceivable that a high production of a-defensinsl-
3 by immature DC could act by damaging the virus prior or
after its internalization. This would favor a more efficient viral
processing and presentation to CD4+ T cells with a minor
rate of infectious HIV transmission. In addition, o-defensins1-3
have important immunoregulatory properties[2,12,13,15,18], that
might modulate HIV replication and immune cell responses in a
complex manner, influencing the natural history of HIV infection.
Further studies with larger cohorts of HIV-1-infected patients are
required to confirm our observations.

In conclusion, we demonstrate that DC from HIV-infected
patients that spontaneously control the infection produced higher
levels of a-defensinsl-3, which positively correlated with CD4 T
cell counts and were associated with slower progression. Our
results open a new line of investigation and future studies will be
needed to determine the possible value of o-defensinsl-3 as a
diagnostic or therapeutic tool.
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Resultats 3.4. Un elevat nombre de copies del gen DEFA1A3 i una
elevada secrecio d’ d’a-Defensines 1-3 s’associa amb proteccio davant la

infeccio per VIH.

Victor Casanoval; Isaac Nava/-Macabuhayl; Felipe Garciaz’4,' Agathe Leon2’4; Emma Fernandezz; Laia
Mira//esz,' Cristina Roviraz; Josefa Mallol* , Peter-Joseph McCormickl; Enric | Cane/al, José Maria Gatell” ’4;

Teresa Ga//art2’3’*, Ndria Climent®”

! Department of Biochemistry and Molecular Biology, Faculty of Biology, Barcelona, Spain. ® IDIBAPS-
AIDS Research Group, HIVACAT, Barcelona, Spain. *Service of Immunology, Hospital Clinic de Barcelona,

Spain. *Infectious Diseases and AIDS Unit, Hospital Clinic de Barcelona, Barcelona, Spain.

Existeixen nombrosos mecanismes immunologics que sén capagos d’oferir una certa resisténcia a la
infeccio per VIH, tot i que una resisténcia complerta és extremadament rara. No obstant aixo, existeixen
individus que s’exposen repetidament al VIH i no en resulten infectats (individus exposats no infectats,
EU). En aquest treball s’ha posat de manifest que els individus EU presenten un major nombre de copies
del gen DEFA1A3 en comparacié amb individus sans o infectats per VIH. Aquest gen codifica per a les a-
defensines 1-3 (HNP1-3) que sén péptids antimicrobians amb una elevada activitat anti-VIH. El major
nombre de copies géniques que presenten els EU es tradueix en una major secrecié d’"HNP1-3 per les
cél-lules dendritiques immadures (iDCs) d’aquests individus. Tant el nombre de copies com els nivells de
secrecid d’"HNP1-3 per part de les iDCs correlacionen positivament amb la carrega viral total a la que
aquests s’exposen. A més, diferents CNV modulen decisivament les funcions de les iDCs. Aixi, les iDCs
d’individus sans amb un nombre elevat de copies del gen DEFA1A3 (29) mostren una major maduracié
basal que les iDCs d’individus amb baixes copies (<4), mesurat per I'expressié de CD80 i CD83 i la
secrecid de citocines pro-inflamatories com IL-8, IL-6 o IL-1 B o quimiocines com MCP-1. De forma
conjunta, aquests resultats suggereixen que un elevat nombre de copies del gen DEFAIA3 i la
concomitant major secrecié d’HNP1-3 per part de les iDCs, serien claus per a generar potents respostes
antivirals. La major presencia d’aquests elements en la poblacié EU podria indicar que aquests factors

estarien decisivament implicats en la resisténcia natural d’aquests individus a la infeccid per VIH.
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Higher DEFA1A3 Gene Copy Number and a-Defensins 1-3 Secretion are

Associated with HIV Protection.
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Abstract

a—defensins 1-3 (HNP1-3) are innate effector molecules with powerful anti-HIV and
immunomodulator activities. Here we show that EU individuals display a higher
DEFA1A3 copy number variation (CNV), resulting in a higher HNP1-3 secretion in
their immature dendritic cells (iDCs). Higher DEFA1A3 CNV and levels of HNP1-3 in
iDCs supernatants correlate with the amount of virus EU individuals are exposed to,
which may suggest a protective role. Different CNV critically modulate iDCs functions,
as observed with healthy individuals with high (=9) who display a more mature DC
status, including increased cytokine chemokine (IL-8, IL-6, IL-1p and MCP-1) secretion
than their lower (<4) counterparts. These results indicate that high DEFA1A3 CNV may
be involved in the natural resistance to HIV-1 infection, suggesting a potential use of

HNP1-3 on HIV-1 immunotherapy.



Introduction

Defensins are small, cysteine-rich cationic peptides with broad antimicrobial
activities, including the capacity to inhibit HIV replication both in vivo ' and in vitro *
¥ According to structural characteristics, mammalian defensins are classified in o, p or
0 subfamilies >'°. In humans, o—defensins 1-3 are mainly produced by neutrophils, thus
they are also known as human neutrophil peptides (HNP1-3) °. Other lymphocyte
subsets (B, yd and NK-cells) together with monocytes/macrophages and immature
dendritic cells (iDCs) secrete these innate effector molecules '''2. HNP1-3 are powerful
modulators of innate and adaptive immunity, capable of chemoattracting T-cells, iDCs

13,14

and macrophages , increasing bacterial phagocytosis "> and influencing the

maturation of DCs '®!7.

a and PB-defensin genes cluster in adjacent loci, within a two-megabase region
of human chromosome 8p23.1 1018 ' The human o-defensin 1-3 genes (DEFA1A3) occur
in cassettes of 19kb displaying copy number variation (CNV), ranging from 2 to 14
copies per diploid genome , being 6 the most frequent CNV in healthy Caucasian

T 21-23
individuals

. In cells where HNP1-3 production is constitutive, such as neutrophils,
a correlation exists between DEFA1IA3 CNV and the HNP1-3 protein produced *,

suggesting a clear impact of different CNV on immune function.

Approximately 1% of the HIV-infected individuals are able to naturally control

the infection without treatment **, and particular individuals have been shown to remain

25

healthy despite several HIV exposures (Exposed Uninfected, EU) “°. To date,

homozygosis for CCRS5 deletion A32 remains as the most powerful genetic trait
conferring HIV-protection *°, while many other mechanisms such as HLA or KIR
haplotypes 7" or IL-4, SFD-1 and TNF-a genetic variants *>* and CCL3L1 CNV 31,32

have been shown to influence this HIV resistance >>*,



Dendritic cells (DCs) are pivotal to correctly instruct and polarize adaptive
immunity towards particular pathogens, including chronic viral infections *>~’. DCs are
among the first cells to encounter HIV virions in a sexually-transmitted infection *°.
These interactions results in a non-productive infection of DCs, which may be an HIV
mechanism to reduce the awakening of innate immunity *°, facilitating the spreading of
the infection to T-CD4" cells upon DC migration to lymph nodes, in a trans-infection

it
process 0.

Previous studies observed increased HNP1-3 secretion in CD8" T-cells and
cervovaginal cells (CVS) from HIV-infected individuals compared to healthy subjects
4142 1n addition, despite not being produced by CD8" T-cells, HNP1-3 secretion was
detected in the supernatants of stimulated CDS8" cultures from LTNP and healthy

individuals but not from HIV-progressors B

In accordance, previous work from our
group showed that iDCs from HIV controllers secreted the highest HNP1-3 levels,
which correlated with slower disease progression, suggesting a role on HIV-control *.
Additionally, the highly protected EU individuals showed increased HNP1-3 production
both in constitutive and in stimulated CD8" T and CVS cells, compared to HIV-infected
patients *'. This fact suggests that despite HIV exposure may trigger HNP1-3 secretion,
other inherent or genetic mechanism provides EU individuals with increased HNP1-3
production capability, which could be related to their privileged HIV resistance. To
further test this hypothesis, the DEFA1A3 CNV from a healthy, EU and an HIV cohort
were here addressed and correlated to their iDC-derived HNP1-3 production and global
DC functionality, an issue never addressed before. This study provides clues pointing

towards increased DEFALA3 CNV and HNPI1-3 protein levels as critical effector

molecules of the innate immunity which would act by strengthening while preserving



DC function from deleterious HIV “manipulation”, resulting in reduced HIV infectious

transfer to T-cells and increased protective T-cell immunity.

Materials and Methods

Sample and Study Population

Blood samples were obtained from peripheral blood in EDTA-treated vacutainers
(Becton Dickinson, Mountain View, CA, USA) and processed immediately after
extraction. 34 Exposed Uninfected (EU; n=34) individuals were enrolled in the study.
They were recruited in a single center (Hospital Clinic de Barcelona, Spain) when their
partners were diagnosed with HIV infection. Inclusion criteria were a history of ongoing
unprotected sexual intercourse for at least 12 months; 5 episodes of unprotected sexual
intercourse in the last 3 months, with at least 1 episode in the 4 weeks prior to study
entry; and 1 HIV-l-infected patient per couple with a PVL > 2000 copies/mL.
Individuals with multiple partners were excluded. HIV-1-infected (n=72) and HIV-1—

uninfected (Healthy n= 69), individuals were recruited as a HIV and Healthy group.

The study received the approval of the Institutional Committee of Ethics and Clinical
Investigation and all individuals gave informed written consent. The characteristics of

the populations included in the study are shown in Table S1.
Monocyte-Derived Dendritic cell Generation

Monocyte-derived dendritic cells were obtained as described previously *. Briefly,
PBMCs were obtained immediately after blood extraction using the standard Ficoll
gradient method *°. To obtain monocytes, PBMC were incubated for 2 h at 37°C in a
humid atmosphere of 5% CO2 in 75cm2 plastic flasks with DC-medium, consisting of

serum free XVIVO-15 medium (Bio-Whittaker, Walkersville, MD, USA) supplemented



with 1% autologous serum, 50 pg/ml gentamycin (Braun B., Melsungen, Germany), 2.5
pg/ml fungizone (Bristol-Myers Squibb, Munchen, Germany) and, in the case of HIV-
infected individuals, with 1 pM zidovudine (Retrovir from GlaxoSmithKline, Madrid,
Spain) to avoid possible replication of endogenous HIV-1. To obtain immature DCs
(iDCs) adherent monocytes were washed four times with pre-warmed serum free
XVIVO-10 medium (Bio-Whittaker) and cultured during 5 days in DC-medium,
supplemented at days 0 and 2 with human recombinant IL-4 and GM-CSF (1000UI/ml,

each) (Prospec-Tany Technogene LTD, Rehovot, Israel).

Luminex Assay

The secretion of different cytokines and chemokines from healthy individuals was
addressed in the supernatants of iDCs generated after 5 days of cell culture. Multiplex
Luminex assays (Cytokine Human 25-Plex Panel, Invitrogen, Carlsbad, CA, USA) were
performed following the manufacturer instructions. The following 25 mediators were
tested: Eotaxin, GM-CSF, IL-1p, IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, CXCLS8
(IL-8), IL-10, IL-12p40/p70, IL-13, IL-15, IL-17, IFN-0, IFN-y, CXCL10(IP-10),
CCL2(MCP-1), CXCL9(MIG), CCL3(MIP1-a), CCL4(MIP-1pB), CCL5 (RANTES) and

TNF-a.

ELISA

The levels of a-defensins 1-3 in iDCs supernatants or sera were determined using the
commercial HNP1-3 Elisa test Kit (Hycult biotechnology) following the manufacturer

instructions. ELISA plates were measured on a microtiter plate reader at 450nm.

DNA isolation and DEFA1A3 Copy number Variation assay.



DNA was obtained from 200uL blood samples using the QIAamp DNA blood mini kit

(Qiagen, Hilden, Germany) following manufacturer’s instructions.

The copy number variability of DEFA1A3 gene was assessed using the quantitative
duplex real-time PCR assay qPCR Core kit (Eurogentec, Seraing, Belgium) on a
VIAA7 system (Applied Biosystems, Palo Alto, CA, USA). PCR reactions were
performed with the DEFA1A3 and DEFB4 Tagman primers and probes previously
reported ** purchased from Applied Biosystems. Briefly, 4 independent PCR reactions
(replicates) were performed in duplo, thus involving DEFA1A3 and DEFB4 primers
and probes and 100ng genomic DNA per sample. Reactions were carried on 96 well
clear plates (Applied Biosystems). Additionally, the RNASe P Tagman primers and
probe listed in table S2 (Applied Bioystems) were used as a non defensin-related

reference gene.

