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1. INTRODUCCIO

1.1. SISTEMA IMMUNITARI: RECIRCULACIO I INFLAMACIO
1.1.1. El sistema immunitari

El sistema immunitari (S.I.) és un sistema de reconeixement perfectament adaptat que
ha evolucionat en els vertebrats per protegir-los de les infeccions (i també del cancer).
Per desenvolupar aquesta funcid, el S.I. genera una enorme varietat de cel-lules i
molécules capaces de reconeixer especificament i eliminar una varietat aparentment

il-limitada d'invasors exteriors.

Funcionalment, la resposta immunitaria pot dividir-se en dues etapes relacionades:
reconeixement i resposta efectora. El reconeixement es caracteritza per la seva
especificitat. El sistema immunitari és capac de reconéixer diferéncies quimiques subtils
que distingeixen un determinat patogen d'un altre. A més a més, és capag de discriminar
entre alld "propi" i alld "no propi", tot i que aquesta simplificacié conceptual ha sigut
replantejada, en part, per certs immunolegs que prefereixen afirmar que el sistema
immunitari és capag de distingir entre allo "perillés" i alld "no perillés" (sovint hi ha
abséncia de resposta en front a elements no propis que no representen perill).

Quan un determinat microorganisme és reconegut, el sistema immunitari mobilitza una
gran varietat de cél-lules i molécules que participaran en la formacié d'una resposta

apropiada (resposta efectora) destinada a eliminar o neutralitzar I'organisme.

La resposta immunitaria (i per extensio els elements que hi participen) es poden dividir
en el que anomenem immunitat innata i immunitat adaptativa. La immunitat innata
inclou els mecanismes no especifics de la lluita contra els patdogens; la formen
essencialment les barreres fisiques i quimiques (com epitelis i substancies
antimicrobianes), certes proteines sanguinies (entre les que s'inclouen membres del
sistema del complement, citocines i altres mediadors de la inflamacid), ceél-lules
fagocitiques (neutrofils, macrofags) i altres leucocits (com soén les cél-lules NK),
constituint la primera linia de defensa contra els microorganismes. La immunitat
adaptativa mostra un elevat grau d'especificitat (per aix0 sovint també se I'anomena
immunitat especifica), la qual cosa permet respondre de forma singular i eficient contra
diferents tipus de microorganismes. Una de les caracteristiques més rellevants de la
immunitat adaptativa, a part de la seva especificitat, és que "recorda" totes les trobades
amb un microorganisme o antigen estrany, de tal forma que contactes posteriors

estimulen mecanismes de defensa cada cop més eficacos. Aquesta propietat s'anomena
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memoria immunologica i constitueix el fonament de la vacunacié protectora en contra
les malalties infeccioses. Els components cel-lulars principals de la immunitat especifica
son els limfocits, i una de les caracteristiques distintives d'aquestes cél-lules explica la
tercera de les caracteristiques de la immunitat adaptativa, la clonalitat, doncs cada
cel-lula té un receptor especific que possibilita que, davant d'un Unic estimul antigenic, la
resposta es desenvolupi a partir de I'expansié i diferenciacié d'un reduit nombre de
ceél-lules. La diversitat funcional i estructural dels propis limfocits i els seus productes
(d'entre els que destaquen els anticossos) és el que al final defineix les peculiaritats
(resposta humoral i cel-lular) d'aquesta resposta adaptativa. Tot i aquesta diferenciacio,
els mecanismes de les respostes immunitaries innata i especifica formen un sistema
integrat de defensa en el que existeix una cooperacid funcional estructurada de
nombroses cél-lules i molécules (de fet la resposta adaptativa es basa en la resposta

natural i no existeix sense aquesta).

Amb la finalitat d'optimitzar aquestes interaccions cel-lulars, necessaries per les fases de
reconeixement i activacid de la resposta immunitaria especifica, la majoria de les
cel-lules implicades (limfocits, fagocits mononuclears i altres cel-lules accessories),
es localitzen, concentren i estructuren de manera ordenada en organs o teixits
anatomicament definits, que sén també els llocs on es transporten i concentren els
antigens estranys. Aquesta compartimentalitzacié anatomica no és fixa perque, com
veurem posteriorment, molts limfocits recirculen i intercanvien constantment el seu lloc
entre la circulacid i els teixits. De fet, cal tenir en compte que el sistema immunitari és
un sistema dispers per tot I'organisme, perdo que manté una unitat funcional gracies als
complexos mecanismes d'organitzacio i relacidé entre tots els seus components. La
mobilitat i la localitzacié regulada dinamicament de les cél-lules del sistema immunitari és
I'ltnica manera de garantir una resposta immunitaria eficient quan hi ha un
reconeixement clonal, que significa una especificitat de pocs components. Sense aquesta

mobilitat regulada no podria haver-hi resposta clonal.

Per la seva funcid, els drgans i teixits del sistema immunitari poden distingir-se en dos
grups: a) els teixits limfoides primaris (també anomenats centrals o generadors) sén
els teixits en els que els limfocits expressen per primera vegada els receptors antigénics
i, en definitiva, adquireixen la maduresa fenotipica i funcional, i b) els teixits limfoides
secundaris (o periférics) son els llocs on s'inicia i es desenvolupa la resposta dels
limfocits als antigens estranys. Els organs limfoides primaris dels mamifers sén la
medul-la dssia (d'on procedeixen tots els limfocits i on maduren els limfocits B), i el
timus (on les cél-lules T maduren i aconsegueixen |'estat de competéncia funcional). Els

teixits limfoides periferics inclouen principalment els ganglis limfatics, la melsa, el
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teixit limfatic associat a mucoses (MALT) i el sistema immunitari de la pell. A més
a més, trobem agregats mal definits de limfocits en els teixits connectius i en quasi tots

els organs.

1.1.2. La recirculacio leucocitaria

Com hem acabat de comentar, el sistema immunitari no esta localitzat en un determinat
compartiment anatomic. Per la propia funcidé de proteccid, presenta un gran nombre
d'organs i teixits morfoldogicament i funcional diferents que es troben repartits per la
totalitat de I'organisme. A més a més, els elements efectors de les respostes (tant innata
com especifica) son “elements mobils” que es desplacen per tot I'organisme a través del

sistema sanguini i del sistema limfatic.

Per la propia organitzacié anatdomica dels organs i teixits del sistema immunitari, molts
tipus de leucocits es mouen d'una part del cos a una altra d’'una manera perfectament
regulada. Aix0 és especialment cert en el cas dels limfocits, ja que circulen
continuament a través de la sang i la limfa en direccié als diferents organs limfoides, des
d'on surten per tornar a la circulacid sanguinia i limfatica. El procés de continua
recirculacié limfocitaria (fisiologia) no només permet augmentar al maxim la
possibilitat de que els limfocits interaccionin amb els antigens que es troben concentrats
en els teixits limfoides, iniciant d'aquesta forma una resposta immunitaria, sind que
també s'integra, juntament amb la participacié d'altres elements cel-lulars efectors
(principalment granulocits i monocits), en el desenvolupament de les respostes
inflamatories (patologia). La inflamacidé és una resposta complexa a un dany local que
es caracteritza per la preséncia en el lloc de la lesié de vermellor, calor, inflor i, sovint,
dolor. Aquests efectes clinics sén el fruit d'un procés actiu que involucra diverses cel-lules
del sistema immunitari (natural i adaptatiu) i nombrosos mediadors. Cal pero ressaltar
que l'establiment i regulacié de les respostes inflamatories s'explica principalment per la

migracio controlada de poblacions leucocitaries al lloc de la lesid.
Existeixen diferents vies i mecanismes de recirculacioé limfocitaria, pero totes tenen en

comu el desplacament de cel-lules a través de la sang i la limfa, i la posterior

extravassacié dels limfocits dins els teixits limfoides secundaris o regions d'inflamacio.

1.1.3. Les moléecules d'adhesio cel-lular

El moviment dels leucocits i de les molécules transportades per la sang cap a l'interior

dels teixits es regula per I'endoteli vascular. Per tal que els leucocits circulants puguin
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entrar dins els teixits inflamats o dins els organs limfoides periférics, s'han d'adherir a les
cel-lules endotelials (que es troben tapissant les parets dels vasos sanguinis) i passar a
través d'elles, en un procés anomenat extravassacio. Les cél-lules endotelials expressen
molécules d'adhesi6 cel-lular (CAMs, de I'anglés cell-adhesion molecules) especifiques
de leucocits. Algunes d'aquestes proteines de membrana s'expressen constitutivament;
d'altres ho fan només en resposta a concentracions locals de citocines produides durant
una resposta inflamatoria. Els limfocits, monocits i granulocits presenten receptors que
s'uneixen a les moléecules d'adhesié presents a I'endoteli vascular, la qual cosa permet
que aquestes cel-lules s'extravassin dins els teixits. D'aquesta manera podem dir que en
els processos de recirculacié i inflamacié la extravassaciéo és cosa de dos components

cel-lulars: els leucocits i I'endoteli, que fan de "parella de ball" en aquestes situacions.

La majoria de les molécules d'adhesid cel-lular d'interés en immunologia pertanyen a

guatre families de proteines:

a) Familia de les selectines: Son glucoproteines de membrana que tenen a la
part més distal un domini lectina que els permet interaccionar amb grups de
carbohidrats especifics. Inclou tres molécules designades com a L, E i P. Molts
leucocits circulants expressen la L-selectina, mentre que la E-selectina i la P-
selectina s6n expressades basicament per les cél-lules endotelials vasculars. Les
selectines son responsables principals de la unio inicial dels leucocits a I'endoteli

vascular [1].

b) Familia de molécules tipus mucina: Les mucines sén un grup de proteines
riques en serina i treonina altament glucosilades. La seva estructura els permet
presentar-se com a lligands de les selectines. Per exemple, la L-selectina, present
en els leucocits, reconeix una estructura glucidica (sLe*) que es troba, entre
d'altres, formant part de dues molécules altament glicosilades (CD34 i GlyCAM-1)
expressades en certes cél-lules endotelials dels ganglis limfatics. Una altra
molécula tipus mucina (PSGL-1), que es troba en neutrofils, interacciona amb la

E- i P-selectines expressades en |'endoteli inflamat [2-4].

c) Familia de les integrines: Son proteines heterodimeériques (formades per una
cadena o i una cadena B) que expressen els leucocits i faciliten tant I'adheréncia a
I'endoteli vascular com altres interaccions cél-lula - cél-lula. A més a més, son
elements centrals de la interaccié cél-lula - matriu extracel-lular. Les integrines
s'agrupen en categories diferents segons quina subunitat p contenen. Diferents
integrines sén expressades per diferents poblacions de leucdcits, permetent a
aquestes cél-lules unir-se a diferents CAMs (pertanyents a la superfamilia de les

immunoglobulines) que s'expressen a |'endoteli vascular [5-7].
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d) Superfamilia de les immunoglobulines: Sén molécules d'adhesié que
contenen un nombre variable de dominis tipus immunoglobulina. En aquest grup
(entre moltes d’altres molécules d’aquesta gran superfamilia) s'inclouen ICAM-1,
ICAM-2, ICAM-3 i VCAM-1, que son expressades per cél-lules endotelials vasculars
i s'uneixen a diverses integrines [8-10]. Una molécula d'adhesi6 anomenada
MAdCAM-1 s'expressa a l'endoteli de mucoses i dirigeix I'entrada de limfocits dins
la mucosa. Presenta tant dominis tipus immunoglobulina (a través dels quals
s'uneix a integrines) com dominis tipus mucina (unint-se a selectines a través

d'ells) [11]. Aixi s’exemplifica que existeixen molécules classificables en un o altre

grup.

Fora d'aquestes 4 families existeixen altres moléecules d'adhesié com les cadherines (una
familia de glicoproteines de membrana que tenen en comu el fet de ser molécules
d'adhesié dependents del calci) i d'altres no agrupables (com les VAPs, de l'anglés
Vascular Adhesion Protein) que també sén importants en determinades interaccions

adhesives.

1.1.4. L'extravassacio dels neutrofils

Quan es desenvolupa una resposta inflamatoria, diverses citocines i altres mediadors
inflamatoris actuen sobre els vasos sanguinis locals induint I'expressi6 de CAMs
endotelials. Es llavors quan es diu que I'endoteli estd activat o inflamat. Dins el conjunt
de cél-lues que intervenen en el procés inflamatori, els neutrofils sén, generalment, les
primeres cél-lules que s'uneixen a I'endoteli inflamat i s'extravassen dins els teixits. Per
tant, els neutrofils han de reconéixer aquest endoteli inflamat, adherir-s'hi fortament
(evitant ser arrossegats pel corrent sanguini) i penetrar, a través de la barrera endotelial,
cap al teixit diana. Aquest procés d'extravassacid dels neutrofils (i dels altres leucocits)
es pot dividir en quatre passos sequencials: (1) enganxament o lligament (tethering) i
rodolament (rolling), (2) activacié (activation) per estimuls quimioatraients, (3)

aturada i adhesio6 (attachment) i (4) migracié transendotelial (migration) (figura 1).

En el primer pas, els leucocits s'uneixen débilment a I'endoteli mitjancant una interaccid
de rapida disociacié definida principalment a través de les selectines (durant la resposta
inflamatoria, les citocines i altres mediadors actuen sobre lI'endoteli local induint
I'expressié de molécules d'adhesio de la familia de les selectines). Aquestes selectines (ja
siguin la L-selectina leucocitaria i/o la E- o P-selectines endotelials) s'uneixen de forma
debil i intermitent amb les glicoproteines que reconeixen, provocant la fase

d'enganxament o lligament (tethering) limfocitari, i tot seguit el rodolament (rolling) a
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favor del flux sanguini i del gradient d'adhesivitat (haptotaxis) caracteristic d'aquesta
arribada limfocitaria (figura 1).

Rodolament Activacio Aturada Migracio ]
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1 2 3 4
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Figura 1: Els 4 passos del procés d'extravassacio leucocitaria i les molécules d'adhesio

que hi intervenen.
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Quan els leucocits es troben en plena fase de rodolament sén activats per diversos
estimuls quimioatraients que, o bé es troben permanentment a la superficie de les
cel-lules endotelials, o bé sén secretats localment per cel-lules involucrades en la
resposta inflamatoria. Entre aquests quimioatraients destaquen els membres d'una gran
familia de citocines quimiotactiques anomenats quimiocines. Diverses son les
quimiocines involucrades en el procés d'activacio [p.e. CXCL8 (IL-8) i CCL4 (MIP-1B)].
Tot i aix0, no tots els quimioatraients pertanyen al grup de quimiocines. Altres
quimioatraients importants son el PAF (platetet-activating factor), productes derivats de
la cascada proteolitica del complement (com C5a i C3a) i varis péptids N-formil produits

pel trencament de proteines bacterianes durant la infeccié (figura 1).

La unié d'aquests quimioatraients als receptors presents a la membrana dels neutrofils
dispara un senyal activador a través de proteines G associades al receptor. Aquest senyal
indueix un canvi conformacional en les integrines que es troben a la membrana dels
neutrofils, incrementant la seva afinitat per les molécules d'adhesié de la superfamilia de
les immunoglobulines presents a I'endoteli. La interaccid entre aquests dos tipus de CAMs
estabilitza la unid dels neutrofils a les cél-lules endotelials, permetent-ne una forta
adhesié. Seguidament el neutrofil migra a través de la paret del vas cap a l'interior del

teixit (figura 1).

1.1.5. L'extravassacio dels limfocits

Diverses subpoblacions de limfocits presenten una extravassacié dirigida cap als llocs de
lesio (inflamacid) i cap als organs limfoides (recirculacid). La recirculacié dels limfocits
esta controlada acuradament per assegurar que les poblacions apropiades de cél-lules B i
T siguin reclutades estructuradament cap als diferents teixits. Igual que els neutrofils,
I'extravassacié dels limfocits involucra interaccions entre un gran nombre de molecules
d'adhesié cel-lular. El procés global és similar al que succeeix durant I'extravassacié dels

neutrofils (apartat 1.1.4).

Algunes regions de I'endoteli vascular de les vénules postcapilars de diversos organs
limfoides estan compostes per cél-lules endotelials especialitzades que presenten una
morfologia cuboidal. Aquestes regions s'anomenen veénules endotelials altes (HEV, de
I'anglés high endothelial venules). La caracteristica fonamental de les HEV, que permet
I'extravassacio limfocitaria, és la major adhesivitat de I'endoteli alt (si es compara amb
I'endoteli venular de la resta de teixits) pels limfocits circulants [12]. El desenvolupament
i manteniment de les HEV en els organs limfoides esta influenciat per citocines produides

en resposta a la captura d’antigens (les HEV no es desenvolupen en animals que creixen
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en ambients lliures de patdogens), encara que també hi intervenen elements

constitutivament expressats.

Les vénules d’endoteli alt expressen una gran diversitat de molécules d’adhesio cel-lular.
Com altres cel-lules d’endoteli vascular, les HEV expressen CAMs de la familia de les
selectines (E- i P-selectina), de la familia de molécules tipus mucina (GlyCAM-1 i CD34) i
de la superfamilia de les immunoglobulines (ICAM-1, ICAM-2, ICAM-3, VCAM-1 i
MAdCAM-1). Algunes d’aquestes molecules d’adhesié estan distribuides d’una forma
especifica de teixit, anomenant-se adressines vasculars (VAs) degut a que serveixen
per dirigir I'extravassacio de diferents poblacions de limfocits recirculants a determinats
organs limfoides. Actualment el terme adressina s'aplica en general a les CAMs presents

a lI'endoteli.

Com s'ha dit, el procés general d'extravassacio en la recirculacié dels limfocits és similar
al dels neutrofils en la inflamacié. Una caracteristica important del primer d'aguests dos
processos és que les diferents subpoblacions de limfocits migren de forma diferencial cap

a diferents teixits. Aquest procés s'anomena nidificacié (homing).

Els diferents patrons de recirculacié de les poblacions limfocitaries estan dirigits per
receptors que es troben a la superficie dels limfocits recirculants i que reconeixen
adressines vasculars particulars que es troben a les HEV dels diferents organs limfoides
secundaris (i a I'endoteli dels llocs quan es produeix inflamacid). Degut a aquesta funcio
de dirigir la circulacio de diverses poblacions de limfocits a teixits limfoides (o inflamats)
concrets, a aquests receptors se'ls anomena receptors de nidificacié (homing

receptors).

1.2. LES QUIMIOCINES

Les quimiocines sén una superfamilia de petits polipéptids (8-10 kDa) estructuralment
relacionats, que comparteixen la capacitat d'estimular la motilitat dels leucocits
(quimioquinesi) aixi com també el seu moviment dirigit (quimiotaxi). El nom

"quimiocines" prové de la contraccid de citocines quimiotactiques.

Les quimiocines controlen selectivament I'adhesid, quimiotaxi i activaci6 de molts tipus
de poblacions i subpoblacions leucocitaries. Per tant, podem considerar que soén els
principals reguladors del transit leucocitari. Una gran varietat de teixits limfoides i no
limfoides poden produir quimiocines, sovint en connexié amb la iniciacié o progressio de

la inflamacié (quimiocines inflamatories). Tot i aix0, entre les quimiocines, hi ha
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membres que estan involucrats en la regulacidé del transit leucocitari normal (que inclou
la recirculacid limfocitaria entre organs i teixits limfoides - quimiocines homeostatiques).
Les quimiocines provoquen la migracié dels leucocits cap a linterior dels teixits per
inducciéo de l'adheréncia d'aquestes cel-lules a I'endoteli vascular. Després d'aquesta
migracio dins els teixits, els leucocits son atrets als llocs concrets on es localitzen

elevades concentracions de quimiocines.

1.2.1. Classificacio

Una de les caracteristiques estructurals compartida per la majoria de quimiocines és la
preséncia, en la seva seqliencia aminoacidica, de quatre cisteines conservades entre les

quals s'estableixen dos ponts disulfur que estabilitzen el plegament de la molécula.

La classificacié de les quimiocines es basa en la posicié dels dos primers residus cisteinics
de la proteina madura. Segons aquest criteri es distingeixen quatre subfamilies
designades com a CXC (a), CC (B), C (y) i CX3C (8). Totes les quimiocines, excepte tres,
pertanyen als subgrups CXC i CC, mentre que els grups C i CX3C només disposen de dos

i un membre respectivament [13].

Les quimiocines CXC tenen un aminoacid no conservat separant els dos primers residus
de cisteina de la proteina, mentre que les CC o B quimiocines no presenten cap
aminoacid entre les dues primeres cisteines. La limfotactina o i la p (productes de dos
gens altament relacionats) son els Gnics membres de la subfamilia de les C quimiocines
[14], i tenen la peculiaritat que sdn les Uniques quimiocines que han perdut dues de les 4
cisteines que caracteritzen aquesta superfamilia i, per tant, disposen d'un Unic pont
disulfur (tot i aixd0 mantenen les caracteristiques funcionals basiques que distingeixen la
superfamilia de les quimiocines). Finalment, la fractalquina, I'Gnic membre de les
guimiocines CX3C, ens mostra tres aminoacids entre les primeres dues cisteines.
Presenta una caracteristica Unica entre les quimiocines i és que s'expressa anclada a la
membrana cel-lular (tot i que posteriorment es pot detectar una forma soluble i
funcional) [15].

Dins d'aquesta classificacié basica, cal destacar algunes peculiaritats: En un subgrup de
CC quimiocines trobem dues cisteines addicionals a les quatre tipicament conservades.
Aguestes quimiocines sén la CCL1 (I-309), CCL15 (Leucotactina-1 o HCC-2), CCL23
(MPIF1) i CCL21 (SLC) i poden formar un tercer pont disulfur aprofitant aquestes dues
cisteines addicionals [16-19]. Una altra quimiocina, la CCL24 (Eotaxina-2), presenta una

cinquena cisteina no aparellada a I'extrem C-terminal [20].
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1.2.2. Estructura i relacions estructura-funcioé de les quimiocines

Les dades estructurals aportades en la classificacié de les quimiocines sén un clar reflex
de la importancia de I'estructura en la funcionalitat de les quimiocines. Es doncs central
entendre els elements estructurals basics d'aquesta superfamilia. Basicament es
distingeixen 3 dominis estructurals: a) La zona N-terminal, anterior a la primera cisteina,
gue no presenta una estructura ordenada (amb I'excepcié de CCL5, RANTES, que té una
petita regié en forma de lamina-pB abans d'aquesta primera cisteina [21]), b) la zona
central, amb 3 lamines-B antiparal-leles unides per nances no plegades i c) I'extrem C-
terminal, plegat com a helix-a hidrofobica. De fet, la triple cadena de lamines-B
antiparal-leles forma una base sobre la que es disposa la hélix-a hidrofobica C-terminal.
La relacid espacial entre I'N-terminal, les lamines-p i I'hélix-a. es manté pels dos ponts

disulfur que defineixen la compactacié globular de la molécula (figura 2).

Human RANTES and 1L-8 Monomers

f] Disnlficher beommls

Figura 2: Estructura tridimensional de dues quimiocines representatives dels subgrups
CC (CCL5 o0 RANTES) i CXC (CXCL8 o IL-8)

Aquests tres dominis estructurals tenen diferents funcions. L'extrem N-terminal és
essencial per a la uniod als receptors cel-lulars de membrana [22]. A més el propi extrem
N-terminal juntament amb la zona de les lamines-B proporcionen una conformacié
adequada per a la formacié de les interaccions que defineixen les estructures
quaternaries com els dimers de quimiocines. D'altra banda, I'hélix-a C-terminal d'algunes

quimiocines interacciona amb baixa afinitat (Kq=10"°M) amb els glucosaminoglicans
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(GAGs) presents a la superficie cel-lular i a la matriu extracel-lular [23], encara que solen
ser residus de les nances els elements més importants per aquesta unidé. Tot i que la
capacitat de les quimiocines d'unir-se a GAGs no és essencial per la seva funcid, s'ha vist
que optimitza la interacci6 amb el receptor, el manteniment del gradient i la migracio

quimiotactica de les cél-lules que expressen els receptors.

Entre les modificacions post-traduccionals cal destacar que, en general, les quimiocines
contenen llocs de glicosilacié i, per tant, quan sén produides de forma natural estan
altament glicosilades. Aix0 explica que a les quimiocines recombinants produides en
bacteris els manquin les glicosilacions, encara que mantenen la capacitat d'unir-se i
activar el receptor induint la senyalitzacié i la quimiotaxi cel-lular (in vitro i in vivo). Per
tant, la funcid de la glicosilaci6 en les quimiocines encara s'ha de determinar amb
exactitud, tot i que es suposa que tindria un paper en la prolongacié de la seva vida

mitja, alhora que milloraria llur unié a GAGs.

Els diversos estudis de cristal-litzaci6 que s'han realitzat permeten definir altres
generalitzacions sobre l'estructura de les quimiocines. La conformacié d'aquestes
proteines en forma monomeérica és globular i I'espai existent entre les dues primeres
cisteines (que és el criteri en que es basa la classificacié d'aquesta superfamilia) defineix
I'orientacié que pren el loop format per l'extrem N-terminal i la primera lamina B.
Aquesta orientacié és caracteristica en cadascuna de les 4 families de quimiocines i
defineix un plegament tridimensional especific per la unié al receptor. Les quimiocines
formen dimers a concentracions micromolars i en condicions de pH baix i concentracions
de sal elevades [24]. De totes maneres en condicions fisiologiques també es formen
dimers que coexisteixen amb els monomers en un equilibri, desplacat sempre a favor de

les formes monomeériques [25, 26].

Les quimiocines sén produides com a polipéptids i han de ser tallades adequadament per
adquirir la forma funcional secretada. Es necessita una proteolisi N-terminal per convertir
el polipéptid en la proteina madura i activa, tot i que una segona proteolisi N-terminal
provoca la seva inactivacié. La quimiocina madura i secretada també pot ser tallada
extracel-lularment per diversos enzims. Un dels que més destaquen en aquesta funcié és
el CD26, una dipeptidilpeptidasa altament expressada en ceél-lules T activades (funciona
com a molécula coestimulatoria) [27-29]. La glucoproteina CD26 talla dipéptids de
I'extrem N-terminal de proteines amb un residu de prolina o alanina en la penultima
posicidé. En base a aquest criteri, aquesta peptidasa és capag de tallar els dos primers
aminoacids de l'extrem N-terminal de diverses quimiocines com la CCL5 (RANTES),
CXCL6 (GCP-2), CXCL9 (MIG), CXCL10 (IP-10), CXCL11(I-TAC), CXCL12 (SDF), CCL11
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(Eotaxina), CCL22 (MDC), CCL3 (MIP-1a) i CCL4 (MIP-1B). Les conseqliencies funcionals
d'aquesta proteolisi en les diferents quimiocines esmentades sén variades (ja que poden
afectar a diversos parametres) i no segueixen un patré concret [30-32] encara que en
alguns casos (com els de CCL3 i CCL4) generen formes de major afinitat al receptor [33,
34].

1.2.3. Classificacio funcional de les quimiocines CXC

Tot i que cada quimiocina presenta unes peculiaritats funcionals individuals, es poden fer
una seérie de generalitzacions basades en les relacions estructurals dels diferents
membres d'aquesta familia (a la taula 1 es mostren les propietats de les quimiocines CXC

i s'inclouen també els Uinics membres de les families C i CX3C).

1.2.3.1. Funci6 inflamatoria de les quimiocines CXC (ELR™)

Algunes de les quimiocines CXC contenen un motiu tripeptidic (ELR) caracteristic format
per acid glutamic (E), leucina (L) i arginina (R) a les posicions N-terminals 4, 5 i 6.
Aguestes quimiocines son la CXCL8 (IL-8), CXCL7 (NAP-2), CXCL5 (ENA-78), CXCL1
(GRO), CXCL2 (GROB), CXCL3 (GROy) i CXCL6 (GCP-2) i comparteixen el fet d'unir-se al
receptor CXCR2. Precisament aquest motiu ELR és essencial per la unié d'alta afinitat a
CXCR2 [35, 36].

Les quimiocines ELR* sén produides per una gran varietat de cél-lules en resposta a
diversos estimuls (basicament citocines proinflamatories com la IL-1 i el TNFa).
L'expressié d'aquestes quimiocines als llocs d'inflamacié i la distribucié dels receptors
CXCR2 i CXCR1 en neutrofils explica la participacié d'aguestes quimiocines en les
respostes inflamatories agudes, en les que els polimorfonuclears tenen un paper
protagonista. Aixi doncs, les quimiocines CXC ELR* promouen I'adhesié dels neutrofils a
les cel-lules endotelials, la seva extravassacio i la migracié al llarg del gradient de
guimiocines associades a la matriu extracel-lular fins al lloc d'inflamacié. Cal remarcar
que en situacions on es troben en concentracions elevades, aquestes quimiocines
provoquen l'activacié de la capacitat fagocitica dels leucocits polimorfonuclears, induint

fins i tot la seva degranulacid.
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.. Cel-lules Estimuls

CXCL1,2,3 4q13-
(GROw,,B,y/ 21
MGSAc,B,y)
CXCL4 (PF4) 4q12-
21
CXCL5 (ENA-78) 4q13-
21
CXCL6 (GCP-2) 4q12-
13
CXCL7 (NAP-2) 4q12-
13
CXCL8 (IL-8) 4q12-
21
CXCL9 (MIG) 4q21
CXCL10 (IP-10) 4q21
CXCL11 (I-TAC) 4q21
CXCL12 (SDF-1) 10q11
CXCL13 (BLC/ 4921
BCA-1)
XCL1 / XCL2 1923
(Limfotactina /)
(subfamilia C)
CX3CL1 16q13

(Fractalquina)
(subfamil. CX3C)

Monocits, fibroblasts,
cel-lules endotelials

Plaquetes

Cél-lules endotelials,
fibroblasts, monocits,
gueratinocits
Cél-lules
d'osteosarcoma

Plaquetes, monocits

Monocits, neutrofils,
cél-lules T, cel-lules
NK, cel-lules
endotelials i epitelials

Monocits, cel-lules
hepatiques
Monocits, cel-lules T i
endotelials,
gueratinocits

Monocits, astrocits

Ampliament
expressada (cél-lules
estromals de
medul-la ossia)

Ganglis limfatics,
melsa, fetge

Cél-lules T CDS8,
Mastocits, NK, NKT i
v& epidérmiques
Cél-lules endotelials,
monocits, microglia

IL-1, LPS, CXCR2
TNF
Agregacio no definit
plaquetaria
IL-1, LPS, CXCR2
TNFa
IL-1B, LPS CXCR2
CXCR1
LPS CXCR2
CXCR1
LPS, IL-1, CXCR2
TNF, IL-3, CXCR1
IL-7, IL-13,
H>0;,
hipoxia
IFNy CXCR3
IFNo, B,y CXCR3
TNFa, LPS
IFNB, IL-1 CXCR3
Constitutiva CXCR4
Constitutiva CXCR5
Mitogens XCR1
TNFo, IL-1 CX3CR1

Reclutament i activacio
de neutrofils
Angiogenesi
Angioestatica
Procoagulant

Reclutament i activacio
de neutrofils
Angiogénesi

Reclutament i activacio
de neutrofils

Reclutament i activacio
de neutrofils
Reclutament i activacio
de neutrofils
Angiogéenesi
Modula I'hematopoiesi

Atrau cel-lules T
activades. Angioestatica

Atrau cel-lules T
activades. Angioestatica

Atrau cél-lules T
activades. Angioestatica
Atrau cél-lules B, T i
CD34*
Desenvolupament de
varis teixits
Angiogénesi
Homing de
cél-lules B cap a organs
limfoides secundaris

Atrau cél-lules T i
cél-lules NK

Atrau monocits,
cél-lules T i NK
Reparacié neuronal

Taula 1: Caracteristiques principals de les quimiocines de les families CXC, C i CX3C

1.2.3.2. Altres funcions vasculars de les quimiocines CXC

Les quimiocines CXC actuen sobre els vasos amb efectes angiogénics i angioestatics. Aixi,

les quimiocines CXC ERL" tenen un marcat efecte angiogénic. Un exemple d'aixo el

trobem en el fet que si els tumors que expressen constitutivament CXCL8 (IL-8),
CXCL1,2,3 (GROg,B,y) o CXCL5 (ENA-78) sén tractats amb anticossos neutralitzants

contra aquestes quimiocines, mostren un creixement reduit i una menor capacitat de

metastasi que es basa en |'abséncia de neovascularitzacié [37]. De forma oposada,
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determinades quimiocines CXC sense el motiu ELR (ELR) sén angioestatiques
(disminueixen la produccié vascular): CXCL4 (PF4), CXCL9 (MIG), CXCL10 (IP-10) i
CXCL11 (I-TAC). L'efecte angioestatic de CXCL4 ha estat clinicament avaluat com un
possible tractament antitumoral en humans [38, 39] i les altres tres quimiocines, que
comparteixen la unioé al receptor CXCR3, també han demostrat un efecte antitumoral

basat en la seva interferéncia amb I'angiogénesi [37, 40].