The ACt values (Ct DEFA1A3 — Ct Reference gene in the same sample) were processed
with the Copy Caller software 1.0 (Applied Biosystems). To obtain the relative
DEFA1A3 gene copy number, the most frequent sample copy number option available
in the program was used, setting 6 as the most frequent DEFA1A3 CNV in Caucasian

population, in accordance to previous studies 2"

Flow Citometry

iDCs phenotype was characterized by two-color flow cytometry using comercial labeled
monoclonal antibodies against surface markers. The purity and expression of iDCs
surface markers (CD3", CD14,CD19, CD56, HLA-DR', HLA-ABC', CD80"",
CD83¥, CD86", CDla", CD11c", CD40", CD45RO", CD45RA") was found to be

similar to the previously reported '**.



Intracellular staining of a-defensins 1-3 was performed as described before '**°. Briefly,
immature iDCs were pretreated with monensin (Golgi Stop, BD Biosciences) for 8 h
and surface stained with FITC-conjugated CD40 (BD Biosciences). MDDCs were then
fixed and permeabilized with the Cytofix-Cytoperm Plus kit (BD Biosciences) for 20
min, incubated with biotinylated mouse mAb anti-human a-defensins 1-3 (Clone D21,
Hycult Biotechnology) for 30 min and then with PE-conjugated streptavidin (1/1000),
BD Biosciences) during 30 min. The negative control was FITC-conjugated isotype
control (BD Biosciences) and biotin-conjugated mouse IgG1 isotype control (Southern

Biotechnology, Birmingham, AL, USA).

Cells were analyzed in a FACScan flow cytometer (Beckton Dickinson). Data obtained
were analyzed with the FlowJo software (Tree Star, Inc. Ashland, OR). Expression of
surface and intracellular markers was measured by the percentage of positive cells and

the geometric mean fluorescence intensity.
Fluorescence microscopy

After the intracellular staining of a-defensins 1-3 for flow cytometry described above,
cells were adhered to a glass slide using the cytospin (Smin x300g). Cells were then
fixed its nuclei stained with DAPI, using the Prolong-Gold with DAPI reagent
(Molecular Probes, Invitrogen, Carlsbad, CA, USA). Cells were then observed on a
Nikon Eclypse E600 fluorescence microscope for green, red and blue fluorescence and

images acquired with a Nikon DS-VI1 camera.

Results

The EU cohort shows increased DEFAL1A3 gene copy number.



To address copy number variation in the DEFA1A3 genes, an accurate and well
established duplex real time PCR was adopted ****. In accordance to previous studies *'~
» 6 copies was the most frequent DEFALA3 CNV in our 3 cohorts studied (Fig 1a).
Interestingly, marked differences were observed at extreme high (10) or low (3)
DEFA1A3 copies. In one hand, no EU individuals with 3 copies were found, while the
HIV group showed a higher frequency of these individuals than the EUgroup (0.06 vs
0.03-). On the other hand, the EU cohort showed increased frequencies of individuals
with 10 copies compared to the healthy or the HIV group (0.06 vs 0.01; p=0.2 and
p=0.038 respectively). Interestingly, not a single HIV-infected individual with 10
DEFA1A3 CNV was found (Fig 1a). CNV medians of all cohorts were next compared,
revealing that the EU cohort displays a statistically significant higher DEFA1A3 CNV
than the other 2 cohorts (7 vs 6 copies, respectively) (Fig 1b). In addition, the EU cohort
displays higher frequencies of individuals with higher than the average CNV (CNV=>6)

than the healthy or the HIV groups (0,88 vs 0,67 and 0,68 respectively).
IDCs from EU individuals show increased HNP1-3 secretion.

Having previously seen a higher DEFA1A3 CNV in EU individuals, we next addressed
whether this observation was translated to the protein level. iDCs from healthy, EU and
HIV-infected individuals were obtained and its supernatants analyzed for HNPI1-3
presence (Fig 2a). Interestingly, iDCs from the EU cohort showed the highest HNP1-3
secretion (724,7pg/ml as a median) being this increase statistically significant when
compared to healthy individuals (404,6 pg/ml). iDCs from the HIV-infected cohort were
not statistically different from the EU group, despite showing a lower median (661,3
pg/ml), but they did show a statistically significant increase in HNP1-3 secretion when
compared to healthy individuals, in accordance with previous data from our group s,

Interestingly, HIV controllers also showed higher HNP1-3 secretion than HIV non-



controllers, as previously described ** (data not shown). We next wanted to compare
our iDCs results with serum samples, in which HNP1-3 content is believed to be mainly
neutrophil-derived ***. HNP1-3 levels in serum were considerably higher than those on
iDCs supernatants, as previously reported ****. Remarkably, EU individuals were,
showing the highest HNP1-3 levels (median=116,0 ng/ml), despite this difference was
not statistically significant compared to the healthy group (100,7 ng/ml) (Fig 2b). In
contrast, HNP1-3 content in sera from the HIV group was markedly reduced (37,45
ng/ml). To further characterize HNP1-3 secretion by iDCs from EU individuals,
intracellular levels of these peptides were addressed. Intracellular flow cytometry
revealed that approximately 10% of the CD40" DC population expressed HNP1-3 (Fig
2¢), and by analyzing the same sample trough fluorescence microscopy, distribution all

over the cytoplasm with some accumulations near the nucleus was revealed (Fig 2d).

Increased DEFA1A3 CNV correlates with increased iDCs HNP1-3 secretion in

healthy individuals.

To address whether iDCs from individuals with higher DEFA1A3 CNV secreted higher
amounts of HNP1-3, all individuals from the 3 cohorts were classified on the basis of
their genomic DEFA1A3 content into low (<4), mid (5-8) or high (>9) CNV, and levels
of HNP1-3 peptides on iDCs supernatants were addressed (Fig 3a). Given the scarce
numbers of healthy donors with extreme DEFA1A3 CNV and the codominant
segregation of these genes ', we addressed these individuals® relatives for DEFA1A3
CNV, in order to further characterize extreme CNV populations. A clear relationship
was found on DEFA1A3 CNV between individuals of the same families. (Supplemental
fig 1). Healthy individuals with high CNV showed a trend to secrete almost 3-fold
higher HNP1-3 than their low counterpart (884,5 vs 348,5 pg/ml as a median,

respectively p=0,1292). The EU cohort showed the same behavior with high CNV



individuals expressing the highest HNP1-3 secretion (1432 pg/ml). In sharp contrast,
HIV-infected individuals with low CNV showed the highest HNPI1-3 secretion,
followed by the mid and the high CNV groups (7291 vs 634,5 and 570,9 pg/ml,
respectively) (Fig 3a). When HNP1-3 levels in the serum from the 3 cohorts was studied
using the above mentioned classification (fig 3b), extreme inter-individual variability
was observed, with high CNV healthy individuals showing the highest defensin levels
(152,74 ng/ml). Interestingly, all HIV-infected CNV groups showed lower HNP1-3
secretion (ranging from 25,19 to 41,45 ng/ml as a median) than any other EU or healthy
CNV groups. To further confirm all these observations, correlation analyses were
performed between DEFA1A3 CNV and HNP1-3 levels in iDCs supernatants (Fig 3c)
or sera (Fig 3d) from all cohorts. While a positive correlation between DEFA1IA3 CNV
and HNP1-3 content in both samples was found in healthy individuals, a negative trend
between CNV and HNP1-3 in iDCs supernatants and total lack of correlation in sera
was observed for HIV-infected subjects. Despite not observing any statistical
significance on the EU cohort, the DEFA1A3 CNV showed a trend to correlate with
both iDCs and sera HNP1-3 levels (Fig 2c). Particular EU individuals are exposed to
different amounts of virus, which depends on the viral load of their HIV-infected
partner and the number of expositions to the virus. To address whether HNP1-3
secretion could be influenced by this variable, correlation analysis with the total
exposed viral load (HIV-partner viral load*number of expositions) were performed.
According to this, a strong positive correlation between the EU exposed viral load and
HNP1-3 levels in iDCs supernatants was observed (fig 3e). Importantly, a positive
correlation between DEFA1A3 CNV and the total exposed viral load (fig 3f) was also
found, which may indicate that the genetic background strongly influences the capacity

to overcome highly infective HIV exposures. In addition, a trend to a positive



correlation was found between HNP1-3 levels in sera and the total exposed viral load
(fig 3g). Taken together these results may indicate that basal HNP1-3 production is
greatly dependent on DEFA1A3 CNV, while a different situation arises under chronic

infections such as HIV.

DEFA1A3 CNV influences the function of immature and mature DCs in terms of

cytokines and maturation markers.

Previous studies from our group showed that HNP1-3 peptides are able to influence the
function of human iDCs by increasing or decreasing maturation and cytokine secretion ,

1 Thus, we next addressed whether different

in a concentration-dependent fashion
DEFA1A3 CNV could influence DC function. DCs from low (<4), mid (5-8) or high
(>9) CNV healthy individuals were obtained and its cytokine secretion profiles assessed
(Fig 4a). IL-8 secretion was found to increase along with higher CNV, observing great
differences between low and high CNV individuals (7784 vs 16203 pg/ml as a median).
As HNP1-3 are established inducers of IL-8 **', this result is consistent with the fact
that higher DEFA1A3 CNV implies higher HNP1-3 secretion. IL-6, IL-1RA and MCP-1
displayed a similar trend, with higher CNV groups generally showing increased
cytokine secretion, but with high inter-individual variability. In contrast, mid (5-8) CNV
groups showed higher TNF-a, IL-12, IFN-q, IL-15 and IL-1f secretion than its low and
high CNV counterparts. These latter results may suggest that the dual role of low or
high HNP1-3 levels on the secretion of certain cytokines ', is ultimately affected by
different CNV. We next addressed the levels of CCRS ligands, which are relevant to
block R5 HIV infection. Mid (5-8) CNV groups showed higher MIP1-a and 3 secretion

than low or high CNV groups, without reaching statistical significance, while all CNV

groups displayed similar levels of RANTES.



Given the importance of pro-inflammatory mediators on the maturation program of
iDCs, we next addressed whether different DEFA1A3 CNV could also influence the
expression of DC maturation markers. iDCs and mDCs from low (<4) and high (>9)
DEFA1A3 CNV healthy donors were obtained and their levels of CD83 and CD80
assessed (fig 4b and c). iDCs from high DEFA1A3 CNV showed increased expression
of CD83 and CD80 compared to iDCs from low DEFA1A3 CNV individuals (7,11 vs
9,7% and 2,47 vs 10,97% median expression, respectively). In addition, when mDCs
were assessed, differences between low and high CNV groups were increased, the low
CNV group expressing a median of 52,35% and 43,25% of CD83 and CD80

respectively, compared to the 74,18% and 68,85% of the high CNV group (fig 4 b, c).
Discussion

In this study the influence of DEFA1A3 CNV on HNP1-3 production levels by dendritic
cells and its relation to improved HIV protection has been addressed. DEFA1A3 CNV
from healthy, EU and HIV cohorts has been characterized, revealing clear differences.
The privileged, highly protected EU individuals possess increased DEFA1A3 CNV as a
median, and in turn, their iDCs show an increased basal secretion of HNP1-3 peptides.
Moreover, the EU cohort is particularly enriched with individuals with high CNVs,
while reduced in individuals with the lowest CN'Vs. Results here obtained in iDCs from
healthy individuals with high DEFA1A3 CNV (=9) points towards a relationship
between increased DEFA1A3 CNV and a higher activated or mature status of DCs,
revealed as increased basal expression of CD80 and CD83 and secretion of certain pro-
inflammatory cytokines, such as IL-8 or IL-6. These facts would ultimately lead
towards stronger T-cell activation upon antigenic (viral) contact in high DEFA1A3 CNV
individual. Finally, the widely reported anti-HIV properties of HNP1-3 peptides **!'*

would contribute to preserve the immune function by reducing viral replication.