Els interferons a, B iy, coneguts pels seus efectes angiostatics, no tan sols suprimeixen la
produccié de les quimiocines angiogéniques CXC ELR* si no que també estimulen la
produccié de quimiocines angioestatiques CXC ELR". Es a dir, els efectes angioestatics
dels interferons poden estar mitjancats pel canvi de produccié de quimiocines CXC

angiogéniques a quimiocines CXC angioestatiques.

Tot i que les principals quimiocines CXC angiogéniques sén ELR", en trobem d'ELR™ amb
aquests mateixos efectes; és el cas de les dues variants de CXCL12 (SDF-1a i SDF-1p),

que son clares inductores de la proliferacié vascular [41].

1.2.3.3. Funcié homeostatica de les quimiocines CXC

Diverses dades fan que la quimiocina CXCL12 (SDF-1) sigui considerada com la
guimiocina més primitiva. Per comencgar és la Unica que es localitza al cromosoma 10,
separada de totes les altres quimiocines CXC, que es troben al cromosoma 4. De fet,
CXCL12 es comporta més com una hormona hematopoietica homeostatica (critica pel
homing i I'angiogénesi) que no pas com una quimiocina proinflamatoria (nivells baixos de
CXCL12 es troben constitutivament al plasma) [42]. Potser la dada més suggerent alhora
de considerar CXCL12 com la quimiocina més primitiva és que exhibeix una homologia de
seqliéncia equidistant a les CXC i CC quimiocines i, al contrari d'altres quimiocines que
son forga divergents entre especies, CXCL12 esta altament conservada en I'evolucidé (per
exemple, només té un Unic aminoacid diferent entre la forma humana i murina) [43].
Aguesta quimiocina esta expressada per un ampli ventall de cél-lules i teixits i té efectes
quimiotactics també sobre una gran varietat de cél-lules, degut a I'extensa distribucié del
seu receptor (CXCR4) [44]. En aquest sentit, s'ha demostrat clarament que CXCL12 és
essencial per la vida: ratolins amb abséncia d'aquesta quimiocina (o del seu receptor),
per eliminacié del gen mitjancant recombinacié homodloga, moren poc després del
naixement [41, 45], fet que no s'ha observat, de moment, en cap dels knockouts
realitzats per a altres quimiocines. Cal destacar una ultima caracteristica de CXCL12 i és
la seva capacitat d'inhibir I'entrada de soques X4 de I'HIV en linies cel-lulars que

expressen el receptor CXCR4 [46, 47].
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Una altra quimiocina CXC, la CXCL13 (BLC o BCA-1), unic lligand conegut pel receptor
CXCR5, presenta Unicament funcions no inflamatories. Esta constitutivament expressada
a alts nivells als ganglis limfatics, melsa, fetge i als fol:-licles limfoides de les plaques de
Peyer. La seves funcions principals inclouen el homing de cél-lules B i el
desenvolupament normal del teixit limfoide [48-50]. Per tant, CXCL13 és més
representativa d'una classe de citoquines reguladores homeostatiques dels organs
limfoides secundaris que no pas un membre pertanyent a les quimiocines CXC

proinflamatories.

1.2.4. Funcions de les quimiocines CC

Les quimiocines CC actuen, en general, sobre cél-lules mononuclears més que no pas
sobre neutrofils (diana principal de les quimiocines CXC). Aquesta subfamilia de
quimiocines la podem dividir en 2 grups: les que presenten activitat proinflamatoria i les

gue tenen un paper en el desenvolupament i I'homeostasi.

1.2.4.1. Grup de quimiocines CC proinflamatories

Dins aquest grup de quimiocines proinflamatories podem distingir tres subgrups: 1-
subgrup MCP/eotaxina, 2-subgrup RANTES/MIP i 3-subgrup HCC.

Els membres del subgrup MCP/eotaxina estan altament relacionats tant en la localitzacio
cromosomica com en l'estructura proteica i la utilitzacié dels receptors [51]. Aquest
subgrup és d'especial interés en els fenomens d'hipersensibilitat de tipus I (al-lergics) ja
que entre els seus components trobem alguns potents quimioatractors d'eosinofils i

diversos que poden mitjancar l'alliberament d'histamina [52].

La CCL2 (MCP-1) va ser inicialment descoberta com un producte de mondcits induit per
la IL-1 amb una potent activitat quimioatractora sobre monocits [53, 54]. CCL2
comparteix un 65% de la seqiiéncia aminoacidica amb CCL8 (MCP-2), CCL7 (MCP-3) i
CCL13 (MCP-4) i, mentre totes elles utilitzen el receptor CCR2, CCL8, CCL7 i CCL13
també utilitzen CCR1 i CCR3 i, a més a més, CCL8 també utilitza CCR5. Aquestes 4
quimiocines atrauen basofils i mastocits i poden induir rapidament la degranulacié dels

basofils amb la conseqiient alliberacié d'histamina [52].

La CCL11 (Eotaxina-1) utilitza Unicament el receptor CCR3 i, igual com la CCL13, atrau

fortament eosinofils i basofils [55].
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L'dltim membre descobert d'aquest subgrup és la CCL24 (Eotaxina-2 o MPIF2), que

també forma part de les quimiocines al-lergeniques ja que s'uneix al receptor CCR3 [20].

Tot i aquesta contribucid a les reaccions al-lérgiques, moltes vegades amb efectes
solapats entre ells, els membres d'aquest subgrup també mostren altres activitats
proinflamatories. Per exemple, les quimiocines CCL2, 8, 7 i 13 (MCP-1,-2,-3,-4) son
quimioatraients per monocits i cél-lules T i participen en les reaccions inflamatories

croniques.

Hi ha una quimiocina, la CCL1 (I-309), que tot i estar localitzada prop del subgrup de
quimiocines al-lergéniques en el dendograma de divergéncia genética, no se la considera
pertanyent a aquest subgrup. No obstant aix0, pot participar en respostes IgE-
dependents ja que utilitza el receptor CCR8, que s'expressa preferencialment en cél-lules
T CD4™" productores de citocines Th2 [56-58].

Un segon subgrup de quimiocines CC proinflamatories homologues inclou CCL5
(RANTES), CCL3 (MIP-1a), CCL4 (MIP-1B) i CCL18 (PARC). Aquesta ultima quimiocina
(CCL18 o PARC), tot i que esta relacionada a nivell de seqliéncia amb altres quimiocines
proinflamatories, encara no s'ha pogut relacionar a nivell funcional amb aquest subgrup

ja que el seu receptor no s'ha descobert [59].

Pel que fa als altres membres, CCL3, CCL4 i CCL5 comparteixen la capacitat
quimioatraient per a monodcits i diferents subgrups de limfocits T. CCL5 atrau basofils i
indueix l'alliberament d'histamina. A més a més, també exerceix quimioatraccié sobre
eosinofils, igual que CCL3 en certes ocasions. Tot i aix0, aquestes dues quimiocines no es
consideren contribuidores principals de les respostes al-lergiques, ja que l'aplicacio
d'anticossos neutralitzants contra elles no redueix significativament aquestes respostes

[52]. CCL5 participa en respostes inflamatories croniques immunologicament regulades.

CCL3 i CCL4 sb6n dues quimiocines estructuralment i funcional relacionades pero
cadascuna exhibeix diferents caracteristiques que els permeten regular independentment
aspectes especifics de la resposta inflamatoria. L'aspecte més ben caracteritzat de CCL3 i
CCL4 és la seva capacitat de regular el transit [60] i la capacitat d'activacié de
determinats subgrups de ceél-lules inflamatories [61-63]. Un lligam important entre
aquestes dues quimiocines i CCL5 és el fet que el receptor CCR5 (utilitzat per les tres
quimiocines) funciona com un co-receptor de les soques R5 de I'HIV necessari per la seva
entrada a les cél-lules (s'han demostrat efectes antivirals de CCL3,4,5 com a resultat de

la seva interferéncia amb la utilitzacié del CCR5 per part de I'HIV) [64, 65]. En qualsevol
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cas, donat que CCL4 és |'objecte d'aquest estudi, presentem més informacié a I'apartat
1.4,

El tercer i Ultim subgrup de quimiocines CC amb funcions proinflamatories inclou CCL14
(HCC-1), CCL15 (HCC-2), CCL16 (HCC-4) i CCL23 (CKp8-1 / MPIF1). Tot i que no és molt
habitual entre les quimiocines CC, CCL14 s'expressa constitutivament en molts teixits
sense activacid i esta present al plasma huma a concentracions nanomolars [17]. Encara
gue utilitzi el receptor CCR1, la seva accié quimioatraient es limita als monocits i és 100

vegades menor en comparacié a CCL3 (que també utilitza aquest mateix receptor).

CCL15 mostra una expressid molt més restringida [66] i utilitza el receptor CCR1 de
forma similar a CCL3 (amb efectes potents sobre monocits i limfocits, i modestos sobre

eosinofils).

Finalment, CCL23 és una quimiocina molt similar en sequéncia a CCL15. De fet, excepte

per la seva incapacitat d'atraure eosinofils, CCL23 sembla indistingible de CCL15.

CCL16 presenta una caracteristica inusual ja que la seva expressié per part de monocits
augmenta per la IL-10, una citocina que disminueix I'expressi6 de moltes altres

guimiocines i citocines [67].

1.2.4.2. Grup de quimiocines CC homeostatiques i del desenvolupament

Hi ha una série de quimiocines CC que tenen una funci6 més important en el
desenvolupament, transit homeostatic i homing de diversos subgrups limfoides que no
pas en la inflamacié. Son la CCL25 (TECK), CCL22 (MDC), CCL17 (TARC), CCL21 (SLC o
6Ckine), CCL19 (ELC o MIP-3B) i CCL20 (LARC). CCL25 (TECK) esta altament expressada
en el timus adult i esta involucrada en el transit limfoide cap al timus i en el seu interior
(s'ha proposat que CCL25 pot induir la migracié de timocits des de I'escorca timica a la
medul-la i pot ser important en la repoblacié del timus post-irradiacid). CCL22 (MDC) i
CCL17 (TARC) comparteixen un 37% d'identitat aminoacidica i la utilitzacié del receptor
CCR4, i ambdues s'expressen de forma elevada en el timus (s'ha proposat que CCL17 té
un paper de guia en la migracié de timocits CD4* positivament seleccionats des de
I'escorca a la medul-la per a la seva seleccid negativa). Finalment les quimiocines
homeostatiques CCL21 (SLC), CCL19 (ELC) i CCL20 (LARC) soén peculiars en el fet que es
produeixen constitutivament en teixits limfoides i també perquée estan localitzades en el
cromosoma 9 (CCL21 i CCL19) o 2 (CCL20) en comptes del 17, que és on es troben els

altres gens de quimiocines CC proinflamatories.
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Els teixits i tipus cel-lulars que expressen aquestes quimiocines i les seves funcions

principals, aixi com les de la resta de quimiocines CC es resumeixen a la taula 2.

Cél-lules Estimuls

ccL1

(I-309)
ccL2

(MCP-1)

cCL3
(MIP-10)

CCL4
(MIP-1B)

CCL5
(RANTES)

CCL7
(MCP-3)

cCcL8
(MCP-2)

CCL11
(Eotaxina)

ccL13
(MCP-4)

CCL14
(HCC-1)

CCL15
(HCC-2)

CCL16
(HCC-4)

cCL17
(TARC)
CCL18
(PARC)

CCL19
(ELC)

CCL20
(LARC)

ccL21
(SLC)

17q11

17q11

17q11

17q11

17q11

17qg11

17q11

17q11

17qg11

17q11

17q12

17q11

16q13

17q11

9p13

2935

9p13

Cels. T activades,
monocits
Fibroblasts, cels.
epitelials i endotelials,
eosinofils, monocits,
astrocits
Monocits, cels. T i B,
microglia, céls.
dendritiques i NK,
fibroblasts
Monocits, céls. T i B,
microglia, céls.
dendritiques i NK,
fibroblasts
Fibroblasts, céls.
epitelials i endotelials,
monocits, cels. T
Monocits, cel-lules
endotelials, fibroblasts,
astrocits
Fibroblasts, neutrofils,
cor, pulmg, timus,
pancreas, intesti

Céls. epitelials i
endotelials, monocits

Macrofags, cél-lules
endotelials, intesti prim,
colon
Amplia distribucid,
teixits limfoides
Monocits, fetge, intesti
prim, colon

Monocits, fetge

Timus, pulmo, intesti
prim, colon
Macrofags, ceéls.
dendritiques, pulmo,
organs limfoides
Timus, ganglis limfatics,
amigdala

Teixits limfoides, fetge,
timus, amigdala,
monocits i DC
Ganglis limfatics, melsa,
tiroides, timus,
monocits i DC

IgG, LPS
IFNy, IL-1,
TNF, IL-6,
IL-13, IL-15
LPS, IL-1B,
TNFa, IL-2,
IL-6
LPS, IL-1p,
TNFa

IL-1B, TNFa,
Angionten-
sina II

IL-4, IL-13

IL-1p, IFNy

IL-4, TNFa
IL-1, TNF,
IFNy
Constitutiva

TNFa, IFNy,
LPS, IL-4

IL-10

PHA

LPS, IL-4,
IL-13, IL-10

Constitutiva

Constitutiva

Constitutiva
augmenta
per la IL-10
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CCRS8

CCR2

CCR1
CCR4
CCR5

CCR5
CCRS8

CCR1
CCR3
CCR5

CCR2
CCR1
CCR3

CCR2
CCR3
CCR1
CCR5

CCR3

CCR2
CCR3

CCR1

CCR1
CCR3

CCR1

CCR4

no

definit

CCRY

CCR6

CCR7

Atrau monocits i limfocits Th2

Atrau monocits, limf. T
memoria activats i basofils
(histamina)
Polaritzacié Th2
Atrau neutrofils, monocits i
limfocits CD8™
Polaritzacié Thi
Inhibeix I'hematopoiesis
Atrau neutrofils, monocits i
limfocits T CD4*
Polaritzacié Thi

Atraccio i activacié de basofils,
eosinofils i limfocits T (també
monocits i dendritiques)
Atrau monocits, limf. T
memoria activats i basofils
(histamina)

Atrau monocits, limf. T
memoria activats, basofils
(histamina) i mastocits

Atraccio d'eosinofils (accid
principal)
basofils i céls. Th2
Atrau eosinofils, basofils i
mastocits

Proliferacié de progenitors de
medul-la ossia
Atrau monocits i cels. T
Inhibeix la proliferacio de
progenitors de medul-la 0ssia
Atrau monocits i cels. T
Inhibeix la proliferacié de
progenitors de medul-la ossia

Atrau limfocits Th2

Atrau cél-lules T CD45RA*

Indueix adhesié i homing de
cel-lules T verges a les arees
parafol-liculars
Inhibeix la proliferacié de
progenitors de m. ossia
Trafic de cels. Ti DC
Homing de cél-lules T i cel-lules
dendritiques en teixits limfoides
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CCL22 1613 Ganglis limfatics, timus, Constitutiva CCR4 Atrau cél-lules NK, DC i
(MDC) mcrofags, DC CCR8 cél-lules Th2
CCL23 17q11  Pulmd, fetge, medul-la IFNB i IFNy CCR1 Inhibeix la proliferacié de
(MPIF1) ossia, placenta progenitors de m. ossia
CCL24 7q11 Cel-lules T activades, GM-CSF CCR3 Atrau eosinofils i basofils
(eotaxina- macrofags anti-CD3 / Inhibeix la proliferacié de
2) IL-2 progenitors de m. ossia
CCL25 19p13 Timus (cél-lues LPS CCR9 Atrau monocits, DC timocits.
(TECK) dendritiques i estromals CCR10 Desenvolupament de cels. T al
timiques) timus

Taula 2: Caracteristiques principals de les quimiocines de la familia CC

1.3. ELS RECEPTORS DE QUIMIOCINES

Els receptors de quimiocines es defineixen per la seva habilitat per unir quimiocines d'una
forma especifica i saturable i, seguidament, transduir una resposta cel-lular. A nivell
molecular, comparteixen el fet de ser receptors amb set dominis transmembrana

acoblats a proteines G [68-72].

Les seqliéncies aminoacidiques dels diferents receptors de quimiocines (que contenen de
340 a 370 aminoacids) tenen d'un 25% a un 80% d'identitat i esta acceptat que deriven

d'un ancestre molecular comu.

La unid de les quimiocines al seu receptor activa moltes vies de transduccié de senyals,
la qual cosa resulta en una gran varietat de modificacions en la fisiologia de la cél-lula
diana [73, 74], moltes d’elles associades a canvis en el citoesquelet i les molécules

associades a ell.

Com ja s'ha vist anteriorment, aquests receptors poden unir multiples quimiocines i
viceversa. Pel que fa a la seva expressio en diferents tipus cel-lulars, també ens trobem
gue una cel-lula determinada pot expressar receptors diversos i que cel-lules diferents
poden expressar un mateix receptor. La taula 3 mostra els receptors principals que

expressen els diferents tipus cel-lulars.

La principal funcié compartida per les quimiocines i els seus receptors és la quimiotaxi de
leucocits. Aquesta propietat juntament amb I'expressié diferencial dels receptors en
determinats tipus cel-lulars fa que les quimiocines i els seus receptors siguin capagos
d'organitzar el transit de leucocits in vivo d'una forma altament especifica. A més a més
I'existéncia d'una certa redundancia en aquesta organitzacié permet una regulacié molt

fina d'aquests processos.
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Nom \Neutr()fils Cél-lules T | Cél-lules T | Subpoblacié | Cel-lules Ceél-lules
Resting activades cel-lules T NK =]
X X

CXCR1

CXCR2 X X

CXCR3 X Th1>>Th2 X X

CXCR4 X X X X

CXCR5 X RO+, IL-2Ra X

CX3CR1 X X CDS8 X

CCR1 X X

CCR2 X

CCR3 X Th2 X

CCR4 X Th2, RO+ X

CCR5 X Th1>Th2 X

CCR6 X CD4 X

CCR7 X X Thi, CD4, X
CD8

CCRS8 X Th2 X

XCR1 X X

immadures madures
X

CXCR1
CXCR2
CXCR3
CXCR4
CXCR5
CX3CR1
CCR1
CCR2
CCR3
CCR4
CCR5
CCR6 X

CCR7 X
CCR8 X X

XCR1

x

X

X X X X x
x

x
x

Taula 3: Receptors de quimiocines i el seu patrd d'expressio principal

en les diferents siithnobhlacions lelicocitaries.
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A part del paper dels receptors de quimiocines en el desenvolupament del sistema
immunitari, la defensa de I'hoste i la inflamacid, alguns d'ells poden actuar
circumstancialment com a factors pro-microbians resultat de I'explotacié que en fan certs
microorganismes [75, 76]. A part del cas de I'HIV (ja comentat anteriorment) trobem
altres virus que indueixen l'expressid de receptors virals de quimiocines en les ceél-lules
que infecten, com un possible mecanisme d'evasio del sistema immunitari per segrest de

quimiocines (en sén exemples el citomegalovirus i I'herpesvirus VIII) [77-79].

1.4. LA QUIMIOCINA CCL4 (MIP-1B)

L'element central d'aquesta tesi, la quimiocina CCL4 (MIP-1B), és un membre de la
familia de quimiocines CC altament relacionat amb CCL3 (MIP-1a) que regula aspectes
de la resposta inflamatoria. CCL4 s'inclou clarament dins el subgrup de quimiocines
induibles que tenen un paper fonamental en la regulacié de la resposta de I'hoste envers

la invasio de bacteris, virus, parasits i fongs.

1.4.1. Noms alternatius

El nom comd més conegut de CCL4 és MIP-1B (macrophage inflammatory protein-15),
producte del gen SCYA4. Altres designacions que ha rebut sén ACT-2 (T cell activation
protein 2), LAG-1 (lymphocyte activation gene-1), pAT744, hH400, SISg, HC21, G-26 i
MAD-5.

1.4.2. Descripcio estructural de la proteina

CCL4 es sintetitza com un precursor de 92 aminoacids (10.211 Da) que s'ha de tallar per
generar la proteina madura, de 69 aminoacids (7818 Da). Els dos ponts disulfur es

formen entre els residus Cys11-Cys35 i Cys12-Cys51 [80].

Aquesta quimiocina, de forma similar a CCL3, es presenta en forma de dimers o
tetramers en solucié (fins i tot quan es troba en concentracions molt altes i en condicions
de baixa salinitat pot formar agregats d'elevat pes molecular) [24, 81, 82]. Una altra
caracteristica important és que CCL4 s'uneix a I'heparina amb una alta afinitat [83]. Aixo
és degut a un motiu d'unié a glicosaminoglicans que s'ha identificat per mutagenesi
dirigida i que implica varis aminoacids basics: R18, K45 i, sobretot, R46 [84]. Aquesta
propietat facilita la seva interacci6 amb GAGs presents a la superficie cel-lular,

incrementant la concentracié de quimiocina local i facilitant la seva oligomeritzacio.
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1.4.3. Principals cél-lules i teixits que expressen CCL4

En general, les diferents cél-lules i teixits no expressen constitutivament CCL4 sindé que
aquesta expressid s'indueix com a conseqiéncia d'una activacié cel-lular ja sigui per una
estimulacié per citocines, per certes infeccions intracel-lulars o per determinants
especifics de patologies concretes [85, 86]. Tenint en compte aquest fet, CCL4 s'indueix
en els seglients tipus cel-lulars: monocits / macrofags, cel-lules dendritiques, limfocits T i
B, cel-lules NK, neutrofils, mastocits, queratinocits, fibroblasts, cél-lules de la microglia i

astrocits.

1.4.4. Receptors

CCL4 s'uneix principalment a CCR5 i, molt secundariament, a CCR8 (encara que la
rellevancia fisiologica de la unié a aquest receptor encara no esta molt clara) [87-90].
Per tant, és basicament a través de CCR5 que CCL4 desenvolupa les seves funcions.
CCR5 s’expressa principalment en monocits/macrofags, cel-lules dendritiques, cél-lules T
memoria i cél-lules de la microglia i, com altres receptors de quimiocines inflamatories,
esta involucrat en el reclutament d’aquestes poblacions cel-lulars en llocs d'inflamacio.
CCR5 va ser descrit incialment com a receptor per a CCL3, CCL4 i CCL5 [91] |,
posteriorment, CCL8 i CCL13 també s’hi van afegir [92-94]. Les citocines
proinflamatories (TNFo i IL-12) i les citocines Thl (IFNy i IL-2) augmenten I'expressié de
CCR5 en la superficie dels PBMCs [95, 96]. S’ha demostrat que CCR5 constitueix el
principal correceptor de les soques M-tropiques dels lentivirus HIV-1, HIV-2 i SIV.
L'existéncia d’un al-lel no-funcional del receptor (CCR5A32) que proporciona una forta
proteccié en front a la infeccid pel virus HIV, demostra el paper central de CCR5 en

aquesta malaltia [97].

1.4.5. Funcions principals

Pel que fa al transit i a la mobilitzacié cel-lular, CCL4 provoca un reclutament de monocits
i de subpoblacions especifiques de limfocits T i B al lloc d'inflamacié [85, 86, 98]. CCL4
atrau preferentment limfocits T CD4" (mentre que CCL3 ho fa preferentment sobre
limfocits T CD8™) i també exerceix quimioatraccié per a cél-lules dendritiques [85, 86].
Un aspecte que cal destacar és que CCL4 és la quimiocina que exerceix una atraccié més
potent en cél-lules T reguladores CD4*CD25". El treball on es va descriure aquest efecte
[99], compara el perfil de subpoblacions atretes per les diferents quimiocines que
secreten les cel-lules presentadores d‘antigen professionals activades. De les diferents
quimiocines analitzades (XCL1, CCL2, CCL3, CCL4, CCL5 i CCL22), CCL4 va mostrar una
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atraccié especifica de cél-lules T reguladores CD4*CD25*, mentre que en la resta de
guimiocines, aquest efecte era residual. A més a més, recentment, s’ha descrit una
subpoblacié de cél-lules T reguladores CD8*, LAG3", CD25", FOXP3*, que exerceixen un
efecte supressor sobre cél-lules T a través de la secreci6 de CCL4, la qual inhibeix

I’activacio d'aquestes cél-lules T interferint en la senyalitzacié del TCR [100].

En I'hematopoiesi CCL4, al contrari que CCL3, no exhibeix una activitat supressora del
creixement de progenitors immadurs de medul-la ossia (fins i tot és capac de bloquejar

I'accio supressora de CCL3 sobre aquestes cel-lules) [101].

Finalment, podem destacar un paper immunoregulador de CCL4 a dos nivells: a l'inici de
la resposta immunitaria, per la seva capacitat d'atraure cél-lules dendritiques al lloc de la
infeccid, i en una fase més avancada per la generacié d'una resposta preferencial del
subgrup de limfocits Th1l i cél-lules T reguladores (degut probablement a la elevada

expressié de CCR5 en aquestes cel-lules) [85, 86, 102].

1.4.6. Intervencié en patologia

CCL4 esta implicada en un ampli ventall de situacions inflamatories agudes o croniques
que inclouen: malalties infeccioses (infeccid per HIV, adenovirus, tuberculosi, sepsis
causades per bacteries gram-negatives, meningitis bacteriana, toxoplasmosis...),
malalties autoimmunitaries (esclerosi multiple, alzheimer, poliomiositis, dermatomiositis,
artritis reumatoide, diabetis tipus I...) al-lérgies i altres situacions inflamatories variades.
De nou cal destacar en aquest apartat la relaci6 de CCL4 amb la infeccié causada per
I'HIV, ja que el seu receptor (CCR5) és utilitzat per les soques R5 d'aquest virus com a
coreceptor per entrar a les cél-lules diana. CCL4 és capac d'inhibir I'entrada de I'HIV R5

via ocupacio del seu receptor CCR5 [64, 65] i, per tant, és un potent antiviral natural.

1.4.7. Localitzacié cromosomica i altres aspectes importants

En humans, el gen de CCL4 (CCL4 o SCYA4) es localitza al cromosoma 17g21-23 [103].
En aquesta regioé trobem també els gens d'altres quimiocines CC relacionades [16]. En el
ratoli, el gen s'anomena també CCL4 o SCYA4 i esta localitzat al cromosoma 11, en un
cluster que conté també altres gens de quimiocines CC [104]. Tan en humans com en
ratolins, aquesta quimiocina es troba en una configuracié de tres exons / dos introns

(igual que altres quimiocines CC).

En el cas d'humans, el gens CCL4 i CCL3, presenten una copia no al-lelica adicional

sorgida possiblement per duplicacié génica i que anomenem CCL4L i CCL3L (la lletra “L”
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gue segueix al nom original prové de la paraula anglesa “like”). La homologia d’'ambdues
parelles de gens (CCL4-CCL4L i CCL3-CCL3L) és molt elevada, malgrat que existeixen
petites diferéncies a nivell de seqiéncia aminoacidica [103, 105]. Entre CCL4 i CCL4L la
homologia supera el 95% (a nivell nucleotidic). De fet, les proteines resultants difereixen
en tan sols 3 aminoacids, dos dels quals estan situats al péptid senyal i el tercer dins la
seqliéncia de la proteina madura (homologia >98% a nivell aminoacidic entre les
proteines madures de CCL4 i CCL4L). Aquest Unic canvi és d'una serina (present a CCL4)
a una glicina (present a CCL4L) i esta situat a la posicié 70 (posicié 47 a la proteina
madura) (figura 3). Aquest mateix canvi aminoacidic el trobem també en el cas de CCL3-
CCL3L. Les consequéncies d'aquest canvi a nivell tridimensional poden ser importants ja
que la Serinayg (CCL4) forma un pont d'hidrogen amb I'aminoacid Thrg; que estabilitza el
gir B3 (o nanga 3) que uneix les lamines B2 i B3. En canvi, I'aminoacid Gly;, (CCL4L) és
incapac de formar aquest pont d'hidrogen. L'absencia d'aquest enllag causa
probablement una cert grau de desestructuracioé d'aquesta zona, que esta implicada en la
unié de CCL4 a GAGs i també en la formacié de dimers d'aquesta quimiocina. De totes
maneres, fins al moment existeixen molt poques dades sobre diversitat funcional entre
CCL4 i CCL4L. En Il'Unic estudi publicat, Modi et al. [106] no troben diferéncies
significatives entre ambdues quimiocines a nivell de quimiotaxi, afinitat d’unié a CCR5 i
bloqueig de la infeccié per HIV. Malgrat aix0, cal tenir en compte que en aquest treball
tots els experiments s’han realitzat in vitro, sense I'efecte essencial de la unié d’aquestes

quimiocines a GAGs.