Different studies have previously observed associations between elevated
DEFA1A3 CNV or HNP1-3 plasma levels and inflammatory pathologies such as crohn
2 SLE > or IBD **. These observations suggest a link between increased HNP1-3
levels and inflammation. While clearly this may facilitate the onset of certain
autoimmune diseases, it may also represent the triggering of potent innate immune
responses upon HIV exposure which, together with other innate mechanisms >, would
limit the risk of infection. According to our observations, dendritic cells would play a
central role in these effects, both by its APC function and by its tissue localization, close
to sites of HIV exposure “°. In this regard, increased p-defensin mRNA (which are
abundant in epithelia and mucosa) was detected in a EU cohort >, suggesting a role in
HIV protection. In addition, we observe a strong correlation between the “total viral
load” EU individuals are exposed to and their iDCs HNP1-3 secretion. This novel
correlation is in accordance with others previously found between HNP1-3 levels in
cervovaginal secretions and EU exposed viral load **' and underscores the importance
of defensins levels at the site of HIV exposure . Importantly, we also observe a positive
correlation between the total exposed viral load on EU and their DEFA1A3 CNV. The
presence of EU individuals exposed to elevated viral loads and displaying
highDEFA1A3 CNV, strongly suggests that in order to elude HIV, high levels of HNP1-

3 are required, which would be facilitated by higher copies of DEFA1A3 genes.

Previous studies from our group observed increased HNP1-3 production in iDCs
from HIV-controllers compared to HIV-non controllers or healthy individuals *.
Interestingly, HNP1-3 levels did not correlate with plasmatic viral load, suggesting that
the virus presence was not influencing HNP1-3 levels, at least during the asymptomatic
phase of the infection. In contrast, HNP1-3 levels in iDCs did correlate with CD4" T-

cell counts in HIV-controllers, suggesting that a good immunological status of these



patients may be important for DCs to secrete HNP1-3. Here, clear differences are found
in DEFA1A3 CNV when comparing HIV and EU cohorts, HIV displaying higher
frequencies of low CNV (<4) individuals. However, unlike healthy and EU individuals,
HNPI1-3 production in iDCs does not correlate with these individuals’ CNV.
Unexpectedly, HIV patients with low DEFA1A3 CNV (<4) show increased iDCs
HNP1-3 production. The fact that these individuals behave as HIV-controllers, points

towards the implication of additional factors related with the HIV control.

Previous work from our group showed the influence of different concentrations
of exogenous HNPI-3 peptides on DCs maturation and cytokine secretion '°. Low
(Z1pg/ml) HNP1-3 doses increased the expression of HLA-DR and CD86 and the
secretion of IL-12p40, TNF-q, IL-1B and IL-10, while high doses (20pg/ml) decreased
this pattern, this latter effect being also observed in macrophages . In contrast, IL-8
increased steadily with higher HNP1-3 doses. Here, we relate this dual role of different
HNP1-3 concentrations to different DEFA1A3 CNV from healthy individuals.
Importantly, IL-8 and IL-6 secretion increase with higher CNVs, while other cytokines
are increased at medium CNVs, which suggests that a regulatory feedback may start to
operate '°. These cytokine secretion patterns may have a profound impact on the
immune function. IL-8 not only attracts neutrophils to the sites of infection but also
activates them to secrete DNA extracellular traps (NETs), which effectively bind
pathogens, including the HIV, and exposes them to high doses of HNP1-3 *% IL-6
would also contribute to innate and adaptive immune activation and recruitment with

increased levels of inflammation.

The HIV is known to disrupt many cellular mechanisms, in order to evade
immune responses. DCs seem quite refractory to HIV productive infection, probably

due to certain factors such as SAMHDI1, TREX1, TRIM5 or APOBEC3A 64-66



However, DCs may facilitate HIV spreading through CD4" T cell trans infection *.
Thus, the HIV-1 may have evolved to deliberately avoid productive DC infection, as a
mean not to awake innate antiviral responses and therefore ensure that the virions reach
T CD4" cells unharmed ****. We propose that DCs ability to secrete high doses of
HNP1-3, which is related to high DEFA1A3 CNV, is critical at inactivating HIV
virions prior to DC contact, thus avoiding the HIV-mediated DC exploit. In addition,
the already higher mature status of DCs with high DEFA1A3 CNV, may indicate that a
lower threshold is required to sense the HIV and to activate an efficient innate antiviral
response, with increased IFN-a, IL-12 and IL-15 secretion. The fact that ex-vivo
myeloid and plasmacytoid DCs also secretes HNP1-3 ®’ at higher levels than MDDCs
and the recent observation that HNP1-3 and LL-37 are required to form complexes with
genomic DNA which efficiently activate pDCs trough TLR9 °®, further underscores the
importance of elevated HNP1-3 on preserving DC function, inducing type I Interferon

and mediating the induction of appropriate innate and adaptive HIV immunoresponses.

Our findings here related to DC-expressed innate immune factors such as a-
defensins provide a molecular basis for understanding how iDCs would adequately
sense invasion by HIV. These suggest that particular experimental approaches could be
implemented to improve HIV-1-T cell priming in prophylactic and therapeutic
vaccination protocols. One approach would be the use of a-defensins as
immunomodulators able to inactivate HIV while promoting proper iDC activation

aiming to improve new therapeutic DC-based therapy.

Figure Legends
Fig 1. DEFA1A3 Copy number variation in Healthy, EU and HIV-infected
individuals. Genomic DNA from 69 healthy, 34 EU and 74 HIV-infected individuals

was obtained and addressed for DEFA1A3 CNV as described in Methods. (a) Frequency



distribution of DEFA1A3 copy number in the different cohorts. (b) Box Plots indicating
the median DEFA1A3 CNYV in the three different cohorts are shown, *P= 0,0170
Healthy vs EU, and *P = 0,0105 EU vs HIV. (¢) Frequency distribution of individuals
expressing 6 or more copies of the DEFALA3 gene in the three different cohorts, *P =

0,0193 Healthy vs EU and *P=0,0260 EU vs HIV, two-sided chi-square test.

Fig 2. HNP1-3 secretion in iDCs from Healthy, EU and HIV-infected individuals.
Immature MDDCs were obtained as indicated in material and methods. (a) The HNP1-3
secretion from 5-day cell culture supernatants from 51 healthy, 24 EU and 22 HIV-
infected individuals is represented. *P=0, 0135; **P =0, 0065. In (b), HNPI-3
concentration in serum from 59 healthy, 28 EU and 65 HIV-infected individuals is
depicted. For each group the median is indicated by a thick line, and particular
individuals represented with open symbols. (c) Intracellular HNP1-3 content on
iMDDCs was addressed by flow cytometry. Zebra plots from a representative EU
individual showing the isotype (upper panel) and HNP1-3 staining (lower panel) on
CD40" iMDDCs. The same samples were next observed by fluorescence microscopy
(d). The isotype (upper panels) or intracellular HNP1-3 (red), membrane CD40 (green)

and nucleus (DAPI, blue) are represented.

Fig 3. Correlations between CNV and HNP1-3 production by iDCs. HNP1-3 levels
in iDCs supernatants (a) or serum (b) from healthy, EU, and HIV individuals, classified
as low (<4), mid (5-8) or high (>9) DEFA1A3 CNV are depicted. Correlations between
DEFA1A3 CNV and HNP1-3 levels in iDCs supernatants (c) or serum (d) from Healthy,
EU or HIV-infected individuals are shown. Correlations between HNP1-3 levels in
iDCs supernatants (¢), DEFA1A3 CNV (f), or serum HNP1-3 levels (g) and the total
viral load (HIV infected partner’s VL* number of exposures) that EU individuals have

been exposed to are depicted. P values were obtained with Pearson correlation.



Fig 4. Immunological profile of iDCs from low, mid or high DEFA1A3 CNV

healthy individuals. Immature MDDCs were obtained and up to 25 mediators

addressed in the supernatants after 5 days cell culture. In (a) box plots showing levels of

different cytokines on iDCs from 5 low (<4), 20 mid (5-8) or 7 high (>9) DEFA1A3

CNV healthy individuals are depicted. Open symbols represents single individuals. The

maturation status of iDCs or mDCs from low (<4) and high (>9) DEFA1A3 CNV

individuals according to CD83 (b) and CD80 (c¢) expression are represented. *P<0.05,

**P<0.01
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La tesis doctoral de Victor Casanova Guell “L’Adenosina Desaminasa i les
a-Defensines com a moduladors de respostes immunitaries front al VIH” es presenta

com a compendi de publicacions.

El manuscrit “Adenosine Deaminase Enhances the Immunogenicity of Human
Dendritic cells from Healthy and HiV-infected individuals” ha estat acceptat a la
revista Plos One, amb un factor d’'impacte de 4.411. Aquest treball, s’ha realitzat en
col-laboracié amb la Dra. Nuria Climent de I’AIDS Research Group de I'Hospital Clinic-
IDIBAPS i el Dr. Julia Blanco de L’Institut d’Investigacio en Ciéencies de la Salut Germans
Trias i Pujol (IRSICAIXA-HIVACAT). El doctorand Victor Casanova ha realitzat la majoria
del treball experimental amb la cohort d’individus sans, a excepcié dels experiments de
migracio, realitzats per Isaac Naval, i els experiments d’apoptosi, on hi ha col-laborat
Marta Massanella. Isaac Naval ha contribuit amb la practica totalitat d’experiments en
mostres VIH. Victor Casanova, conjuntament amb la Dra. Carme Lluis, i el Dr. PJ

McCormick han treballat molt intensament en la redaccié d’aquesta publicacid.

El manuscrit “Adenosine deaminase potentiates the generation of effector,
memory, and regulatory T cells” ha estat publicat a Journal of Leukocyte Biology amb
un factor d’'impacte de 4.992. En aquest treball, realitzat en col-laboracié amb el grup
de la Dra. Teresa Gallart del’AIDS Research Group de I'Hospital Clinic-IDIBAPS, el
doctorand Victor Casanova, ha portat a terme la major part dels experiments de
generacio de cel-lules memoria i de marcatge de cél-llules reguladores
CD4*cD25™Foxp3* i ha col-laborat en els experiments realitzats amb ’ADA-Hg. Aquest

treball també ha format part de la Tesi Doctoral de José Maria Martinez-Navio.
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El manuscrit “Increased a-Defensins 1-3 Production by Dendritic Cells in HIV-
Infected Individuals Is Associated with Slower Disease Progression” ha estat publicat
a la revista Plos One, amb un factor d’'impacte de 4.411. Aquest treball, ha estat
realitzat en col-laboracié amb el grup de la Dra. Teresa Gallart del’AIDS Research Group
de I'Hospital Clinic-IDIBAPS. El doctorand Victor Casanova ha contribuit amb la
realitzacido dels experiments de citometria intracel-lular. Aquest article també ha

format part de la Tesi Doctoral de Marta Rodriguez-Garcia.

El manuscrit “Higher DEFA1A3 Gene Copy Number and alpha-Defensins 1-3
Secretion are Associated with HIV Protection” es troba en vies de preparacid per a ser
enviat per a la seva publicacié. Aquest treball, s’ha realitzat en col-laboracié amb la Dra.
Ndria Climent de I'AIDS Research Group de I’Hospital Clinic-IDIBAPS. El doctorand,
Victor Casanova, ha realitzat la practica totalitat dels experiments amb les mostres de
la cohort d’individus sans i en part de la cohort d’individus VIH, incloent-hi la
determinacié dels nivells d’"HNP1-3 i la determinaciod intracel-lular d’aquests péptids
mitjangant citometria de flux. Conjuntament amb la Dra. Nuria Climent, Victor

Casanova ha contribuit molt activament en la redaccié d’ aquest article.