Recentment aquesta duplicacio CCL4-CCL4L i CCL3-CCL3L, que es va posar de manifest
per primer cop al moment del descobriment d’aquestes quimiocines [103], ha resultat
tenir una gran trascendencia ja que s’ha vist que els locus CCL4L i CCL3L es troben en
nombre variable de copies en el genoma huma [107] (figura 4). Aix0 significa que
existeix variabilitat interindividual en el nombre de copies d‘aquests gens. El rang
aproximat de copies que ens podem trobar del tandem CCL4L-CCL3L és de 0 a 10 per
genoma diploide [107]. Per tant, els gens CCL4L-CCL3L es troben dins el que s'anomena
una regié de nombre variable de copies (CNVR, de l'anglés Copy Number Variable
Region). Les primeres evidéncies de la repercussido d’aquesta variaci6 de nombre de
copies o CNV (de l'anglés Copy Number Variation) les trobem en treballs recents on es
demostra la relacié del nombre de copies de CCL3L amb la susceptibilitat a malalties com

I’artritis reumatoide [108], o la infeccid pel virus HIV [109].
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* 20 * 40 * 60
CAGCACAGGACACAGCTGGGTTCTGAAGCTTCTGAGTTCTGCAGCCTCACCTCTGAGAAA CCL4
————————————————— A CCL4L

* 80 * 100 * 120
ACCTCTTTTCCACCAATACCAAGCTCTGCGTGACTGTCCTGTCTCTCCTCCTAG CCL4
———————— G-mm G- CCL4L

Met,—Va 1

* 140 * 160 * 180
TAGCTGCCTTCTGCTCTEAGCGCTCTCAGCACCAATGGGCTCAGACCCTCCCACCGCCT CCL4
------------------ e ccLaL

Proy—Leu Ex6-2

* 200 * 220 * 240
GCTGCTTTTCTTACACCGCGAGGAAGCTTCCTCGCAACTTTGTGGTAGATTACTATGAGA CCL4
———————————————————————————————————————————————————————————— CCL4L

* 260 * 280 * 300
CCAGCAGCCTCTGCTCCCAGCCAGCTGTGGTATTCCAAACCAAAAGAH@EAAGCAAGTCT CCL4
————————————————————————————————— {———T—————————G———————————— CCL4L

Ex6-3 Serz—>Gly

* 320 * 340 * 360
GTGCTGATCCCAGTGAATCCTGGGTCCAGGAGTACGTGTATGACCTGGAACTGAACTGAG CCL4
-C--—-—- C-——————- G mm CCL4L

* 380 * 400 * 420
CTGCTCAGAGACAGGAAGTCTTCAGGGAAGGTCACCTGAGCCCGGATGCTTCTCCATGAG CCL4
------------------------------------------ ccL4aL

* 440 * 460 * 480
ACACATCTCCTCCATACTCAGGACTCCTCTCCGCAGTTCCTGTCCCTTCTCTTAATTTAA CCL4
C-Gmm T CCL4L

* 500 * 520 * 540
TCTTTTTTATGTGCCGTGTTATTGTATTAGGTGTCATTTCCATTATTTATATTAGTTTAG CCL4
SR Y G ) CCL4L

* 560 * 580 * 600
CCAAAGGATAAGTGTCCCCTATGGGGATGGTCCACTGTCACTGTTTCTCTGCTGTTGCAA CCL4
—————————————————————————————————————————— C—————— CCLAL

* 620 * 640 * 660
ATACATGGATAACACATTTGATTCTGTGTGTTTTCATAATAAAACTTTAAAATAAAATGC CcCL4
--------------- CG==A-===CA=—————— T ccLaL
AGACAGTTA

Figura 3: Aliniament de la sequéncia de cDNA dels locus CCL4 i CCL4L comencant
des del lloc d'iniciacié de la transcripcié. Les diferéncies de sequéncia es mostren
com a nucleotids no conservats. Per altra banda les diferéncies codificants estan

ressaltades amb negre (aixi com el codd d'iniciacié de la traduccio) i els
corresponents canvis d'aminoacid (CCL4 — CCL4L) es detallen a sota. Les dues

possibles senyals de poliadenilacié estan subratllades.

27



VARIABILITAT EN QUIMIOCINES: CCL4 / CCL4L COM A MODELS

Cromosoma 17 (q11-q21) CNVR (~ 120 Kb) N n copies al genoma huma
| | |
CCL3 CCL4 CCL3L CCL4L CCL3L CCL4L

Figura 4: Organitzacié genomica dels gens de CCL3 i CCL4 i els seus duplicats

1.5. VARIACIO GENOMICA

Malgrat que aquest treball s’enmarca, de forma general, dins el camp de la immunologia,
conté nombroses incursions en el camp de la genética i, concretament, en l'area de la
variacié genomica. Per tant, creiem indicat introduir aqui alguns dels conceptes classics
sobre aquest tema i actualitzar-ne d’altres que uUltimament han evolucionat de forma

notable. En tot cas sempre es tracta d’'una brevissima pinzellada de termes genétics.

1.5.1. Glossari general

A continuacié es mostra un petit glossari amb petits apunts de les formes de variacio

genomica més freqlients que contribueixen a les diferéncies fenotipiques entre individus:

1.5.1.1. SNPs (de lI'anglés Single Nucleotide Polymorphism)

Com diu el seu nom, és una variacié en la seqliéncia de DNA que afecta a un sol
nucleotid. En una poblacié, cada SNP presenta una determinada frequéncia de Ial-lel
menor (MAF, de I'anglés Minor Allele Frequency), i és important ressaltar que, a l'existir
fortes diferencies entre les poblacions humanes, un al-lel que és comuU en una
determinada area geografica, pot ser rar en d‘altres. L'analisi de milers d’SNPs del
genoma huma apunta a la prevalenca d’una estructura general en blocs, on certes
regions semblen ser punts calents de recombinacié. Aquests punts calents delimiten
blocs haplotipics on la recombinacié és rara o practicament absent i on s’observa un

elevat desequilibri de lligament (LD) i una baixa diversitat haplotipica.

1.5.1.2. Repeticions nucleotidiques

Dues son les denominacions dels principals tipus de repeticions nucleotidiques,

Microsatel-lits i Minisatel-lits.

28



R COLOBRAN INTRODUCCIO

Sovint també descrits com a STRs (de l'anglés Simple/Short Tandem Repeats), els
microsatel-lits apareixen com a conseqliéncia de repeticions curtes de nucleotids
(tipicament unitats d’'un a quatre nucleotids repetits de 10 a 20 vegades) que trobem
distribuides al llarg de tot el genoma. Entre les repeticions de mononucleotids, les que
impliquen A o T son les més freqlients (sent molt menys usuals les de G o C). En el cas
de les repeticions variables de dinucleotids, les més freqlients son les CA (TG a la cadena
complementaria). També trobem sovint repeticions CT/AG i sén forca rares la variabilitat
de les CG/GC. Les repeticions de trinucleotids i tetranucledtids sén comparativament
forca menys freqlients, pero sovint son altament polimorfiques.

D’altra banda emprem el terme minisateél-lits quan les repeticiona afecten de 10 a 100
nucleotids (malgrat que el rang més freqlient és de 10 a 25 nucleotids); generalment, els

minisateél-lits sén rics en G/C.

Aguestes repeticions (micro i minisatél-lits) solen tenir variabilitat en el nombre de copies
definint diferents al-lels en una poblacié. Aquesta variabilitat al-lélica en les repeticions es
coneix amb el nom de VNTRs (de l'angles Variable Number of Tandem Repeats); tot i
gue la variabilitat pot afectar tant a microsatel-lits com a minisatél-lits, el terme VNTR es
sol reservar per als minisatel-lits, com a contraposicié del terme STR, habitualment

emprat en sinonimia amb microsatel-lits.

1.5.1.3. Altres elements de variabilitat gendomica: Insercions/Delecions,

Inversions i Translocacions

Les insercions (i delecions) poden ser de dos tipus: nucleotidiques discretes o
cromosomiques. Les primeres (discretes) son adicions (o pérdues) d’'un o més nucleotids
en una determinada seqléncia de DNA. Sovint suceeixen en regions amb microsatel-lits
degut a errors de la DNA polimerasa. Quan ens hi referim a nivell cromosomic, el terme
insercié es refereix a l'adicié d'una seqliéncia llarga en un cromosoma (habitualment
degut a un entrecreuament desigual durant la meiosi) i, de la mateixa manera, les
delecions suceeixen quan una part d’un cromosoma o una seqliencia de DNA es perd
(les delecions a nivell cromosomic també poden ser causades per entrecreuaments

erronis durant la meiosi).

Les inversions sén reordenaments cromosomics en els quals un segment d’un
cromosoma s’inverteix respecte a la resta de regions gendomiques que I'envolten. N'hi ha
de dos tipus: Paracentriques (quan ambdds punts de trencament succeeixen en un sol
brac del cromosoma; no inclouen el centromer) i pericéntriques (quan trobem un punt de

trencament a cada brag; inclouen per tant el centromer).
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Una translocacié cromosOmica és una anormalitat causada per un reordenament de
segments entre cromosomes no homolegs. Les translocacions poden ser equilibrades o

no equilibrades (segons si en el procés es manté o no intacta la informacié genética).

1.5.2. Variants estructurals

Quan parlem de variacions estructurals en el genoma ens referim a aquelles variants
citogeneticament visibles o, més freqlientment, submicroscopiques que inclouen
delecions, insercions, duplicacions i variants de nombre de coOpies a gran escala
[colectivament anomenades Variacions de Nombre de Copies (CNV)], aixi com inversions
i translocacions. Per consens, es consideren variants estructurals aquelles que involucren
segments de DNA més grans d’una Kb. La variacié estructural pot ser quantitativa (com
les CNV que inclouen delecions, insercions i duplicacions) i/o posicional (translocacions)
o orientacional (inversions). Concretament, ens referim a CNV quan parlem d’un
segment de DNA de, com a minim, 1 Kb, pel qual s’han observat diferéncies en el seu
nombre de copies en la comparacié de dos o0 més genomes. Fins al moment, el concepte
CNV no implica cap fregliéncia minima o efecte fenotipic. Paral-lelament, s'anomena
polimorfisme de nombre de copies (CNP, de I'anglés Copy Number Polymorphism) a una
CNV que es trobi en més d’'un 1% de la poblacié [110].

Fins fa poc, es consideraven els SNPs com la principal forma de variacié genomica i se'ls
feia responsables de la major part de la variacié fenotipica normal. Perd recentment
diversos grups han descrit I'amplia i generalitzada preséncia de variacions de nombre
copia en individus normals [111, 112]. Arrel d’aquesta nova perspectiva, s’ha revisat el
coneixement de les variacions de nombre de copies i la seva significacié en la variacio
fenotipica humana, incloent el seu paper en la resisténcia/susceptibilitat a diverses
malalties [113-120]. D’entre els treballs que s’han publicat en aquest sentit, un dels més
recents analitza el possible paper del nombre de copies de CCL3L en |'artritis reumatoide
[108]. Els resultats mostren que un nombre de copies superior a 2 representa un factor
de risc moderat (OR=1,34 p=0,009) per a |'artritis reumatoide en una cohort de pacients
de Nova Zelanda (n=834) perd0 no en una altra cohort de pacients del Regne Unit
(n=302, p=0,643). La diferéncia de resultats entre les dues cohorts podria representar
diferéncies genetiques o ambientals entre les dues poblacions. Per altra banda, el menor
nombre de mostres de la cohort del Regne Unit disminueix el poder per a detectar
I'associacié. Aquest tipus d’inconsisténcia també s’ha vist en el cas de la relacido de
CCL3L-CCL4L amb la infecci6 per HIV. Mentre que inicialment es va descriure una
marcada influéncia del nombre de copies d’aquesta regié cromosomica en la malaltia
[109] (en els HIV+ hi ha menys copies), un treball posterior mostra la seva manca

d'impacte en aquesta infeccié [121].
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En qualsevol cas, sembla evident que I'era dels estudis que involucren CNVs en la
resistencia/susceptibilitat a diverses malalties esta tan sols en els inicis i que cal
aprofundir sobre aquest tema per tenir una visio clara del paper d’aquest tipus de

variacid estructural en patologia.
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2. HIPOTESI
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2. HIPOTESI

La complexitat que existeix en la xarxa de relacions que formen les quimiocines es deu,
en bona part, al constant solapament funcional entre els seus membres fruit dels

diferents sistemes de generacio de variants altament homologues.

En base a aquest concepte descrivim la hipotesi d’aquest treball per la qual postulem que
els mecanismes evolutius de generacié de diversitat (processos de duplicacié i fusio
génica, tall-i-unié (splicing) alternatiu i proteolisi post-traduccional) que han contribuit a
la formacié de I'actual superfamilia de quimiocines humanes, es reflecteixen en
I'organitzacié genomica dels seus membres i, per tant, I'analisi d’aquesta organitzacio
genomica i d’aquests mecanismes ens ha de permetre establir millor les diferents
relacions funcionals entre ells i definir patrons de susceptibilitat a malaltia. Alhora, com a
model experimental concret, aquest treball es centra en les quimiocines CCL4 i CCL4L en
les que postulem que s’hi plasmen els multiples mecanismes de generacié de variabilitat

de les quimiocines.
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3. OBJECTIUS

Basats en la variabilitat de CCL4 i CCL4L i en la revisié global de la variabilitat a la
superfamilia de les quimiocines, els objectius concrets plantejats en aquest treball son els

seguents:

A) Basats en la variabilitat de CCL4 i CCLA4L:

1. Caracteritzar les variants derivades dels locus CCL4 i CCL4L mitjangcant fenomens
de tall-i-unid alternatiu i polimorfismes. Analitzar quantitativament I'expressio
d’aquestes variants a nivell d’RNA missatger. Valorar la incidéncia de les variants
en patologia.

2. Definir quines son les confusions més habituals i rellevants en les sequiéncies de
CCL4 i CCL4L presents en els catalegs d’algunes empreses subministradores:
clarificar I'origen de les sequéncies i remarcar les diferéncies de cada variant per
tal d’evitar I'Gs de productes erronis.

3. Determinar la distribucié poblacional mundial del nombre de copies de CCLA4L i
dels seus SNPs més rellevants, utilitzant un protocol que ens permeti discriminar
el nombre exacte de copies de cada al-lel en individus heterozigots amb més de 2
copies de CCL4L. Establir si existeix correlacié entre el nombre de copies de

CCLA4L i les frequéncies dels SNPs.

B) Basats en la revisi6 global de la variabilitat a la superfamilia de les quimiocines:

4. Realitzar una mapa exhaustiu de l'organitzacié genomica dels membres de la
superfamilia de les quimiocines i establir connexions entre aquesta organitzacio
genomica i les seves funcions.

5. Ampliar el coneixement de la complexitat de la superfamilia de les quimiocines
mitjancant la recopilacié dels polimorfismes més rellevants dels seus membres i
de les formes generades per tall-i-unié alternatiu. Establir la relacié d’aquests

fenomens amb patologia.
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4.1. CAPITOL |

OBJECTIU:

Caracteritzar les variants derivades dels locus CCL4 i CCL4L
mitjancant fenomens de tall-i-uni6 alternatiu i polimorfismes.
Analitzar quantitativament I’expressio d’aquestes variants a
nivell d’RNA missatger. Valorar I'incidencia de les variants en

patologia.

ARTICLE:

Multiple Products Derived from Two CCL4 Loci: High
Incidence of a New Polymorphism in HIV+ Patients.
Roger Colobran, Patricia Adreani, Yagoub Ashhab, Anuska
Llano, José A. Esté, Orlando Dominguez, Ricardo Pujol-Borrell,
and Manel Juan.

The Journal of Immunology, 2005, 174: 5655-5664.
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4.1.1. CONSIDERACIONS PREVIES SOBRE L’ARTICLE

Quan es va iniciar I'estudi que ha donat lloc a aquest article i, en definitiva, a aquesta
tesi doctoral, el nostre laboratori ja portava uns anys interessat en el paper de les
quimiocines en la resposta immunitaria, especialment en una malaltia autoimmunitaria
de la tiroide com és la malaltia de Graves-Basedow. En un article publicat poc abans de
I'inici de la tesi, es demostrava la sobreexpressio de les quimiocines inflamatories CCL3 i
CCL4 en glandules de pacients amb la malaltia de Graves-Basedow [122] i, durant
I'analisi dels transcrits procedents de les diverses quimiocines estudiades, s’havia
observat que, en el cas de CCL4, no només s’observaven transcrits procedents dels dos
locus (CCL4 i CCL4L), sin6 que es va detectar la presencia d’algunes sequéncies
corresponents a aquesta quimiocina perd0 amb variacions importants. El fet de comprovar
que el segon locus de CCL4 s’expressava va despertar el nostre interés ja que cal tenir
en compte que, malgrat que I'existéncia d’un segon locus de CCL4 s’havia ja descrit en el
moment del descobriment d’aquesta quimiocina (any 1990) [103], el seu paper en la
resposta immune no havia estat estudiat. Aixo és degut a que, al principi, no es va poder
demostrar la seva expressio i, fins i tot, durant un temps es va especular que pogués ser
un pseudogen. Per tant, fins aquell moment (any 1999) els treballs publicats que incloien
I'estudi de CCL4, tenien només en compte el locus originalment descrit. De fet, aquesta
dinamica s’ha mantingut fins I'actualitat i pocs estudis tenen en compte el locus CCL4L

quan s’interessen per CCL4.

4.1.2. RESUM DE DADES DEL PRIMER CAPITOL:

Amb aquest panorama, l'objectiu general que inicialment es va definir per a aquest
treball de tesi va ser I'aprofundir en el coneixement del paper de CCL4L en la resposta
immune, caracteritzant primer el seu perfil d’expressié transcripcional (en comparaci6 al
de CCL4) i plantejant posteriorment la produccié de la proteina per a realitzar estudis
funcionals i veure possibles diferéncies entre CCL4 i CCL4L. Aquest plantejament inicial
va alterar-se substancialment per I'aparicié de noves variants de CCL4 i CCL4L. Aixi en la
primera part daquest capitol, es presenta la descripcid detallada d’aquestes variants i els
mecanismes que les generen El primer resultat a valorar és que tan CCL4 com CCL4L
expressen, juntament amb el transcrit complet, transcrits generats per un tall-i-unié
alternatiu del mRNA als quals els manca I'ex6é 2. Aquest descobriment succei a I'inici de
I'estudi, on un dels primers requisits per estudiar de forma conjunta pero independent
CCL4 i CCLAL era poder amplificar-les especificament. Aix0, degut a I’elevada homologia
nucleotidica dels dos locus (>95%, veure figura 3), va comportar certes dificultats a
nivell de disseny d’oligonucleodtids. Durant I'optimitzacié d’aquest procés van apareixer

uns transcrits no esperats que, després de seqglenciar-los, van resultar ser aquestes
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formes generades per un fenomen de tall-i-unié alternatiu. Vam anomenar a aquestes
variants de CCL4 i CCL4 mancades de I'exd 2 com a CCL4A2 i CCL4LA2 (on s'utilitza la
lletra A per indicar delecié/pérdua i el nombre 2 com a indicador de que es tracta de I'exdé
2).

Posteriorment, durant I'amplificacié del gen CCL4L en mostres procedents de diferents
individus, sorgiren alguns casos on el patré de transcrits amplificats no corresponia en
absolut amb el tedricament previst. La sequenciacié del DNA gendmic d’aquestes mostres
va manifestar un canvi nucleotidic en el lloc acceptor de tall de I'intré 2 del gen CCLA4L,
conccretament, en la primera posicié del dinucledtid AG, que representa la seqiéncia
consens de tall. Aquest nou polimorfisme té unes conseqguiéncies forca drastiques ja que
fa desapareixer la seqiiéncia de tall original de I'intré 2 i possibilita I'Gs de diverses noves
sequeéencies de tall alternatives que generen un seguit de nous transcrits. Per diferenciar
les dues variants al-leliques que genera aquest nou polimorfisme vam anomenar com a
CCL4L1 el gen originalment descrit i com a CCL4L2 el gen amb el canvi nucleotidic (a
I'article es descriuen perfectament totes les noves variants que origina CCL4L2). Cal
remarcar que aquest polimorfisme de nucleotid Gnic (o SNP) que es descriu a I'article
com a +590 (A/G), correspon actualment al simbol rs4796195.

L'aparicio de totes aquestes variants (tant les originades pel fendmen de tall-i-unié
alternatiu com les derivades del nou polimorfisme) va augmentar notablement la
complexitat de la parella CCL4-CCL4L. El nou panorama es descriu en la figura 4 de
I'article, on podem veure des de l'organitzaci6 genetica de CCL4-CCL4L, fins a la
generacio de les proteines potencials de totes les variants.

La segona part de l'article, analitza I'expressié de CCL4 i CCL4L, tenint en compte les
variants descrites anteriorment. Destacar que la contribucié general del locus CCL4L a
I'expressio total de CCL4-CCLA4L és de prop del 50%, indicant la importancia que pot tenir
I'analisi d’ambdues quimiocines, i no només CCL4, en moltes situacions inflamatories.

La tercera i dltima part de l'article és un estudi cas-control per veure la possible
incidencia del polimorfisme en patologia. El resultat més destacable és I'evidencia que
lal-lel CCL4L2 esta significativament augmentat en els pacients HIV"™ respecte els

controls sans.

46



The Journal of Immunology

Multiple Products Derived from Two CCL4 Loci: High
Incidence of a New Polymorphism in HIV* Patients’

Roger Colobran,** Patricia Adreani,* Yaqoub Ashhab,* Anuska Llano,” José A. Esté,
Orlando Dominguez,* Ricardo Pujol-Borrell,** and Manel Juan®**

Human CCL4/macrophage inflammatory protein (MIP)-18 and CCL3/MIP-1« are two highly related molecules that belong to a
cluster of inflammatory CC chemokines located in chromosome 17. CCL4 and CCL3 were formed by duplication of a common
ancestral gene, generating the SCYA4 and SCYA3 genes which, in turn, present a variable number of additional non-allelic copies
(SCYA4L and SCYA3LI). In this study, we show that both CCL4 loci (SCYA4 and SCYA4L) are expressed and alternatively
generate spliced variants lacking the second exon. In addition, we found that the SCYA4L locus is polymorphic and displays a
second allelic variant (hereinafter SCYA4L2) with a nucleotide change in the intron 2 acceptor splice site compared with the one
described originally (hereinafter SCYA4LI). Therefore, the pattern of SCYA4L2 transcripts is completely different from that of
SCYA4L1, since SCYA4L2 uses several new acceptor splice sites and generates nine new mRNAs. Furthermore, we analyzed the
contribution of each locus (SCYA4 and SCYA4L1/L2) to total CCL4 expression in human CD8 T cells by RT-amplified fragment
length polymorphism and real-time PCR, and we found that L2 homozygous individuals (L.2L.2) only express half the levels of
CCL4 compared with L1L1 individuals. The analysis of transcripts from the SCYA4L locus showed a lower level in L2 homozygous
compared with L1 homozygous individuals (12% vs 52% of total CCL4 transcripts). A possible clinical relevance of these CCL4
allelic variants was suggested by the higher frequency of the L2 allele in a group of HIV™ individuals (» = 175) when compared
with controls (n = 220, 28.6% vs 16.6% (p = 0.00016)). The Journal of Immunology, 2005, 174: 5655-5664.

C hemokines are a large superfamily of small (~8—15 kDa) important characteristic of cluster chemokines is that they share

structurally related molecules that regulate cell traffick- many ligands with few receptors (4). Individual members of the
ing of various types of leukocytes to areas of injury or chemokine superfamily may contribute to this complex relationship
infection and play different roles in both inflammatory and homeo- network by two mechanisms of additional variability: 1) pretransla-
static processes (1-3). According to the arrangement of a structural tional modifications (such as alternative splicing) (9, 10) and 2) post-
cysteine motif found near the NH, terminus of the mature protein, translational modifications (such as NH,-terminal truncations by
chemokines have been divided into four subfamilies: CXC, CC, the dipeptidyl-peptidase (DPP)? CD26/DPP 1V) (11-14).
CX,C, and C chemokines (4). These chemokines carry out their CCL3/macrophage inflammatory protein (MIP)-1a and CCL4/
biological functions through seven-transmembrane domain G pro- MIP-1f are two highly related chemokines that belong to a cluster
tein-coupled receptors, which are expressed on several populations of inflammatory CC chemokines located in chromosome 17 (q11-
of leukocytes (5-7). To date, 42 chemokines and 18 chemokine q21), which are secreted by specific cells after being triggered by
receptors have been identified in humans (8). Ags or mitogenic signals and attract additional cells involved in
A remarkable feature of chemokines and chemokine receptors is immune responses (15). These two chemokines, together with
their redundancy and binding promiscuity. There are many exam- CCLS/RANTES, are the major HIV-suppressive factors produced
ples of a single chemokine binding to several receptors, as well as by CD8™" T cells (16) by binding to CCRS, the coreceptor neces-
a single chemokine receptor transducing signals for several che- sary for the entry of HIV-RS5 strains into CD4™ cells (17, 18).
mokines. Interestingly, genes encoding the inflammatory chemo- CCL3 and CCL4 were formed by duplication of a common an-
kines tend to appear in clusters (human CC subfamily in chromo- cestral gene (15) that originated SCYA3/LD78c and SCYA4/ACT-2
some 17 and the CXC subfamily in chromosome 4). Moreover, an genes which in turn have a second non-allelic copy (SCYA3LI1/

LD78B and SCYA4L/LAG-1) present in variable numbers in the
human genome (19). In the case of CCL3, there is a third gene
*Laboratory of Immunobiology for Research and Application to Diagnosis, Centre for . ’_ _
Transfusion and Tissue Bank, Institut d’Investigacié en Ciéncies de la Salut Germans (SCYA3L2/LD78’Y) that is a 5'-truncated pseudogene.(20). There
Trias i Pujol, and Retrovirology Laboratory, IrsiCaixa Foundation. Hospital Univer- fore, human CCL3 and CCL4 are encoded by two highly related
sitari Germans Trias i Pujol, “Department of Cell Biology, Physiology and Immu- non-allelic isoforms that have been duplicated and mutated to pro-
nology, Universitat Autonoma de Barcelona, Barcelona, Spain duce two different but highly homologous proteins (>90% be-
Received for publication October 13, 2004. Accepted for publication February tween CCL3 (from SCYA3) and CCL3L1 (from SCYA3LI) pro-
18, 2005. .
o N . . teins, and >95% between CCL4 (from SCYA4) and CCLAL (from
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with 18 U.S.C. Section 1734 solely to indicate this fact. been reported between the proteins of two loci. CCL3L1/LD78f3
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FIGURE 1. Two canonical products of CCL4 and their variants lacking
exon 2. cDNA from stimulated CD8 T cells was amplified using primers in
exons 1 and 3. The PCR product was not digested (ND) or digested (D)
with Mspl. The highest m.w. amplimer in lane ND contains CCL4L and
CCL4 products resolved after Mspl restriction analysis (lane D). The low-
est m.w. amplimer in lane ND contains CCL4LA2 and CCL4A2 products
resolved after Mspl digestion (lane D).

the potent antiviral activity of CCL3L1/LD78 is increased due to
the cleavage by CD26/DPP 1V, a dipeptidyl-peptidase that cuts
dipeptides from the NH, terminus of regulatory peptides with a
proline or alanine residue in the penultimate position (14, 28).
Recently, CCL4 has also been described as a target for CD26/DPP IV,
being mainly secreted by stimulated PBLs as a truncated form that
lacks the first two amino acids. This posttranslational modification
affects receptor specificity but not anti-HIV activity (29, 30).
Our studies point out that, in fact, the word “CCL4” groups a
broad quantity of different transcripts coded by the SCYA4 and
SCYA4L loci. This high variability is caused by an alternative
splicing mechanism and by the presence of a polymorphism in the
SCYA4L locus that changes the intron 2 acceptor splice site and
creates different mRNA expression patterns. We have assessed the
possibility that individuals carrying different genotypes and with
different capabilities to exert this diversity of CCL4 variants may
respond differently in situations of chronic immunostimulation,
such as viral infection or autoimmunity. Therefore, the possible
clinical relevance of these CCL4 allelic variants was suggested by

ISO- AND ALLOFORMS OF CCL4 LOCI

the higher frequency of the SCYA4L2 allele in a group of HIV™
individuals when compared with controls.

Materials and Methods

Isolation and stimulation of human CDS8 T cells

PBMCs were isolated from total blood by centrifugation over Lymphoprep
(Axis-Shield). CD8 T cells were positively selected using magnetic beads
coated with mAbs against CD8 (MACS MicroBeads; Miltenyi Biotec) ac-
cording to the manufacturer’s instructions. Purity of CD8 T cells was rou-
tinely >98%, as determined by flow cytometry.

CCLA4 production by purified CD8 T cells was measured at baseline and
after PHA stimulation (31). Cells were cultured in RPMI 1640 complete
medium (Invitrogen Life Technologies) containing 10% FCS, streptomy-
cin, and penicillin at a cell concentration of 1 X 10° cells/ml in 24-well
plates (Corning Costar). To induce CCL4 production, we added 1 ug/ml
PHA and 10 ng/ml recombinant human IL-2 (R&D Systems). Cells were
harvested and total RNA was extracted after 0, 6, 24, and 48 h of PHA
stimulation. Two replicate experiments were performed for each condition.

Human CCLA4 amplification

CCL4 was amplified by RT-PCR. RNA was extracted using the RNAque-
ous-96 kit (Ambion) and was then retrotranscribed with oligo(dT),s and
SuperScript-II (Amersham Biosciences). PCR was performed in 10 ul of
total reaction volume. The primers used to amplify all CCL4 variants (from
both loci) were 82A/Bexl 5'-GAAGCTCTGCGTGACTGTC-3' and
433A/Bex3 5'-CGGAGAGGAGTCCTGAGTAT-3’, and the PCR cycling
conditions were 95°C for 30 s, 62°C for 30 s and 72°C for 30 s. The
primers used to amplify SCYA4L variants were 124Bex1 5'-TGCCTTCT
GCTCTCTAGCA-3" and 615Bex3 5'-TGAAAACACATGGAATTA
ACG-3', and the PCR cycling conditions were 95°C for 30 s, 59°C for 30 s
and 72°C for 30 s. PCR products were visualized by ethidium bromide
staining following electrophoresis in 2% Tris borate-EDTA (TBE) high-
resolution agarose gels (Sigma-Aldrich).

Restriction digests and densitometric analysis

PCR products were digested with 10 units of Mspl (Fermentas) in 15 ul of
total reaction volume for 90 min at 37°C. The digested products were
evaluated by visualization by ethidium bromide staining following elec-
trophoresis in 2% TBE high-resolution agarose gels. PCR products and
subsequent restriction fragments were quantified using the Quantity One
software (Bio-Rad) according to the manufacturer’s instructions.

E SWALI/TP VH

FIGURE 2. Alignment of SCYA4 and SCYA4L cDNA with their amino acid sequences. Lanes SCYA4 and SCYA4L are cDNAs, while CCL4/CCL4L
are their canonical peptide products and CCL4A2/CCL4LA?2 are their variants lacking exon 2. Conserved nucleotides are shown as dashes. Exons are
separated with vertical bars. Absent amino acids in the variants lacking exon 2 are shown as asterisks (*), and amino acid differences are bold. Amino acids
of the signal peptide are in lowercase letters whereas amino acids of the mature protein are in uppercase letters. The initiation codon, the stop codons, and
two possible polyadenylation signals are shaded with black. AU-rich sequences that reduce mRNA stability are shaded in gray. The MsplI restriction target

is underlined.
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FIGURE 3. Multiple transcripts derived from a polymorphism in SCYA4L locus. A, General description of all detected CCL4 mRNAs. SCYALI-derived
mRNAs are shaded in black and SCYA4L2-derived mRNAs are shaded in gray. The score of acceptor splicing sites is based on Shapiro and Senepathy (35).
B, Scheme of splicing in SCYA4 and SCYA4L1/SCYA4L2 genes. In SCYA4L2, the original acceptor site is mutated (AG > GG) and the spliceosome is unable
to recognize it. Instead, the spliceosome can select another alternative acceptor splice site around the original site. Accession numbers correspond to those
provided by GenBank after submission. Gene accession numbers: SCYA4, AY766459; SCYA4LI, AYT766460; SCYA4L2, AY766461.

Population study of SCYA4L locus polymorphism

To evaluate the population frequencies of SCYA4L polymorphism, we an-
alyzed 220 healthy donors as well as 175 HIV-seropositive, 80 hepatitis C
virus-seropositive, 30 insulin-dependent diabetes mellitus, and 30 autoim-
mune thyroid disease patients. All individuals are ethnically grouped as
Caucasoid Spanish population. The genomic DNA was obtained from total
blood of each individual, and by using the primers 2B 5'-GCAGAGGAA
GATGCCTACCAC-3" and 503Bex3 5'-AAATAATGGAAATGACAC
CTAATAC-3’, we amplified the junction between intron 2 and exon 3 of
the SCYA4L locus under the following PCR cycling conditions: 95°C for
30's, 59°C for 30 s, and 72°C for 30 s. The PCR product was purified using
the GFX PCR DNA and Gel Band purification kit (Amersham Bio-
sciences). Finally, DNA sequencing was performed with both primers on
an Applied Biosystems (ABI) Prism 3100 genetic analyzer.