Barcelona, 20 de Novembre de 2012

Dr. Enric I. Canela Campos Dr. Rafael Franco Fernandez
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4. RESUM DE RESULTATS I DISCUSSIO.
4.1 Rellevancia de I’ecto-ADA per a la funcio de les cél-lules dendritiques humanes

La importancia de I’ADA en el sistema immunitari es manifesta pel fet de que el
seu deficit congénit comporta una immunodeficiencia severa combinada (SCID),
caracteritzada per I'abséncia de limfocits T i B (Cassani et al., 2008). El paper de I’ADA
en el sistema immunitari es coneix des de fa decades, pero els mecanismes precisos
pels quals actua no han estat del tot compresos. Després d’anys i nombrosos estudis,
el que si s’ha evidenciat es que I'activitat enzimatica de I’ADA, tant citosolica com
extracel-lular, te un paper rellevant. Aixi, ’ADA és un enzim que no només forma part
d’una via catabolica responsable del metabolisme purinic (via totalment indispensable
i ubiqua a tots els tipus cel-lulars), sind6 que forma part d’una via de comunicacié
intercel-lular tot regulant els nivells extracel-lulars d’adenosina i modulant-ne la
senyalitzacio a través dels seus receptors (Franco et al., 2007). La part menys coneguda
de l'accié de I’ADA en el sistema immunitari és la independent de la seva activitat
enzimatica. L'ADA extracel-lular (ecto-ADA) interacciona amb la membrana de les
cél-lules per unid als seus receptors, el CD26 (Kameoka et al., 1993; Dong et al., 1996) i
els receptors d’adenosina Ay, Aya i Asg(Ciruela et al., 1996; Herrera et al., 2001; Gracia
etal.,, 2011). Aquesta interaccid, de forma independent a l'activitat desaminasa,
modula la senyalitzacié d’aquests receptors, mitjancant interaccions proteina-proteina
(Ciruela et al., 1996; Herrera et al., 2001; Gracia et al., 2008, 2011). En aquest context,
en el primer treball presentat en aquesta Tesi titulat “Adenosine Deaminase Enhances
the Immunogenicity of Human Dendritic cells from Healthy and HIV-infected
individuals” hem estudiat el paper de I'ecto-ADA en la funcionalitat de les cél-lules

dendritiques immadures humanes (iDC).

Diversos estudis, incloent-hi resultats preliminars del nostre grup de recerca
han descrit la preséncia dels quatre receptors d’adenosina en les iDC (Bours et al.,
2006; Junger, 2011). A més, estudis previs del nostre grup de recerca varen demostrar
també I'expressié de CD26 en la membrana d’aquestes cél-lules (Pacheco et al., 2005).
Per tant, les iDC expressen tots els receptors capagos d’unir ADA a la superficie
cel-lular. No és sorprenent doncs, que s’hagi observat la presencia d’aquest ecto-enzim

en la membrana de les iDC, fet observat tant en models humans (Pacheco et al., 2005)
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com en ratoli (Desrosiers etal., 2007). En les iDC humanes, es va observar una
colocalitzacid majoritaria de I’ADA amb el receptor d’adenosina A,z a la membrana
plasmatica (Pacheco et al., 2005). El fet que I’ADA de ratoli no és capa¢ d’unir-se al
CD26 d’aquesta espécie ni al huma (Richard et al., 2002) i el fet de que les iDC de ratoli
expressin ADA en la seva superficie, dona suport a la implicacid dels receptors
d’adenosina en la unié d’ADA en la membrana de les iDC. Per tal d’investigar les
consequiencies funcionals d’aquesta unid, en aquest treball es va estudiar els efectes
de l'addicié d’ADA a cultius de iDC humanes. L'addici6 d’ADA a les iDC és capag
d’incrementar I'expressié de moléecules co-estimuladores i la secrecié de citocines i
quimiocines que promouen respostes inflamatories i de tipus Th-1. Aquests canvis es
tradueixen en una major capacitat de les DC d’activar limfocits T CD4" de forma
al-logenica. Globalment, aquests resultats posen de manifest que la interaccié de I’ADA
amb les DC en general promou una major immunogenicitat d’aquestes, facilitant els

processos d’activacio de respostes immunitaries.

Al tractar les iDC amb ADA hem observat un increment significatiu de citocines
pro-inflamatories/Th-1, en particular d’IL-6 i d’IL-12 i en menor mesura de TNF-a.
Aquest increment també s’observa per diverses quimiocines com ara CCL2(MCP-1),
CCL3(MIP1-a) CCL4(MIP-1B) i CCL5(RANTES). A més s’ha observat un increment en
I'expressié dels marcadors de maduracié CD80, CD83, CD86 i CD40. Ambdds fets
suggereixen que I’ADA indueix canvis en la direccié d’'una major activacio i maduracio.
No obstant, el fet que només s’observin increments en |’expressid de molecules
coestimuladores com CD80, CD83, CD86 o CD40 pero no en HLA de tipus | (ABC) o de
tipus Il (DR) podria ser indicatiu de que I'efecte de I’ADA contribueix a iniciar, més que
no pas promoure per si sol, el programa de maduracié d’aquesta cel-lula. Aquest punt
es veu reforcat davant els resultats que mostren com I’ADA incrementa lleugerament
I’expressié de CCR7, un receptor de quimiocines que s’expressa preferentment en DC
madures, i que facilita la seva migracié cap a gangli limfatic. No obstant, I'increment de
CCR7 no és suficient per incrementar la migracié de les dendritiques cap a gradients de
CCL19 i CCL21, els lligands de CCR7. Donat que aquesta migracié succeeix en estadis
avancats del programa de maduracid de la cel-lula dendritica, I’ADA actuaria com a

iniciador o facilitador del programa de maduracié.
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Per tal d’esbrinar quins mecanismes poden estar involucrats en I'accié de I’ADA,
cal tenir en compte que I’ADA és capac¢ de degradar I'adenosina existent al medi
extracel-lular, que actua reduint I'activacié de diverses cel-lules del sistema
immunologic. Aixi, mitjancant la senyal a través dels seus receptors, principalment del
tipus A,, 'adenosina redueix |’activacid i secrecié de TNF-a de cel-lules dendritiques i
macrofags humans en resposta a LPS (Panther et al., 2001, 2003; Buenestado et al.,
2010). Per altre banda, al tractar DC derivades de moll d’os de ratoli amb adenosina o
agonistes no selectius del seus receptors (NECA), s’observen respostes inflamatories
reduides a estimuls de LPS. A més, aquesta disminucié no s’observa en animals
knockout per al receptor d’adenosina A,g, implicant-lo de forma decisiva en els efectes
observats (Ben Addi et al., 2008; Wilson et al., 2009). El fet que I’ADA degradi de forma
molt eficient aquest nucleotid suggereix que en podria antagonitzar les funcions en
aquelles cel-lules on I’ADA es localitza a la superficie cel-lular. Per estudiar si els efectes
observats en les iDC després de I'addicié d’ADA es corresponien amb una possible
degradacio d’adenosina, es va inhibir I’activitat catalitica de ’ADA amb HgCl, (ADA-Hg),
donant lloc a un enzim que manté la capacitat d’unir-se als seus receptors, pero és
incapa¢ de degradar adenosina (Ciruela et al., 1996; Herrera et al.,, 2001; Pacheco
et al., 2005). Amb aquesta ADA-Hg es va observar que efectivament es reduien els
increments induits per 'ADA en I'expressié de molecules coestimuladores i en la
secrecié de citocines i quimiocines pro-inflamatories i de tipus Th-1, en comparacid
amb I’ADA activa. Cal destacar pero que aquesta reduccié no és total, i amb ADA-Hg
encara s’observen increments significatius en I'expressié de CD80 i CD83 i en la
secrecié de nombroses citocines i quimiocines en comparacié amb les dendritiques
sense tractar. Per tant, aquests resultats indiquen que I'accid enzimatica de I’ADA és
en part responsable, pero no és I'Unica implicada en els efectes observats en la cel-lula

dendritica.

El CD26 va ser la primera molecula identificada com a receptor capa¢ d’unir
ADA (Kameoka et al., 1993; Dong et al., 1996, 1997). Tot i haver-se descrit com a un
marcador d’activacié limfocitari, el CD26 s’expressa en un elevat nombre de cél-lules.
Aixi la interaccié CD26-ADA ha estat descrita en cel-lules tant diferents com limfocits T,

B, monocits (Aran etal., 1991) o cel-lules endotelials (Eltzschig et al., 2006). Estudis
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previs del grup van descriure la preséncia de CD26 a la membrana de DC humanes
(Pacheco et al., 2005), tot i que amb una expressié relativament baixa. Donades les
clares implicacions funcionals de les interaccions CD26-ADA (Gorrell etal.,, 2001;
Franco et al., 2007; Van Linden y Eltzschig, 2007) i que aquestes podien tenir lloc de
forma independent a I'activitat enzimatica de I’ADA (Pacheco etal.,, 2005), hem
estudiat la implicacié del CD26 en els efectes d’ADA sobre les iDC. Per a fer-ho es va
treballar amb I"anticos monoclonal TA5.9, que reconeix |’epitop indispensable per a la
unio de I’ADA a la molécula del CD26 (Blanco et al., 2000; Martinez-Navio et al., 2009) i
gue per tant, és capac¢ de bloquejar aquesta interaccid. Aixi a I'afegir I’ADA a les iDC
pre-incubades amb el TA5.9 es va observar una reduccié important de I'efecte de
I’ADA en quan a l'increment de CD80 i CD83 i en menor grau, una reduccid de les
principals citocines promogudes per I’ADA, demostrant la implicacié de la unié a CD26

en part dels efectes mitjangats per I’ADA.

Per tant, la conjuncio dels efectes deguts a I'activitat enzimatica i a la unid de
I’ADA als seus receptors son capagos d’induir els efectes observats en la maduracié de
les DC. La funcid de I'ecto-ADA present a la membrana de la cél-lula dendritica seria, en
ultim terme, permetre una millor activacié de les cel-lules T en la immunosinapsi
mitjancant una incrementada maduracio de les cél-lules dendritiques. Efectivament, en
aquest treball hem demostrat una major capacitat de les DC tractades amb ADA
d’activar limfocits T CD4" de forma al-logénica. Per tant, ’ADA promou una major
immunogenicitat de les DC, facilitant els processos d’activacié de respostes

immunitaries.

Duran el procés de revisid6 del nostre article, un altre grup de recerca ha
corroborat la interaccié de ’'ADA amb el CD26 en DC humanes (Zhong et al., 2012).
Aquest treball confirma la preséncia de CD26 en dendritiques humanes, i que aquest
s’expressa en molta menor mesura que en els limfocits. Els autors de Iarticle,
observen, en un model de co-cultiu al-logenic, que la preséncia d’ADA en les DC és
capac d’incrementar la proliferacié limfocitaria i avaluen el paper de I'adenosina i del
CD26 en aquest procés. Aixi, suggereixen una implicacio del CD26 per a ancorar ADA a
la membrana de les dendritiques i mitjancar la degradacié d’adenosina extracel-lular.

Gracies a aquest fet I’ADA activaria la proliferacié limfocitaria. Aquest treball donaria
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doncs suport a la observacio realitzada en aquesta Tesi respecte al paper del CD26 a la
cél-lula dendritica. A més, aquests resultats no serien incompatibles amb el paper
préviament descrit per als receptors d’adenosina. La baixa expressio relativa de CD26
en les cél-lules dendritiques pero lI'elevada presencia d’ecto-ADA observada en les
mateixes (Pacheco etal.,, 2005; Desrosiers etal., 2007) podria suggerir que els
receptors d’adenosina actuarien com a llocs d’ancoratge alternatiu, un cop el CD26 es
troba saturat d’ecto-ADA, o en cas que el CD26 no s’expressi. Aquest Ultim fet ja es va
observar en linies cel-lulars T Jurkat i en limfocits humans, on en una fraccid de
cél-lules CD26°, també s’observava preséncia d’ecto-ADA, i aquesta co-localitzava amb

els receptors A,g (Cordero et al., 2001; Herrera et al., 2001).

4.2 Implicacio dels efectes de I’ADA sobre les iDC per a la patogénia del VIH.

El VIH és conegut per la seva capacitat d’alterar multiples mecanismes immunitaris
amb la finalitat d’inutilitzar-los o bé, d’usar-los en el seu propi benefici: una major
disseminacid i replicacio viral. Aixi, un exemple d’aquestes alteracions és la reduccio de
I'expressié de molécules coestimuladores en les iDC (Chaudhry et al., 2005), fet que
redueix la capacitat estimuladora d’aquestes DC un cop es troben amb el virus. A més,
el virus és capag d’influir sobre el patré de citocines secretat per les DC, tot desviant-lo
cap a una resposta de tipus Th-2 (Maggi et al., 1994; Klein et al., 1997; Buonaguro
et al., 2009), inapropiada per a combatre efectivament al virus. Per altra banda, estudis
previs del grup de recerca varen demostrar la capacitat de la proteina de la envolta
gp120 de desplagar la unié de I’ADA al CD26 (Valenzuela et al., 1997; Blanco et al.,
2000) fet que podria ser un altre mecanisme per a dificultar respostes immunitaries
enfront al virus (Martinez-Navio et al.,, 2009). Recentment també s’ha observat una
major presencia de cel-lules T reguladores en les respostes immunitaries enfront al VIH
(Suchard et al., 2010; Shaw et al., 2011). A aquest fet se li ha de sumar que les Tregs
de pacients VIH positius mostren nivells més elevats de CD39 (Nikolova et al., 2011;
Schulze Zur Wiesch et al., 2011), ectoenzim que, de forma coordinada amb CD73, és
capag de generar adenosina i per tant, suprimir respostes immunitaries. Aquesta major
expressio, a més, s’ha vist correlacionada amb la progressid de la infeccié (Nikolova

et al., 2011; Schulze Zur Wiesch et al., 2011).
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En el grup de recerca de malalties infeccioses i SIDA de I'hospital Clinic de
Barcelona, amb el que s’ha col-laborat estretament per realitzar aquesta Tesi, es du a
terme una vacuna terapeutica consistent en la generacié de DC ex vivo de pacients VIH
asimptomatics, la carrega de les DC amb el propi virus del pacient inactivat per calor i
la posterior maduracié i injeccié de les DC al mateix pacient. Aquesta estrategia esta
encaminada a potenciar les respostes immunitaries del propi pacient, tot evitant els
efectes negatius d’elevades carregues virals anteriorment esmentats. Els resultats
positius d’aquesta terapia (Garcia et al., 2011) realcen la importancia de preservar la
funcié de les DC per obtenir bones respostes immunitaries enfront al virus. Diversos
estudis demostren a més, que no totes les alteracions en el sistema immunitari
induides per les particules virals reverteixen completament tot i anys de tractament
antiretroviral (Hainaut et al.,, 2011; Méndez-Lagares et al., 2012) fet que realcaria el
valor de terapies cel-lulars per a reduir o intentar eliminar el maxim de particules

virals.

Dins d’aquest mateix treball hem pogut demostrar que la capacitat de ’ADA
d’incrementar els marcadors de maduracié de cél-lules dendritiques i la secrecié de
citocines pro-inflamatories observada en els donants sans també es reprodueix en
aquesta cohort de donants VIH positius. La Unica diferéncia és que l'increment
observat en I'expressi6 de CD40 no resulta estadisticament significatiu. Aquests
resultats suggereixen que la unié d’ADA, a la superficie de les iDC podria incrementar
respostes immunitaries enfront al VIH en pacients asimptomatics en bon estat
immunologic. Quan es va estudiar si alguna de les caracteristiques cliniques dels
pacients estudiats correlacionava amb un major efecte de I’ADA, es va poder veure
que a major carrega viral del pacient, I’ADA incrementa més I'expressid de CD80.
Donat que les particules virals poden induir una certa activacié i maduracié basal de les
DC (Fantuzzi et al., 2004; Fonteneau et al., 2004) i que precisament les DC CD80" sén
les que expressen CD26 (Zhong et al., 2012), és possible que una major unié d’ADA al

CD26 pugui estar implicada en aquests efectes.

Es de destacar també els increments en la secrecié d’IL-12 observats en les iDC
d’aquests pacients, doncs aquesta citocina resulta clau per a la induccié de respostes

de tipus Th-1, i la seva secrecid es troba normalment reduida per I'accié del VIH (Smed-
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Soérensen etal.,, 2004). Per altra banda, és també important l'increment de les
guimiocines CCL3, CCL4 i CCL5 observat en preséncia d’ADA. Les 3 sén els lligands
naturals del CCR5, correceptor d’entrada per a les soques R5 del VIH. S’ha descrit que
la interaccid dels lligands amb el CCR5 actua bloquejant la unié del virus a aquest
receptor, impedint aixi I'entrada del virus a la cél-lula (Cocchi et al., 1995; Berger et al.,
1999). De fet, el CCR5 és una diana farmacologica en la que s’esta treballant
actualment, com ho demostra I'existéncia de varis farmacs dissenyats com a
antagonistes del receptor (Lieberman-Blum et al., 2008; Maeda et al., 2012). Una altre
guimiocina que es veu incrementada de forma important és la IL-8. A banda d’atraure
neutrofils a focus inflamatoris, s’ha proposat que aquesta quimiocina podria també
bloquejar la transcripcid del VIH (Rollenhagen y Asin, 2010). De forma conjunta,
aquests resultats podrien suggerir que I’ADA, a més d’incrementar la immunogenicitat
de la cél-lula dendritica, podria actuar reduint de forma indirecte I'entrada viral. Els
efectes descrits anteriorment, conjuntament amb estudis previs del grup mostrant que
I’ADA és capac d’incrementar la proliferacié de limfocits T en resposta a dendritiques
carregades d’antigens VIH (Climent et al., 2009), suggereix que I’ADA podria contribuir
a millorar les respostes immunitaries enfront del VIH en un context de vacuna

terapéutica dirigida a pacients en un bon estat immunologic.

4.3 Caracteritzacio de I'efecte de 'ADA sobre I'activacio i proliferacio de limfocits T

Naive.

L’ADA, a més de promoure una major maduracio i immunogenicitat de les DC,
també pot actuar sobre els limfocits, modulant-ne I'activacié durant la immunosinapsi.
Estudis previs del grup de recerca ja varen demostrar la capacitat de I'ADA
d’incrementar la proliferacié de limfocits T tant en activacions mitjancades per a-CD3
(Martin et al., 1995) com en models de co-cultius autolegs entre cel-lules dendritiques i
limfocits T (Pacheco et al., 2005). Es interessant destacar que aquests increments en
proliferacié limfocitaria només es produien en cas de la preséencia d’una senyal
activadora principal per al limfocit, i no per la sola presencia de I’ADA, fet que suggeria
qgue I'ADA es podia comportar com a senyal costimuladora (Martin etal., 1995;
Pacheco et al., 2005), molt probablement degut a la seva interaccié amb el CD26. Es va

formular la hipotesi de que I’ADA es podia ancorar a I'Ayz de la cel-lula dendritica i
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actuar com a pont molecular entre I’A,p de la dendritica i el CD26 dels limfocits durant
la sinapsi immunologica (Pacheco et al., 2005). Aquests contactes podrien resultar en
la major proliferacié limfocitaria i secrecié de TNF-a, IL-6 i IFN-y (Pacheco et al., 2005).
Amb aquests precedents, en el segon treball presentat en aquesta Tesi, titulat
“Adenosine deaminase potentiates the generation of effector, memory, and regulatory
CD4+ T cells” s’ha aprofundit en I'efecte de I’ADA sobre I'activacié i proliferacio de
limfocits T naive. En particular s’ha estudiat 'activacié dels limfocits T CD4" CD45RA"
CD45R0O CD25  (naive) en resposta a cel-lules dendritiques autologues carregades amb
dosis suboptimes de superantigen (SEA) en abséncia o presencia d’ADA. L'addicid
d’ADA als co-cultius autolegs incrementa I'expressié de marcadors d’activacié com ara
CD25 o CD45RO0 suggerint una major generacié de cel-lules efectores. A més, al llarg
del temps, el nombre de cél-lules amb un fenotip memoria (CD4+ CD25 CD45R0")
també es veu augmentat. Aquests efectes s’observen també amb d’ADA-Hg
enzimaticament inactiva, suggerint un important paper de la unié d’ADA als seus
receptors en aquests efectes. L’ADA és capac¢ d’'incrementar la secrecio de diferents
citocines (TNF-a, IL-6 i IFN-y) al medi (Pacheco et al., 2005), i en aquesta Tesi s’observa
gue la IL-6, actuant de forma sinergica amb TNF-a i IFN-y, contribueix als increments
de cel-lules efectores i memoria induits per 'ADA. En aquests co-cultius, 'ADA
potencia la generaci6 de céllules reguladores (Tregs) amb un fenotip

CD4*CD25"'FOXP3* per un procés on I'activitat enzimatica de I’ADA s’hi veu implicada.

Totes aquestes observacions apunten cap a una situacid on l'ancoratge de
I’ADA a la membrana de les DC i dels limfocits mitjangant la seva unioé als receptor
d’adenosina (principalment A,g) i al CD26 respectivament (Pacheco etal., 2005)
possibilitaria la consequient senyal costimuladora. La petita cua citoplasmatica del
CD26, sense dominis coneguts de senyalitzacié (Morimoto y Schlossman, 1998) revela
la necessitat de la interaccié del CD26 amb altres proteines senyalitzadores, com el
CD45 (Ishii etal., 2001; Kobayashi etal., 2004). S’ha descrit que es requereix la
presencia del CD26 als lipid rafts per a promoure la senyal coestimuladora a través del
CD45 i que aquesta senyal requereix |'associacié amb la isoforma CD45R0O. Per tant,
en el nostre model de co-cultiu, on inicialment totes les cel-lules sén naive i expressen

la isoforma CD45RA i poca quantitat relativa de CD26, |'efecte de I’ADA seria efectiu
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només un cop la cel-lula T hagi estat activada mitjancant la presentacié antigénica, i
s’inicii el canvi d’expressido de CD45RA a CD45R0. Aquesta suposicido concorda amb el
fet de que I'ADA actua de co-estimulador i amb la manca d’efectes d’ADA a curt
termini en aquest model. També estaria d’acord amb el fet que els efectes de I’ADA en
el model de co-cultiu usant cél-lules T CD4" naive sigui relativament menor al observat

en un model de co-cultiu amb limfocits totals (Pacheco et al., 2005).

En aquesta Tesi s’ha demostrat que les citocines induides per I’ADA sén
importants per a explicar els efectes d’aquesta en I'increment de cel-lules efectores i
memoria. S’ha observat que la IL-6 és la principal implicada en aquest efecte, actuant
en sinérgia amb TNF-a i IFN-y. Aquests resultats estan d’acord amb estudis on es
destaca la importancia de la IL-6 per a la generacié de memoria immunologica (Longhi
etal.,, 2008). A més, lI'increment d’aquestes citocines de perfil Th-1 observat en
presencia d’ADA esta d’acord amb el perfil de secrecié de citocines induida per ADA
sobre les DC abans esmentada. Aixi, per exemple, en preséncia d’ADA, les iDC
incrementen de forma important els nivells d’IL-12, claus per la polaritzacié a Th-1.
Aixi en els co-cultius s’observa un increment notable dels nivells d’IFN-y, compatibles
amb una presentacié antigénica en presencia d’IL-12. Per altra banda, 'ADA també
incrementa els nivells d’IFN-y en resposta a anticossos a-CD3 en abséncia de DC
(Martinez-Navio et al., 2009), suggerint que la senyal via CD26 també esta implicada en

I'increment dels nivells de citocines secretades pels limfocits.