Software tools

To assess the influence of the change in the acceptor splice site sequence
in the SCYA4L2 allelic variant, we have used two software applications: 1)
GENSCAN (¢http://genes.mit.edu/GENSCAN.html)) (32) and 2) HM-
Mgene (v. 1.1) ((http://www.cbs.dtu.dk/servicess HMMgene/)) (33).

We used NNSPLICE (v. 0.9) (¢http://www.fruitfly.org/seq_tools/
splice.html)) (34) to predict the potential acceptor splice sites in the
SCYA4L?2 allelic variant.

The algorithm to calculate the scores of alternative splice sites found in
the SCYA4L2 allelic variant is based on Shapiro and Senepathy (35) (avail-
able at (http://www.genet.sickkids.on.ca/~ali/splicesitescore.html)).

A genomic sequence from GenBank was used to establish the distribu-
tion and distances among CCL3 and CCL4 gene loci and their duplicates:
NT_010799 includes a 9,412,828-bp sequence referred to Homo sapiens
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chromosome 17. This DNA sequence is part of the second release of the
completed human reference genome. It was assembled from individual
clone sequences by the Human Genome Sequencing Consortium in con-
sultation with National Center for Biotechnology Information (NCBI) staff.

Real-time PCR and expression studies

To evaluate the total expression of CCL4, we used real-time PCR with
primers amplifying all potential variants (from SCYA4 and SCYA4L loci).
Standards for CCL4 and GAPDH were obtained by conventional PCR
from PHA-stimulated CD8 T cells cDNA. Amplification products were
quantified in serial dilutions from 10% to 10" molecules. Real-time PCR
from cDNA was performed in a LightCycler (Roche Diagnostics) using the
master mix containing 4 mM MgCl,, 0.5 uM primers (82A/Bex] and
433A/Bex3), and 1 ul of LightCycler Fast Start DNA Master SYBR Green
I (Roche Diagnostics). The amount of cDNA was calculated using the
second derivate method after confirming the specificity of the amplification
with the melting curve profiles. Two replicates of each sample were per-
formed for CCL4 and GAPDH, and a maximum SD of 15% between repli-
cates was accepted. The relative abundance of CCL4 in each sample was
calculated by normalizing the mean levels of CCL4 mRNA copies (meancc 4
sample) With the corresponding mean value for GAPDH (meangsppi.sample)
using the formula indeX,mpie = (MEANCL 4 sampie) (MEANG APDI-sampie)-

To analyze the contribution of SCYA4 and SCYA4L loci-derived variants
to the total CCL4 mRNA, real-time PCR products were recovered and half
of the total amount was digested with Mspl as described. The digested and
non-digested products were visualized in a high-resolution agarose gel
electrophoresis and quantified by densitometry as described.
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Statistics

Data sets were analyzed using SPSS v. 11.0.1 for Macintosh (SPSS). When
necessary, the results were expressed as the mean value = SD. An inde-
pendent-samples Student’s # test and a x* test were applied to the data sets
to determine statistically significant differences between groups. Differ-
ences were considered significant when p values were <0.05

Results
The two CCLA4 loci generate four mRNAs

CCL4 was amplified from cDNA of human activated CD8 T cells
using primers placed in exons 1 and 3. Besides the expected ca-
nonical product of the SCYA4 and SCYA4L loci (371 bp), an un-
expected low m.w. amplimer was observed (256 bp; Fig. 1, ND
lane). The m.w. difference was 115 bp, which was in exact accor-
dance with the length of the second exon of the loci. Cloning and
sequencing these two amplimers showed that the 371-bp product
included two different sequences corresponding to the CCL4 and
CCLAL variants, whereas the unexpected low m.w. band included
alternatively spliced variants of CCL4 and CCLAL, thus confirm-
ing the lack of exon 2 in 256-bp product. Therefore, the described
CCL4 chemokine is codified by two loci that allow at least four
different spliced forms: 1) two long, mature mRNAs (full length of
667 bp), with identical size for both loci (coditying for CCL4 and
CCLAL proteins) but with 26 nucleotide differences (19 transitions
and 7 transversions) and three amino acid changes, two in the
signal peptide (V12M and L20P) and the third one (G70S) in the
mature protein (Fig. 2); 2) two short spliced mRNAs (full length of
552 bp) also derived from both loci, but lacking the second exon.
The predicted amino acid sequences of both forms present a frame
shift in the exon 3 reading frame caused by the new junction be-
tween exon 1 and 3, and a stop codon appears close to the original
one (Fig. 2). Consequently, these mature proteins are shorter (29
amino acids) and only maintain the two initial residues of the com-
plete CCL4 and CCLAL proteins (69 amino acids). Interestingly,
due to the frame shift, some of the conservative base substitutions
between the two loci become non-conservative in these forms:
there are three amino acid differences in the predicted mature pro-
tein (A13V, T151, and S18N). Following commonly accepted no-
menclature usage, they will be named CCL4A2 and CCL4LA2,
respectively.

Multiple mRNAs derived from a new allelic variant (SCYAL2)
of SCYAAL locus

When we specifically amplified the SCYAL-derived variants
(CCLAL and CCL4LA?2) from different individuals, some samples
showed an unexpected new pattern of unidentified amplimers.
Cloning and sequencing these variants revealed nine new mRNAs
formed by the use of different cryptic acceptor splice sites located
in the second intron or in the third exon (Fig. 3A, shaded in gray).
By sequencing the corresponding genomic DNA of these individ-
uals, we discovered a +590A > G critical change in the original
acceptor splice site of the second intron of the SCYA4L locus.
Therefore, the SCYA4L locus is a polymorphic gene with two
allelic variants: the original SCYA4L locus (hereinafter SCYA4L1)
and a second highly related polymorphic variant (hereinafter
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SCYA4L?2); despite the lack of differences between the three exons
and the first intron of SCYA4LI and SCYA4L2, we have found four
base substitutions in the second intron of SCYA4L2. Only the
fourth of these changes (described above as +590A > G) seems to
be critical for the final expression of SCYA4L2. Normally (36, 37),
the donor splice site of the second intron in SCYA4LI shows GT
right after the point where exon 2 finishes, whereas the acceptor
site has AG just before the point where intron 2 sequence is
cleaved (canonical pattern). In SCYA4L2, the sequence of the ac-
ceptor splice site in SCYA4LI experiences a critical change and
becomes GG (Fig. 3B). According to the bioinformatic predictions,
this polymorphism causes the inability of spliceosomes to recog-
nize the mutated acceptor site (GG), and therefore two splicing
options appear: 1) no removal of the second intron (hence gener-
ating a mature long mRNA with exon 1 + exon 2 + intron 2 +
exon 3), or 2) use of alternative acceptor sites around the original
one. Almost all mRNAs derived from SCYA4L2 are generated fol-
lowing this second option (use of an alternative acceptor splice
site), but we also observed a few mRNAs caused by lack of splic-
ing in the second intron.

SCYA4 and SCYA4L: from 2 genes to 13 mRNAs

A search in the NCBI nucleotide database for CCL4 (¢http://ww-
w.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db = Nucleotide)) pro-
vided access to a long stretch of the human genomic sequence in
chromosome 17 (9,412,828 bp), assembled from individual clone
sequences by the Human Genome Sequencing Consortium
(NT_010799). In this region we found not only the SCYA3 and
SCYA4 loci head to head and separated by 13.7 kb, but also two
copies of the alternative forms (SCYA3L! and SCYA4L) arranged
in the same way and separated by a non-coding region of 14.3 kb
(Fig. 4, physical map). Although mature mRNAs derived from
SCYA4 and SCYA4L have the same length (667 bp), differences in
their respective introns resulted in different lengths of the primary
transcripts (1795 bp in SCYA4 vs 1816 bp in SCYA4L). A 12-bp
deletion in intron 1 and an 11-bp deletion in intron 2 are the most
relevant differences between the SCYA4 and the SCYA4L loci.

Strikingly, the two copies of the SCYA4L locus present in this
sequence are the two allelic variants described in this paper
(SCYA4L1 and SCYA4L?2). Additional minor differences exist in
the 5 and 3’ non-coding regions of the two copies of SCYA4L, but
we have not addressed their effect on transcription in this study.

SCYA3 and SCYA3LI, as well as SCYA4 and SCYA4L2, are sep-
arated by 105 kb. We also found the SCYA3L2 pseudogene close
to one of the copies of SCYA3LI. Other non-related loci (e.g., as a
member of the TREI7 oncogene family) are duplicated together
with the SCYA4L and SCYA3L] alternative forms. All this suggests
repeated duplications of a 120 kb stretch in this region of
chromosome 17.

The most abundant mRNA derived from SCYA4L2 (78.2% of
total mRNA expression) corresponds to the new CCL4L2 variant
of CCL4 generated by the use of an acceptor splice site located 15
nucleotides downstream of the original site (Fig. 4, densitometry
of gel electrophoresis). The predicted CCL4L2 mature protein has
64 amino acids and lacks the initial five amino acids codified by

FIGURE 4. From genomic organization to mRNA products. A, Physical map from 34,550 kb to 34,800 kb, inside the 17q11-q21 region, based on the
genomic sequence NT_010799. B, Representative sequences of the junction between intron 2 and exon 3 from SCYA4L] and SCYA4L2, produced by
amplification of genomic DNA from PBMCs by using specific primers for locus SCYA4L. Dinucleotides corresponding to original acceptor splice sites are
squared, and the polymorphic position is indicated with an arrow. C, High-resolution agarose gel electrophoresis showing the transcription pattern of each
CCLA4 gene (cDNA from stimulated CD8 T cells was amplified using locus-specific primers). D, Percentages of expression of each form (SD is <5% in
each value). E, All mRNAs derived and cloned from SCYA4 and SCYA4LI/L2 are represented with boxes. F, Alignment of derived mature proteins.

Cysteines are underlined.
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FIGURE 5. mRNA expression of CCL4 in CD8 T cells of L1L1, L1L2, and L2L2 individuals. A, Time course of CCL4 mRNA expression. Expression
levels are relative to the housekeeping gene (GAPDH), represented as an index (y-axis), and referred to the basal values (index = 1). A,, Copy number
of CCLA4 (relative to the GAPDH) in stimulated (6 h) and non-stimulated CD8 T cells. B,, Percentage of mRNAs lacking exon 2 compared with the total
CCL4 mRNAs. B,, Relative copy number of mRNAs lacking exon 2. C,, Percentage of SCYA4L locus mRNAs relative to total CCL4 mRNAs. C,, Relative
copy number of SCYA4L-derived mRNAs. Each point was performed in duplicate from three samples of different individuals, and the results were
represented as the mean * SD. Differences between the basal and stimulated (6 h) situations were always statistically significant in all genotypes (p < 0.01).

#, p < 0.05; =%, p < 0.005.

the third exon (FQTKR), but the rest of the sequence remains
unchanged (Fig. 4, protein sequence alignment).

We have named CCL4L2b, a 41-aa predicted form of CCL4 that
is truncated by a premature stop codon and is codified by two
mRNAs, CCL4L2b1 and CCL4L2b2, accounting for 6.6 and 2.6%
of total message, respectively. The other CCL4 mRNAs detected
(CCLA4L2c, CCLA4L2d, CCL4L2e, each accounting for around 4%)
code for three new and highly related CCL4 variants that maintain
the frame shift produced in the junction between exon 2 and the
new exon 3 of each variant and use the same stop codon. Despite
having a non-related amino acid sequence from position 42 to the
end compared with the original CCLAL protein, these three pro-
teins show a cysteine at —10 from the C terminus that may main-
tain the basic chemokine conformation.

Finally, we have cloned three very low frequency mRNAs (not
visible by gel electrophoresis): 1) CCL4L2A2, which is the
CCLA4L2 variant lacking exon 2; 2) CCL4L2bA2, which is the
CCLAL2b variant lacking exon 2; and 3) CCL4L2f, which uses
another different alternative acceptor splice site and has the same
reading frame than CCL4L2bA2. The CCL4L2f predicted protein
(80 aa) presents seven cysteines in its sequence (with two CC
motifs) (Fig. 4, protein sequences alignment).

In theory, other exon 2-skipped variants of all SCYA4L2-derived
proteins (next to CCL4L2A2 and CCL4L2bA2) may also exist, but
we could not detect them due to their very low frequency.

Expression of CCL4 mRNA variants

The expression of CCL4 mRNA variants was assessed by real-
time RT-PCR at 6, 24, and 48 h after PHA-stimulated and control
CDS8 T lymphocytes from healthy donors of each CCL4 genotype:
L1L1, L1L2 and L2L2 (three individuals for each group). To eval-
uate the contribution of each locus to total mRNA expression, we
took advantage of the presence of a Mspl restriction site in the
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products of SCYA4 locus (38). Peak CCL4 expression was ob-
served at 6 h with an average increase of 6- to 7-fold compared
with controls in all genotypes (Fig. 5A,, data of 24 and 48 h are
only shown in this figure and not in the following because mRNA
quantities returned to levels similar to those obtained from non-
stimulated samples). Interestingly, the ratio of CCL4 to GAPDH
mRNA was higher in L1L1 than in L2L2 individuals (6.2 vs 2.7;
Fig. 5A,). Values obtained from heterozygous were intermediate
(see graphics in Fig. 5).

The ratio of short mRNAs lacking the second exon to total
CCL4 mRNA was 9.2% in L1L1 individuals (which express the
CCL4A2 and CCLALA?2 variants), but only 5% in L2L2 individ-
uals (where only CCL4A2 may be detected) (Fig. 5B,); these ratios
decrease to 3.1 and 1.8%, respectively, after 6 h of stimulation
with PHA, despite the increase in absolute values (Fig. 5B,).

Finally, we analyzed the relative contribution of the SCYA4L
locus to total CCL4 expression. In basal conditions, SCYA4L-de-
rived mRNAs accounted for 29.9% of total CCL4 expression, in
L1L1 individuals, but only for 4.6%, in L2L2 individuals (Fig.
5C, ;). After stimulation for 6 h, the percentage of SCYA4L
mRNASs was 54% in L1L1 individuals, and 12.1% in L2L2 sub-
jects. Hence, activation seems to shift transcription to the SCYA4L
locus in all genotypes. In both conditions, the contribution of
SCYA4L2 to the total levels of CCL4 mRNA is very low compared
with SCYA4LI.

Population incidence of SCYA4L locus polymorphism and
association with HIV infection

To evaluate the incidence of SCYA4L locus polymorphism in the
overall population, we sequenced the junction of intron 2 with
exon 3 of the SCYA4L locus in healthy individuals. Subjects were
classified according to the sequence of acceptor splice site as fol-
lows: L1L1 (AG), L2L2 (GG) and L1L2 (double peak —A/G— in
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Table 1. Poblational distribution of SCYA4L polymorphism®
Number of Samples Genomic Frequence (%) Allelic Frequence (%)
Donors LIL1 L1L2 L2L2 LIL1 L1L2 L2L2 Allele L1 Allele L2
Healthy (n = 220)" 154 59 7 70 27 3 83.4 16.6°
HIV (n = 175)® 90 70 15 51.4 40 8.6 71.4 28.6¢
AITD (n = 30) 21 8 1 70 26.7 3.3 82.7 17.3
IDDM-1 (n = 30) 22 7 1 73.3 23.4 3.3 85 15
HCV (n = 80) 60 16 4 75 20 5 85 15

“ The genomic and allelic frequencies were determined in healthy population, HIV™ patients and other non-related pathologies.

b p = 0.0003875, 2 = 15.71.
“p = 000016, y* = 14.24.

the first nucleotide). Of 220 healthy donors tested, 154 were L1L1
(70%), 59 L1L2 (26.8%) and 7 L2L.2 (3.2%). If this polymorphism
is considered to be a classical biallelic system, derived allelic fre-
quency would be 83.4 and 16.6% for SCYA4LI and SCYA4L2
alleles, respectively (Table I).