Es probable que les citocines que s’incrementen en preséncia d’ADA tinguin
també un efecte sobre I'expressié de I’ADA i els seus receptors. En aquesta Tesi s’ha
observat que la IL-6 sola i la combinacié TNF-a, IL-6 i IFN-y sén capaces d’incrementar
tant I'expressié de CD26 com d’ADA en els limfocits T CD4" activats, fet que podria
suposar un feedback positiu per a I’activacio de les respostes immunitaries de tipus Th-
1. Aix0 concorda amb estudis previs, on es va poder observar com la IL-2 i la IL-12 eren
capaces d’'incrementar tant I'expressié de CD26 com la de I’ADA en limfocits T humans,
mentre que el TNF-a no hi influia, i la IL-4 reduia aquesta expressid (Cordero etal.,
2001). En un estudi recent s’observa una major expressié (i activitat) d’ADA en

superficie de cél-lules T CD4" quan aquestes s’incubaven en preséncia d’IL-2, IL-12 o
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IFN-y, mentre que la IL-10 o la PGE; produien resultats contraris (Mandapathil et al.,

2012).
4.4 Paper de ’ADA en la generacié de cél-lules T Reguladores

En aquest segon treball presentat en aquesta Tesi s’ha posat també de manifest
que I’ADA potencia la generacido de cél-lules reguladores (Tregs) amb un fenotip
CD4*'CD25"FOXP3*, fet que es veu influenciat per I'activitat enzimatica de I’ADA.
Recentment s’ha establert un vincle entre I'adenosina i les cel-lules reguladores. Aixi,
les cel-lules reguladores cD4*cD25", expressen alts nivells de CD39, ecto-nucleotidasa
gue actua generant adenosina (Deaglio et al., 2007). Aquesta adenosina actuaria a
través del receptor Asade les cel-lules T efectores, contribuint aixi a inhibir les seves
funcions (Csdka et al., 2008). L’ADA, al unir-se a la superficie cel-lular, podria afavorir la
degradacio d’adenosina, i per tant I'activacid inicial de les cel-lules T. Aixi, 'ADA
facilitaria I'inici de les respostes immunitaries. Aquest fet vindria a més, incrementat
per la secrecié de citocines pro-inflamatories com TNF-a o IL-6 induida per I’ADA tant
en la dendritica com en els limfocits. Aquestes citocines s’han demostrat capaces
d’antagonitzar les funcions supressores de les Treg, permetent |’activacio i presentacio
antigénica de les dendritiques tot i la presencia d’aquesta poblacié reguladora (Pasare

y Medzhitov, 2003; Shen y Goldstein, 2009).

|II

Per altra banda, a més de la poblacié de Tregs “natural” generada al tim,
existeix una poblacié de cel-lules reguladores “induides” que es generen en periféria,
en resposta a la presentacid antigénica (Bilate y Lafaille, 2012). Aquestes
subpoblacions, tot i tenir el mateix proposit final, poden diferir clarament en alguns
aspectes de la seva biologia (Horwitz et al., 2008). Aixi, en aquesta Tesi, al treballar
amb cél-lules T CD4" naive, la poblacié reguladora observada només pot correspondre
a la induida per I’activacid per part de la dendritica carregada amb SEA. S’ha demostrat
gue estimuls suboptims per a l'activacid limfocitaria, conjuntament amb senyals
coestimuladores son especialment efectius en la generacié d’aquesta poblacié de
Tregs, que sén capaces de mantenir I'expressid del factor de transcripci6 FOXP3

estable durant més temps (Horwitz et al., 2008). En canvi, estimuls optims o forts (de

I'ordre de pg/ml de CD3/CD28 o relacions 1:1 de cél-lules T:CD3/CD28 beads) donen
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lloc també a I'expressié de FoxP3, perd aquesta és transitoria i es perd totalment en
cas de re-estimul (Floess et al., 2007; Horwitz et al., 2008). En el cas d’aquesta Tesi,
possiblement la conjuncié d’estimul suboptim (SEA 100pg/ml, proporcid
dendritiques:limfocits 1:40) i les senyals coestimuladores de I’ADA afavoreixin la

generacié d’aquesta poblacié amb fenotip regulador.

4.5 Implicacions del paper de I’ADA en I'activacio limfocitaria per a la patogéenia del

VIH.

Es molt interessant destacar que en la cohort de pacients VIH estudiats
s’observa que I’ADA pot potenciar la generacié de cél-lules T CD4" efectores i memoria
d’una manera semblant als individus sans. Cal destacar que aquesta cohort correspon
a individus asimptomatics, en bon estat immunologic, on les particules virals no poden
interferir de forma negativa en la interacciéo CD26/ADA (Valenzuela et al., 1997; Blanco
et al., 2000; Martinez-Navio et al., 2009). La conjuncio dels efectes de I’ADA sobre les
DC descrits en apartats anteriors i el coestimul proporcionat a les cél-lules T CD4" pot
ser molt important per potenciar respostes de tipus Th-1, les més apropiades per a

combatre infeccions virals.

Pel que fa a la generacid6 de cel-lules T reguladores, estudis previs han
demostrat una major frequéncia de cel-lules Tregs naturals en pacients infectats pel
VIH, i que aquesta freqlencia correlaciona amb majors carregues virals i menors
nombres de cél-lules T CD4", fet que suggereix que aquestes cél-lules podrien estar
implicades en la progressiéd de la malaltia (Suchard etal.,, 2010). En aquest sentit,
I'accié de I'adenosina sembla decisiva per a la funcid supressora de les Treg en el
context d’infeccidé per VIH. Aixi s’ha observat una major expressié de CD39 en les Tregs
de pacients infectats pel VIH, fet que correlaciona amb els marcadors de progressié de
la infeccid (Schulze Zur Wiesch et al., 2011; Nikolova et al., 2011). Aixi, no només la
infeccio pel VIH sembla generar més Tregs, sind que aquestes serien capaces de
generar més adenosina, que actuaria via els receptors Aa per suprimir respostes
immunitaries. La importancia d’aquest mecanisme es demostra amb I'observacié de
gue polimorfismes geneétics en el CD39 que donen lloc a una menor activitat d’aquest

ecto-enzim confereixen una menor progressié de la malaltia (Nikolova et al., 2011). En
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aquesta Tesi hem observat que I'ADA, tot i incrementar la generacié de cel-lules amb
fenotip regulador, és capag¢ d’incrementar les cél-lules efectores en els pacients
asimptomatics d’'una forma similar als individus sans. Aix0 pot ser degut a la
degradacio de I'adenosina del co-cultiu per I’ADA. De fet, aix0 ja s’ha observat en co-
cultius amb dendritiques carregades amb el virus inactivat i limfocits totals autolegs
(Climent et al., 2009). L’accié enzimatica de 'ADA i la interaccié amb el CD26 de forma
preferent en les cel-lules efectores i memoria, serien els mecanismes pels que I'’ADA
seria realment decisiva com a ecto-enzim en respostes secundaries o de memoria
davant antigens especialment poc immunogénics com el VIH. En conjunt (veure
esquema 1) I'efecte de I’ADA sobre les DC contribuiria a un major poder co-
estimulador d’aquestes cél-lules, la interacci6 de I’ADA amb el CD26 dels limfocits
permetria el desencadenament de senyals coestimuladores i I'increment de la secrecié
de citocines pro-inflamatories i de tipus Th-1 afavoriria la polaritzacié cap a una
resposta antiviral, en un ambient pro-inflamatori on 'accié de les cel-lules Tregs es

podria veure dificultada.
4.6 Les a-defensines 1-3 com a factor de resisténcia natural a la infeccidé per VIH.

Els anteriors apartats demostren com el conjunt d’efectes mitjangats per I’ADA
estimulen respostes immunitaries adaptatives, principalment per cél-lules T CD4"*. No
obstant, aquestes mateixes cel-lules sén la principal diana del VIH, i aquest mateix
virus s’ha demostrat capa¢ d’alterar diversos mecanismes immunologics, com ara la
interaccio CD26-ADA, fet que limita un possible Us terapeutic de I’ADA a pacients

asimptomatics amb baixes carregues virals.

Les respostes immunitaries innates, en canvi, podrien oferir més possibilitats d’actuar
enfront el VIH abans de que aquest pugui establir una infeccid que resulti incontrolable
per al sistema immunologic. Les a-defensines 1-3 serien el prototip de mol-lecula
efectora de la immunitat innata, de resposta rapida i d’ampli espectre, que a més
d’actuar directament sobre el VIH, facilitarien i incrementarien respostes adaptatives

davant posteriors exposicions al mateix virus.

4.7 Paper de la secrecié d’a-defensines per part de les iDCs com a factor implicat en

una menor progressio de la infeccio.
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Estudis previs del grup de recerca de la unitat de malalties infeccioses i SIDA ja
va demostrar la capacitat de iDCs derivades de monocit per a produir i secretar a-
defensines (Rodriguez-Garcia et al.,, 2007). Cal destacar que aquesta produccid era
maxima en l'estat immadur d’aquestes cél-lules, que és l'estat en el qual aquestes
entren en contacte amb els possibles patdogens o antigens foranis. Donada |'elevada
activitat antiviral i anti-VIH de les a-defensines (Klotman y Chang, 2006), capaces
d’inhibir practicament tots els mecanismes d’entrada del VIH (Demirkhanyan etal.,
2012), es va determinar el paper de la secrecio d’a-defensines per part de les iDCs com

a factor implicat en una menor progressio de la infeccid.

Aixi, en el treball titulat “Increased a-defensins 1-3 production by dendritic cells
in HIV-infected individuals is associated with slower disease progression” es posa de
manifest que les iDCs derivades de monocits d’aquells pacients amb millor control de
la infeccid mostren nivells de secrecié de a-defensines 1-3 (HNP1-3) més elevats que
els de les iDCs derivades de grups de pacients on aquest control no es produeix. Cal
destacar que la cohort de pacients infectats per VIH, independentment del seu grau de
control, mostra una secrecié d’HNP1-3 molt més elevada que la poblacié no infectada.
Finalment, els parametres clinics dels pacients amb una secrecié d’"HNP1-3 per sobre la
mediana (>650pg/ml) mostren que aquests pacients tenen menys indicadors de
progressid de la malaltia en comparacié amb els pacients amb valors <650 pg/ml.
Concretament, els pacients amb elevada secrecié d’HNP1-3 no mostren caigudes dels
nivells de CD4" per sota de 350 cels/mm?, mostren un menor increment en la carrega
viral i cap d’ells ha necessitat iniciar HAART. Tots aquests factors han estat mesurats

durant 150 mesos.

La rellevancia in vivo del model de iDC derivada de monocit en situacions
d’inflamacio, i la observacié de que cél-lules dendritiques mieloides i plasmocitoides
aillades directament de sang secreten també HNP1-3 (Escribese et al., 2011) déna peu
a que les observacions ex vivo anteriorment esmentades puguin tenir lloc també in
vivo. Donada la seva distribucié tissular, les cél-lules dendritiques sén de les primeres
cél-lules en establir contacte amb el VIH un cop aquest és capac de superar les
barreres fisiques de les mucoses (Hladik y McElrath, 2008). Per tant es podria

especular que una major secrecié de defensines per part de la dendritica davant el
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primer contacte amb el virus podria facilitar la seva inactivacio, o bé protegiria a la
dendritica de possibles alteracions funcionals degudes a l'accié del VIH. Aquest fet
resultaria avantatjos, podent reduir els processos de trans-infeccié mitjancats per la
dendritica i incrementant les possibilitats de generar respostes immunitaries davant el
virus. A més és important destacar que aquestes respostes també es veurien
clarament influenciades, en funcio a les diferents quantitats secretades de defensines.
Aixi, tal i com estudis previs han demostrat, les defensines sén capaces d’influir en el
procés de maduracido de la dendritica (Rodriguez-Garcia etal.,, 2009), aixi com en

I’atraccié de més cél-lules immunitaries cap a focus inflamatoris (Grigat et al., 2007)

Els resultats del treball aqui presentat sén els primers que vinculen la secrecio
d’HNP1-3 per part de la cél-lula dendritica a possibles mecanismes de control del VIH.
Estudis previs ja havien destacat el fet de que la secrecié d’aquests péptids es troba
incrementada en individus VIH positius, especialment controladors, pero aquestes
observacions s’havien basat sobretot en cultius de cél-lules CD8" (Zhang et al., 2002;

D’Agostino et al., 2009) i en biopsies de teixit cervicovaginal (Trabattoni et al., 2004).

Es interessant destacar I'abséncia de correlacions entre la quantitat de
defensines en el plasma amb marcadors de progressié de la malaltia, com ara els
nivells de CD4". A més, al contrari del que passa amb les iDCs, no s’observen
diferéncies entre els diferents grups de pacients (controladors i no controladors) en
guant als nivells d’"HNP1-3 plasmatics. S’ha de destacar la diferencia entre la quantitat
de HNP1-3 entre el plasma i les iDCs. Aixi la secrecio per part de les dendritiques de
pacients esta al voltant del ng/ml, mentre que en plasma facilment s’observa fins a 100
vegades aquesta quantitat. Aixd indicaria que les iDCs, principalment per la seva
localitzacio, pero també per les quantitats que sén capaces de produir no contribuirien
als nivells d’HNP1-3 en plasma. De fet es considera que els nivells en aquesta
localitzacié estan molt més relacionats amb els neutrofils (Ganz, 1987). Per altra
banda, en estudis en primats, s’ha observat que els nivells plasmatics de defensines es
troben incrementats en la fase aguda de la infeccié per SIV, perd baixen un cop la
infeccio esdevé cronica (Baroncelli etal.,, 2007). Donat que la cohort de pacients
estudiats en aquest article es troba tota en la fase cronica de la malaltia, aixd podria

explicar la manca de diferéncies en els nivells plasmatics d’"HNP1-3. Per tant, si bé es
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podria argumentar que el fet d’observar nivells més elevats de secrecié d’"HNP1-3 en
les dendritiques de pacients podria venir donat per un major nivell basal d’estimul
degut a la presencia d’una infeccié cronica, aquest fet no explicaria les diferencies
entre els diferents grups de pacients. El fet que precisament els grups de pacients amb
més control natural i millor pronostic sobre la infeccid siguin els que tenen
dendritiques que secreten més defensines, suggereix que les defensines podrien
formar part d’un dels mecanismes que permet a aquests pacients el control de la

infeccio.

4.8 Paper de diferents nombre de copies del gen DEFAF1A3 en la proteccio davant la

infeccio per VIH.

Per una banda s’ha observat una correlacid entre una major secrecido de
defensines per part de les iDCs i una menor progressié de la infeccié per VIH (veure
apartat anterior). Per un altra banda s’ha descrit I'existéncia de nombres de copies
variables a la regié cromosomica (8p23.1) codificant per a les HNP1-3 (Aldred et al.,
2005; Linzmeier y Ganz, 2005; Nuytten etal.,, 2009), la qual cosa magnifica la
variabilitat possible en I’heréncia i expressié final d’aquests péptids. Tenint en compte
aquest dos fets, en el treball titulat “Higher DEFA1A3 Gene Copy Number and a-
Defensins 1-3 Secretion are Associated with HIV Protection” es va determinar la
influencia de nombres variables de copies del gen DEFAIA3 (DEFA1A3 CNV), codificant
per a les HNP1-3, en la possible resistencia o control del VIH. Per a realitzar aquest
treball es va es va estudiar una cohort de d’individus exposats no infectats pel VIH, EU.
Aquests individus es mantenen sans tot i repetides exposicions a carregues virals
infectives, representant doncs, una oportunitat Unica per a estudiar possibles
mecanismes que facilitin la immunitat davant la infeccié per VIH. Per tal de comparar
els resultats obtinguts en aquesta cohort, es va incloure a I'estudi una cohort de
donants sans, aixi com una cohort de pacients infectats pel VIH. Es va determinar el

DEFA1A3 CNV en les tres cohorts incloses en I'estudi.

D’acord al descrit anteriorment a la bibliografia per a cohorts caucasiques, el
nombre més freqlient de copies en les nostres cohorts és de 6 (Aldred et al., 2005;

Nuytten et al., 2009; Jespersgaard et al., 2011). Cal destacar que s’observaren clares
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diferéncies, estadisticament significatives, en les distribucions de freqliéncies entre les
cohorts d’EU i pacients infectats pel VIH. Aixi, la cohort EU es troba enriquida en
individus amb un nombre de copies alt (9 i 10) mentre que aquesta freqiiéncia es troba
reduida en pacients VIH, on de 72 individus cap mostrava un CNV =10. Paral-lelament,
les iDCs de la cohort EU mostren una major secrecié d’HNP1-3 que els individus sans,
suggerint que un major DEFAIA3 CNV es podria traduir en nivells més elevats de
produccié d’'HNP1-3. Tant per la seva localitzacid tissular, sent de les primeres cél-lules
a entrar en contacte amb el VIH (Hladik y McElrath, 2008), com la seva funcio
presentadora i la capacitat de secretar HNP1-3, les iDCs tindrien un paper central en
les respostes antivirals. El fet que dendritiques mieloides i plasmacitoides humanes
siguin capaces de produir grans quantitats d’HNP1-3 (Escribese etal., 2011) dona

suport a 'anterior hipotesi.

La correlacié positiva entre la secrecié d’HNP1-3 per les iDCs i un major
DEFA1A3 CNV en individus sans i en individus EU, suggereix que diferéncies genétiques
en quan al nombre de copies de DEFA1A3 influeixen clarament en la produccio
cel-lular basal o constitutiva d’HNP1-3. Els ampliament descrits efectes anti-VIH
mitjancats per les defensines (Chang et al., 2005; Klotman y Chang, 2006; Seidel et al.,
2010; Demirkhanyan et al., 2012) donarien molta rellevancia a la diferent capacitat de
cada individu per a produir HNP1-3. Aquesta diferent capacitat, en conjuncié amb
altres factors genetics, podrien contribuir a la variabilitat observada en les respostes
anti-VIH i en les diferents progressions de la malaltia o, inclUs, la resisténcia a aquesta.
Tant és aixi, que en aquest treball també s’observa una correlacié positiva entre la
guantitat d’"HNP1-3 produida per les iDCs o el DEFAIA3 CNV dels individus EU i la
carrega viral total a la que aquests individus s’exposen. Aquestes dues correlacions
magnifiquen la importancia de secretar uns nivells alts d’"HNP1-3 per part de les iDCs,
gue vindrien determinats, en part i de forma causal, per el CNV del gen DEFA1A3.
Estudis previs en altres cohorts d’EU, havien observat una correlacié positiva entre els
nivells d’'HNP1-3 en secrecions cervovaginals i la carrega viral a la que els individus
d’aquestes cohorts s’exposaven (Trabattoni etal., 2004; Levinson etal., 2012).

Aquestes dades, de forma conjunta destaquen la importancia d’elevats nivells d’HNP1-
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3 en les vies d’entrada del virus com a factors de proteccid aixi com el origen genétic

d’aquestes diferencies determinat per les CNV del gen DEFA1A3.

En clar contrast amb les dades anteriors, en aquest treball no s’observa una
correlacié entre el DEFA1A3 CNV i els nivells d’HNP1-3 en les iDCs de donants VIH
positius. Aquest fet es podria deure a I'activacié immunitaria que s’observa de forma
cronica en aquests individus, o bé, als efectes de la persisténcia d’antigens o particules
virals durant llargs periodes de temps. Per altra banda, els individus infectats mostren
nivells molt més baixos d’HNP1-3 en serum que les cohorts EU o sana. La presencia
d’HNP1-3 en sérum es creu que esta molt més relacionada amb els neutrofils (Ganz,
1987), donat que sén molt abundants i els més grans productors d’'HNP1-3. Aquestes
cel-lules podrien veure accelerada la seva apoptosi o migracié a teixits en cas d’infeccio
(Pitrak etal., 1996; Elbim etal., 2009), fet que podria explicar les diferencies
observades. Tal com s’ha comentat anteriorment, la produccié d’"HNP1-3 per les iDCs
es més gran en aquells pacients VIH que millor controlen la malaltia (controllers). A
més, aquests nivells es veien relacionats amb els nivells de CD4" circulants, indicadors
de bon estat immunologic. Aquests mecanismes podrien contribuir a preservar la
funcié immunologica d’aquests pacients, fet que podria resultar en majors respostes
efectores innates primer, i adaptatives després. Aquestes potents respostes s’han
evidenciat en cohorts d’individus EU (Ravet etal., 2007; Tomescu etal., 2010;
Ghadially et al., 2012). Aquests mecanismes podrien contribuir a preservar una major

secrecié d’"HNP1-3 per part de les dendritiques.

Treballs previs del grup de recerca de la unitat de malalties infeccioses i SIDA
varen demostrar la peculiar influéncia de diferents dosis d’"HNP1-3 exogenes sobre els
processos de maduracié i secrecié de citocines de la cel-lula dendritica (Rodriguez-
Garcia et al., 2009). Aixi, dosis baixes d’"HNP1-3 (<1pg/ml) eren capaces d’incrementar
la secrecié de IL-12p40, TNF-a, IL-1B i IL-10 i I'expressié d’"HLA-DR i CD86 en la cel-lula
dendritica, fenotip compatible amb una major maduracié d’aquestes. En canvi, dosis
altes (20pg/ml) produien els efectes contraris en els marcadors descrits, fet que també
s’havia observat en altres estudis, aquest cop en macrofags (Miles et al., 2009). En
canvi, la secrecido d’IL-8 s’incrementava d’acord amb dosis creixents d’'HNP1-3. En

aquest treball s’observen també aquests efectes duals sobre la secrecido de varies
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citocines, perd aquest cop es relaciona amb el DEFAIA3 CNV. Aixi, citocines com la IL-8
i la IL-6 mostren una major secrecido d’acord amb un nombre major de copies de
DEFA1A3. La clara relaciéo entre HNP1-3 i induccié d’IL-8 (Khine et al., 2006; Syeda
et al., 2008), podria ser un indicador indirecte que confirma que aquests individus,
efectivament, secreten més HNP1-3. En canvi, altres citocines, mostren una major
secrecié en aquells individus amb CNV mitjans (5-8), suggerint que un possible
feedback regulador pugui comencar a operar a nivells de copies altes, fet que
disminuiria la secrecié d’aquestes citocines. Aquestes diferéncies en quant als nivells
de citocines entre individus amb diferents CNV pot tenir unes fortes implicacions
funcionals. L'increment general en la secrecié de citocines observat entre els individus
de CNV baix i de CNV alt, pot tenir un paper en la major expressié de CD80 i CD83
observat en aquest ultim grup d’individus. Aquesta major expressio, indicativa d’un
major estat basal de maduracié pot influenciar en gran mesura la resposta d’aquestes
cel-lules a estimuls o antigens foranis. A més, els grans increments observats en el cas
de la IL-8 podrien contribuir a reclutar i activar neutrofils als llocs d’inflamacié, on
aquests fagocitarien activament i alliberarien el material dels seus granuls amb la
finalitat de capturar i eliminar patogens o antigens estranys. Recentment, a més, s’ha
descrit la capacitat d’aquests neutrofils de secretar DNA a l'espai extracel-lular,
formant xarxes (NETs) que actuarien capturant patogens, tot impedint la seva
disseminacié (Brinkmann et al., 2004; Brinkmann y Zychlinsky, 2007). A més, donada la
carrega negativa del DNA, aquestes xarxes serien una forma excel-lent de concentrar
péptids antimicrobians com ara les HNP1-3, amb la funcié de maximitzar la seva
capacitat anti-microbiana. Aquesta funcionalitat resultaria efectiva davant el VIH
(Saitoh et al., 2012). Els increments en citocines com la IL-6 contribuirien a incrementar

els nivells d’inflamacid i I'activacié de més respostes efectores.

El VIH és un dels virus que mostra més capacitat per a evadir mecanismes
immunitaris, i de fet els usa per a la seva replicacié final. Les cél-lules dendritiques sén
un tipus cel-lular que resulta forca refractari a la infeccié productiva per aquest virus.
Recentment s’han descrit certs enzims presents de forma especialment abundant en
dendritiques com ara SAMHD1, TREX, TRIM5 o APOBEC3A, que participarien en

aquesta resisténcia a la infeccié (Manel y Littman, 2011; Luban, 2012). Tot i aixo, les
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dendritiques poden ser usades pel VIH per a transmetre el virus a les cél-lules T CD4"
en un procés anomenat trans-infeccid. Per tant, el VIH pot haver evolucionat sota la
pressié de no infectar les dendritiques, com a forma de no ésser detectat per aquestes
cél-lules, i per tant, reduir les possibilitats de muntar una resposta antiviral, tot
incrementant les possibilitats d’arribar en condicions infectives a les cél-lules T CD4"
(Manel et al., 2010; Manel y Littman, 2011). En la seccio de la Tesi aqui discutida, es
proposa que la capacitat de les iDCs per secretar grans quantitat de HNP1-3, que
vindria determinada pel DEFA1A3 CNV, seria clau per inactivar els virions abans de que
aquests puguin interactuar de forma deletéria amb les iDCs, i usar-les en el seu
benefici. A més, I'estat més madur de les iDCs observat en aquells individus amb
mitjanes o altes DEFAIA3 CNV, indicaria que seria necessari un menor nivell d’activacié
de les iDCs d’aquests individus per a obtenir una resposta antiviral eficient amb majors

nivells d’'IFN-a, IL-12 o IL-15, com aqui s’ha observat.

Finalment, recentment s’ha descrit la capacitat de peptids antimicrobians com
la LL-37 o les HNP1-3 per a interactuar amb DNA genomic, formant complexes
insolubles, no degradables pels enzims abans esmentats (TREX). Aquests complexes
resultarien claus per activar les pDCs via TLR9 (Lande et al., 2011), induint respostes
antivirals amb altes secrecions d’IFN tipus I. Per tant elevats nivells d’"HNP1-3 podrien
ser claus per a facilitar aquest procés, i estimular respostes anti-VIH adequades,

capaces de protegir a I'individu en cas d’exposicid.

Recentment s’han observat associacions entre elevats DEFAIA3 CNV o nivells
plasmatics elevats d’HNP1-3 amb certes patologies d’origen autoimmunitari com
Crohn (Jespersgaard et al., 2011), lupus (Sthoeger et al., 2009) o malaltia inflamatoria
intestinal (Yamaguchi et al., 2009). Si bé aquestes associacions suggereixen que elevats
nivells d’"HNP1-3 podrien estar vinculats a un major risc de malalties autoimmunitaries,
també es podrien relacionar amb la capacitat de muntar respostes immunitaries més

potents davant I’'encontre amb certs patogens, com ara el VIH.

4.9 L’ADA i les a-defensines 1-3 com a moduladors de la immunitat front al VIH. Visio

de conjunt
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El conjunt de resultats obtinguts en aquesta tesi, demostren que la presencia
d’ecto-ADA i d’elevades copies del gen DEFA1A3, que es traduiria en una major
secrecié d’HNP1-3 per part de les iDCs, poden influir positivament en I|’activacio i
I’efectivitat de respostes immunitaries davant el VIH. Els efectes anti-VIH de les HNP1-
3 (Chang et al., 2005; Klotman y Chang, 2006; Seidel et al., 2010; Demirkhanyan et al.,
2012) serien claus per a protegir de forma efectiva les iDCs davant contactes amb el
VIH. Aixi, una efectiva inactivacié viral evitaria els efectes nocius dels virions sobre la
dendritica i possibilitaria la correcte activacié de respostes antivirals. A més, una
elevada presencia d’HNP1-3 atrauria més cel-lules efectores (Grigat et al., 2007) al
focus d’inflamacié. Amb la funcié de la cél-lula dendritica preservada, aquesta podria
iniciar correctament el programa de maduracié i la secrecié de citocines pro-
inflamatories i de tipus Th-1. Es probable que aquest inici d’activacié també resulti
amb una major presencia d’ecto-ADA a la membrana plasmatica, tal i com s’ha
observat en altres models cel-lulars (Cordero et al.,, 2001; Mandapathil et al., 2012).
Aquesta presencia facilitaria el procés de maduracié de la cel-lula dendritica, tot
incrementant la secrecio de citocines i quimiocines de perfil Th-1 i pro-inflamatori. La
previa inactivacio dels virions per les HNP1-3, evitaria doncs que I’envolta viral afectés
les interaccions CD26/ADA (Valenzuela etal., 1997; Blanco etal., 2000), fet que
possibilitaria I'’efecte coestimulador de I’ADA ancorat a la membrana de les DCs, sobre
el CD26 de les cél-lules T. Aquesta senyal, conjuntament amb la presentacié antigénica,
una major preséncia de molecules co-estimuladores en la dendritica degut a I'efecte
de I’ADA i de les HNP1-3, una major secrecid de citocines pro-inflamatories i pro-Thl
incrementarien la magnitud de les respostes efectores. Es possible que degut a
I'activitat enzimatica de I’ADA, tant les funcions de les cel-lules efectores com de les
dendritiques siguin menys susceptibles als efectes immunosupressors de I'adenosina
(Mandapathil et al., 2010), fet que permetria una senyal activadora més perllongada
en el temps. Aquest fet, podria suposar una major generacié de cel-lules amb fenotip
memoria, importants per a posteriors exposicions al VIH. En aquestes respostes
secundaries o de memoria hi estaria especialment implicat el CD26, d’expressid
incrementada en aquesta poblacié de cél-lules T (Dong y Morimoto, 1996; Krakauer
et al.,, 2006) i que facilitaria en gran mesura la re-activacié cel-lular, incloent-hi la

funcié citotoxica de cél-lules CD8", en particular el subtipus “effector memory” (CD8"
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cD26") i NK (Matteucci et al., 2011; Hatano et al., 2012; Maduefio et al., 1993; Biihling
et al., 1994). Aquestes respostes podrien ser particularment efectives per al control o
resisténcia al VIH (Hansen et al., 2011). La implicacié dels dos mecanismes estudiats en
aquesta tesi, la secreciéo d’HNP1-3 i la interaccié CD26/ADA en la possible proteccié o
control de la infeccié per VIH es posen de manifest pel fet que tots dos es troben
particularment incrementats en poblacions EU. Aixd s’ha observat a nivell genétic i
funcional per a les HNP1-3 en aquesta Tesi, i en quant al CD26, ha estat observat a
nivell d’expressié en una cohort d’EU (Songok etal.,, 2010) i a nivell funcional pel
nostre grup de recerca, mostrant que I'efecte de 'ADA pot incrementar respostes
immunitaries enfront el VIH (Climent et al., 2009). La conjuncié dels dos mecanismes,
per tant, pot influir decisivament en I'assoliment de potents respostes immunitaries
enfront del VIH. El fet que I’ADA bovina ja es trobi en forma farmacologica, i s’hagi usat
en nombrosos casos d’SCID (Booth y Gaspar, 2009) conjuntament amb la possibilitat
de sintesi quimica de versions sintetiques de defensines (Doss et al., 2012), obren la
possibilitat a que aquests elements puguin complementar (a mode de co-adjuvant)
vacunes terapeutiques basades en cel-lules dendritiques carregades amb antigens VIH.
Aquesta estratégia podria afavorir tant els processos de maduracié de les dendritiques

com les posteriors respostes cel-lulars enfront del VIH.
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Figura 12. Model de I’accio de les HNP1-3 i I’ADA sobre les iDCs i les cél-lules T.

En funcidé d’un nombre variable de copies del gen DEFA1A3 (1), les iDCs produiran més HNP1-3 en estat
basal. 2) En cas d’exposicié al VIH, altes dosis d’HNP1-3 poden inactivar el virus, facilitant la funcié
presentadora de la Idc. 4) La unié d’ADA als seus receptors a la iDC, preferiblement el CD26 i I'A;B,
conjuntament amb la degradacié d’adenosina comportaria un increment de I'expressié de CD80, CD86 i
CD83, concominant a una major secrecié de citocines i quimiocines pro-inflamatories i de tipus Th-1.
Quantitats elevades d’HNP1-3 també modularien la iDC en el mateix sentit. De forma conjunta, aquests
events resultarien en un estat més madur de la cel-lula dendritica. Aquest estat afavoriria una major
activacio de les cél-lules T en la immunosinapsi (5) fet que es veuria encara més accentuat per la
interaccio d’ADA amb el CD26 de la cél-lula T, capag de proveir senyals co-estimuladores mitjangant
I"associacid del CD26 amb CD45R0 i la seva participacio en la senyalitzacié mitjancada pel TCR. Aquestes
senyals resultarien en una major proliferacié i secrecio de citocines per part de la cél-lula T (6). De forma
conjunta amb les secretades per la iDC, aquestes citocines promourien processos inflamatoris, reclutant
més cel-lules del sistema immunitari i contribuint a una major activacié de la resposta immunitaria
adaptativa, amb una clara polaritzacié de tipus Th-1. Conjuntament amb la preséncia de les HNP1-3,
aquest tipus de resposta immunitaria seria la més adequada i eficient per combatre la infeccid

mitjangada pel VIH.
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5. CONCLUSIONS
Conclusions que fan referencia al Primer Objectiu General d’aquesta Tesi

(Analitzar el possible paper co-estimulador de I’'ADA en la immunosinapsi produida per
interaccio de cél-lules T i cél-lules dendritiques de donants sans o pacients infectats pel

VIH):

e L’ADA actua sobre les cel-lules dendritiques d’individus sans i de pacients
infectats pel VIH, incrementant I'expressié de CD80, CD83, CD86, CD40 i CCR7, i
I'alliberament de IL-12, IL-6, TNF-a, IL-8/CXCL8, MIP1-a/CCL3, MIP-1B/CCL4 i
RANTES/CCL5, fet compatible amb una major maduracié de la cél-lula
dendritica.

e Tant l'activitat enzimatica com la unid als seus receptors de membrana
participen en els efectes mitjancats per I’ADA sobre la maduracié de la cél-lula
dendritica.

e L'ADA augmenta la capacitat de les cél-lules dendritiques d’activar limfocits T
al-logénics, fet que reflecteix una major immunogenicitat de les cel-lules
dendritiques.

e En els co-cultius autolegs de cel-lules dendritiques-limfocits T, ’ADA potencia
I'activacié de cél-lules T CD4'CD45RA" naive, incrementant la generacié de
cél-lules CD4'CD25'CD45RO" efectores, cél-lules CD4'CD45RA'CD25 CD45RO"
memoria i cél-lules CD4*CD25"'FOXP3* reguladores. Aquests efectes s’observen
tant en donants sans com en una cohort de pacients infectats pel VIH.

e Lasecrecio d’IL-6, TNF-a i IFN-y induida per I’ADA contribueix de forma decisiva
a la major generacio de cel-lules efectores i memoria observada en presencia
d’ADA.

e L'ADA potencia la generacié de cel-lules T CD4'CD25"¢"FoxP3* reguladores per

un mecanisme on hi influeix de forma important la seva activitat enzimatica.

Globalment aquetes conclusions indiquen que I’ADA, interaccionant amb les cel-lules

dendritiques i els limfocits T, pot actuar com a molecula co-estimuladora en la
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immunosinapsi, promovent la correcta polaritzacié de les cél-lules T inclus en individus

amb un sistema immunitari compromes, com ara els pacients infectats per VIH.

--Conclusions que fan referéncia al Segon Objectiu General d’aquesta Tesi (Estudiar la
produccio defensines per part de cél-lules dendritiques com a possible mecanisme innat

de resistencia a la infeccio per VIH):

e Les cel-lules dendritiques immadures de pacients capagos de controlar la
infeccio de forma natural (controllers) secreten nivells més elevats d’a-
defensines 1-3 que les procedents de pacients que no mostren aquesta
capacitat (no controllers) o que els individus sans.

e S’ha establert que alts nivells de secrecié d’a-defensines 1-3 per cel-lules
dendritiques immadures correlacionen amb I'expresié de marcadors clinics
indicatius de menor progressié cap a SIDA.

e La cohort d’'Individus exposats d’alt risc perd no infectats mostra una major
freqliencia de copies del gen DEFAIA3 que la cohort d’individus sans o
infectats pel VIH.

e Les ceél-lules dendritiques immadures d’Individus exposats d’alt risc perd no
infectats (EU) mostren una major secrecié d’a-defensines 1-3 que les
d’individus infectats pel VIH o individus sans.

e La quantitat d’a-defensines 1-3 secretada per les iDCs dels individus exposats
no infectats, aixi com el seu nombre de copies del gen DEFA1A3 correlacionen
positivament amb la carrega viral total a la qual aquests individus s’exposen.
Aquest fet indicaria que elevades quantitats d’a-defensines 1-3 podrien estar
implicades en la proteccié davant elevades carregues virals.

e Els individus amb un nombre de copies elevat (>9) del gen DEFA1A3 mostren
una major secrecid de citocines pro-inflamatories i expressidé de marcadors de
maduracio de les cel-lules dendritiques fet que podria estar implicat en majors

respostes immunitaries a antigens virals.

Globalment aquetes conclusions indiquen que les a-defensines 1-3 poden formar part

dels mecanismes que confereixen resistencia natural a la infeccid per VIH.
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