Due to the pivotal role played by CCL4 and its receptor CCRS
in HIV infection we decided to conduct an association study be-
tween SCYA4L polymorphism and HIV infection. In a group of
175 HIV™ individuals, 51.4% of them were L1L1 (vs 70% in the
controls), 40% were L1L2 (vs 27%), and 8.6% were L2L.2 (vs 3%)
(p = 0.00039, x* = 15.71). Therefore, the frequency of allele L.2
is clearly higher in the group of HIV ™" patients (28.6%) compared
with the control group (16.6%) (Table 1) (p = 0.00016, x* =
14.24).

To evaluate the association of the SCYA4L polymorphism with
other polymorphisms involved in the progression of HIV, we an-
alyzed the incidence of CCR5A32 (39, 41, 42) and stromal cell-
derived factor (SDF)-1 3’A (40) alleles in a random sample of 138
and 155 individuals from our HIV™ group with CCL4 genotype.
(Tables II and III). We did not find any distribution suggesting
positive or negative cross-association between the SCYA4L poly-
morphism and the CCR5A32 or SDF-1 3’A polymorphisms (Ta-
bles II and III). The lack of significant differences between the
allelic frequencies of these polymorphisms in our HIV* and pre-
viously reported groups (39—42) allows us to consider the homo-
geneity of our group, thus avoiding any unexpected bias in distri-
bution. The allelic frequencies reported in healthy populations
(Caucasian and Asian populations) are 74—84% for the wild-type
SDF and 16-26% for the SDF 3’A allele (40), and are 86-96% for
the wild-type CCRS5 and 4-14% for the CCR5A32 allele (41, 42).
We did not find individuals homozygous for SDF 3'A allele due to
their potential resistance to AIDS progression in addition to their
low theoretical frequency. Similarly we did not find individuals
homozygous for CCR5A32 allele due to their potential resistance
to HIV infection in addition to their low theoretical frequency.

To explore the possibility that CCL4 forms may be associated
with other diseases characterized by a maintained immune re-
sponse, we evaluated the SCYA4L polymorphism in groups of pa-
tients with hepatitis C virus infection, type-1 diabetes, and auto-

Table II.  Distribution of CCR5A32 polymorphism®

immune thyroid diseases. No significant differences were found
between healthy donors and patients in the genomic and allelic
frequencies of both SCYA4L locus variants, thus suggesting that
the observed association with HIV infection is characteristic of this
type of infection.

Discussion

The CCL4 chemokine is encoded by two paralogous genes, SCYA4
and SCYA4L (23), highly related but with different exonic and
intronic sequences. We found that these two genes not only ex-
press the variants already described (CCL4 and CCLAL), but also
alternatively spliced variants lacking exon 2 (CCL4A2 and
CCL4LA2). Moreover, we report a new polymorphism in the
SCYA4L locus that forms nine new mRNAs. In an activated situ-
ation, the contribution of the SCYA4L locus to overall CCL4 ex-
pression is approximately 50% for the original allelic variant
(SCYA4LI), and only 12% for the polymorphic allelic variant
(SCYA4L2). The distribution of this polymorphism in HIV* pa-
tients shows an association with the SCYA4L?2 allele.

The structural analysis of the protein products of SCYA4 (CCL4)
and SCYA4L (CCLA4L) revealed the importance for the amino acid
at position —4 relative to the fourth conserved cysteine. The amino
acid at that position in CCL4 protein (Ser,,) forms a hydrogen
bond with amino acid Thrg, (located three residues upstream), thus
conferring structural stability to the molecule (43). However, the
amino acid at that position in the CCL4L protein (Gly,) could not
form this hydrogen bond to stabilize the loop defined by the 3-turn
between the second and third strand of the 3-sheet. This loop is
believed to be essential for the binding of CCL4 to the glycosami-
noglycans (GAGs) (44), and it has been suggested that the immo-
bilization of chemokines by GAGs forms stable solid-phase che-
mokine foci and gradients necessary for directing leukocyte
trafficking in vivo to increase their effective local concentration
(thus increasing their binding to cell surface receptors), and po-
tentially influence chemokine ¢,,, in vivo (45-47). Hence, the de-
stabilization of this loop make difficult CCL4L binding to GAGs
and therefore modify their functional features in vivo.

Genomic Frequence (%)

Allelic Frequence (%)

Groups wt/wt wt/A32 A32/A32 Allele wt Allele A32
HIV" (n = 138) 88.4 11.6 0 94.2 5.8
HIV* LIL1 (n = 75) 90.7 9.3 0 95.3 4.7
HIV* L1L2 (n = 53) 86.8 13.2 0 93.4 6.6
HIV*' L2L2 (n = 10) 90 10 0 95 5

“ Genomic and allelic frequencies were determined for total HIV™ individuals and also in each SCYA4L genotype-based HIV" group (L1L1/L1L2/L2L2).
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Table II. Distribution of SDF 3" A polymorphism®

ISO- AND ALLOFORMS OF CCL4 LOCI

Genomic Frequence (%)

Allelic Frequence (%)

Groups wt/wt wt/3" A 3" A3 A Allele wt Allele 3" A
HIV*' (n = 155) 71 29 0 85.5 14.5
HIV* LIL1 (n = 83) 73.5 26.5 0 86.7 13.2
HIV* L1L2 (n = 60) 70 30 0 85 15
HIV*' L2L2 (n = 12) 58.3 41.7 0 79.2 20.8

“ Genomic and allelic frequencies were determined for total HIV* individuals and also in each SCYA4L genotype-based HIV* group (L1L1/L1L2/L.2L2).

We found that both SCYA4 and SCYA4L loci not only produce
the expected CCL4 and CCLAL mRNA but also produce alterna-
tively spliced mRNAs that lack the second exon, which give rise
to the CCL4A2 and CCL4LA2 variants. These two short (29 aa)
proteins only maintain the first two amino acids from the CCL4
and CCLA4L proteins and lack three of the four cysteine residues
critical for intramolecular disulfide bonding. Therefore, CCL4A2
and CCL4LA2 may not be structurally considered as chemokines,
and despite the difficulty in predicting protein folding, these vari-
ants do not seem to be able to bind to CCRS and thus may have no
CCL4 activity. Although CCL3 is closely related to CCL4, we
could not detect mRNAs from the two loci (SCYA3 and SCYA3LI)
lacking exon 2 (data not shown).

The SCYA4L polymorphism described in this paper reveals that
the SCYA4L locus has two allelic variants: the originally described
variant (SCYA4L) named SCYALI and the new polymorphic vari-
ant SCYA4L2. The SCYA4L2 locus has a base substitution in the
acceptor splice site of intron 2 that originates a new complex splic-
ing pattern, including the use of six new acceptor splice sites. We
notice that the score of alternative acceptor splice sites used in the
SCYA4L2 allelic variant does not reflect the quantity of each
mRNA generated, because the method used only takes into ac-
count the universal dinucleotide and their flanking sequences, al-
though we know that other mechanisms may contribute to the ef-
ficiency of recognition of splice sites (48-51).

CCL4L2 mRNA, the most abundant mRNA derived from
SCYA4L2, is characterized by the loss of the first 15 bp in exon 3,
being Pheys, Glngg, Thry,, Lysgg, and Argg, (position relative to
the initial methionine) the five amino acids deleted in the predicted
protein. Critical analysis of the conserved amino acids in CC che-
mokines show that Phegs, Thrg,, and to a lesser degree Lysg, are
highly conserved residues in this subfamily. In fact, Phess and
Glngg residues are the last two residues of the second strand of the
CCL4 B-sheet, and Thrg,, Lyses and Argg, (next to Gly,,, which
is characteristic of CCL4L) form the p-turn between the second
and third strand. Thus, the deletion of these five amino acids would
affect the whole monomer structure by disturbing the formation of
the core of the molecule, the B-sheet. It is known that CCL4, as
well as CCL3 and CCL5, tends to self-associate and, thereby, form
homodimers, tetramers, or high molecular mass aggregates in
vitro, and possibly in vivo under certain conditions, in a process
that involves residues Lysqg and Argg, (52); furthermore, it has
identified naturally occurring CCL4/CCL3 heterodimers at physi-
ological concentrations (53). We predict that the deletion has a
negative effect on the ability of CCL4L2 to form self-aggregates,
or heterodimers with CCL3. Additionally, just as in the case of the
single amino acid change between CCL4 and CCLA4L proteins
(Ser,, — Gly,,), we may expect that the GAG binding of CCL4L2
will be seriously affected, if not abrogated.

The folding prediction and the functional features of the other
SCYA4L2-derived proteins (CCL4L2b, c, d, e, and f and
CCL4L2A2, L.2bA2) are difficult to establish. The biological rel-
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evance of these proteins is unknown and may be related to their
low expression level.

Therefore, CCL4 is a highly variable chemokine since a mini-
mum of 12 variants derive from their two codifying loci. These
variants are potential targets for CD26/DPP IV and, similar to the
originally described CCL4, may be secreted as naturally truncated
forms lacking the two NH,-terminal amino acids (29, 30).

Our expression studies show that in activated CD8 T cells (at
least in L1L1 individuals), the contribution of the SCYA4L locus
(SCYA4LI allelic variant) is very relevant and accounts for ap-
proximately half of CCL4 expression (although in L2L2 individ-
uals the contribution of SCYA4L locus is lower, only 12%), in
contrast with most previous descriptions, which did not consider
the expression of the two different CCL4 loci and conferred the
overall data to the role of the SCYA4 locus. Only recently (54), it
was reported that while peripheral blood monocytes predominantly
express the SCYA4 locus, peripheral blood B lymphocytes express
both SCYA4 and SCYA4L loci in equivalent amounts; however, this
study did not take into account the polymorphism of SCYA4L that
strongly affects the overall expression of this chemokine.

Concerning the low levels of mRNA derived from SCYA4L2, we
consider that although the slight differences found between the 5’
and 3’ non-coding regions of SCYA4LI and SCYAL?2 allelic vari-
ants (data not shown) are probably not responsible for this low
expression, a reduced mRNA stability due to a low efficiency of
spliceosomes may be a major determinant. This low spliceosome
efficiency may be involved in a situation as complex as that found
with the SCYA4L?2 allele (a minimum of nine different mature mR-
NAs, eight of them produced by using alternative acceptor splice
sites). In other examples, the use of cryptic splice sites was found
to reduce the amount of mature mRNA generated (55).

The in vivo relevance of the complex situation produced by this
SCYA4L polymorphism was assessed by the analysis of frequen-
cies in disease. Interestingly, a significant difference was only ob-
served in HIV™ patients. Since no definitive results were obtained
in the study of other clinical relevant data (e.g., number of CD4 T
cells, copies of virus. . . ) and the preliminary experiments (e.g., in
vitro analysis of different genotyping infection ability, blocking
capability of each form in HIV-1 infection. . . ) are still non-con-
clusive to suggest any additional pathogenic pathways (data not
shown), more extensive studies are undoubtedly needed. Never-
theless, we may hypothesize that the lack of many canonical
CCL4L mRNA copies transcribed in L1L2 and L2L2 individuals
may reduce the ability of CD8 to protect HIV infection by che-
mokines, specifically CCLAL. This hypothesis agrees with recent
data (56) suggesting a great influence of SCYA3LI (CCL3L1)
gene-containing segmental duplications on HIV-1/AIDS suscepti-
bility. The strong homology between CCL3 and CCL4 and the
genetic linkage between SCYA3LI and SCYA4L genes and their
copy number suggest equivalent mechanisms for both genes, re-
maining to elucidate which one is the gene mainly involved in this
susceptibility.
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Following the new classification for chemokine ligands estab-
lished by Zlotnik and Yoshie (4), the formal gene symbols SCYA4
and SCYA4L are currently used to refer to CCL4 and CCLA4L. To
systematize the complex nomenclature derived from the high num-
ber of alternate designations, we suggest naming the two allelic
variants of the SCYA4L gene as follows: SCYA4LI and SCYA4L2
(i.e., as used in this article), or SCYA4L*] and SCYA4L*2 if we
strictly follow the guidelines for human gene nomenclature of
HGNC (HUGO Gene Nomenclature Committee). The protein de-
rived from SCYA4LI is the one currently named CCLA4L, but it
may alternatively be known as CCL4L1 to combine it with
CCL4L2 as the major protein derived from SCYA4L2. Subse-
quently, the other proteins derived from SCYA4L2 may be named
CCLA4L2b, c, d, e, and f, whereas the variants lacking exon 2 and
derived from SCYA4 and SCYA4L loci may be named like the
original protein but adding A2 (e.g., CCL4A2, CCL4LAZ2,
CCLA4L2A2...). To unify this nomenclature with the highly re-
lated one for CCL3 (SCYA3, SCYA3LI, and SCYA3L2 currently
used to reference CCL3, CCL3L, and LD78+y pseudogene), we
also suggest following previous CCL4 nomenclature and the
guidelines of HGNC and change the gene symbol for CCL3L to
SCYA3L and LD78vy to SCYA3LP, respectively, since LD78y is a
5'-truncated pseudogene derived from the SCYA3L locus (20).

Data from our study suggest that variants of chemokines, such
as CCL4, may be a major feature that determines the final role of
these key molecules in immune response, increasing the functional
opportunities of these molecules involved in many diseases.
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4.2. CAPITOL 11

OBJECTIU:

Definir quines soén les confusions més habituals i rellevants en les
sequencies de CCL4 i CCLA4L presents en els catalegs d’algunes
empreses subministradores: clarificar I'origen de les sequéencies i
remarcar les diferéncies de cada variant per tal d’evitar I'GUs de

productes erronis
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Confusion entre CCL4 y CCL4L1: Un ejemplo a tener en
cuenta cuando se usan reactivos de terceras partes.
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4.2.1. CONSIDERACIONS PREVIES SOBRE L’ARTICLE

Tal i com s’ha comentat en l'apartat anterior, un dels objectius inicials del projecte era
realitzar estudis funcionals per a detectar possibles diferencies entre CCL4 i CCL4L. El
complex panorama genétic descrit pel tandem CCL4-CCL4L va posposar aquest objectiu i,
de fet, vam considerar oportd afegir algunes de les noves variants als futurs estudis
funcionals. Per fer una primera aproximacio, pero, es va plantejar la possibilitat d’adquirir
les proteines CCL4 i CCL4L procedents d’alguna de les diverses empreses que les

comercialitzen.

4.2.2. RESUM DE DADES DEL SEGON CAPITOL:

Tenint en compte la manca d’estudis amb la proteina CCL4L i la confusa nomenclatura
tradicional entre CCL4 i CCL4L, alhora de fer la blsqueda entre els diferents
subministradors possibles, no ens vam limitar a comprovar que la descripcioé del producte
fos I'adequada, sind que vam accedir a la seqliéncia aminoacidica per tal de contrastar-
la. La nostra sorpresa va ser que, en alguns casos, les sequiéncies adscrites a CCL4 i
CCLA4L, tenien errors importants que invalidaven totalment I'Us d’aquestes proteines en
qualsevol estudi minimament rigordés. Cal destacar que entre les empreses que
presentaven errors de seqléncia n’hi havia de punteres en la comercialitzacié de
proteines recombinants i, concretament, de citocines i quimiocines. Malgrat que de
seguida vam advertir-los d’aquestes circumstancies, la no resolucié total d’aquestes
indefincions va fer que consideressim la possibilitat de posar en coneixement aquests fets
a la comunitat cientifica. L’objectiu era evitar que els investigadors arribessin a
conclusions imprecises en base a uns resultats obtinguts amb uns productes erronis,
alhora que preteniem alertar-los de la necessitat de contrastar a fons les caracteristiques
dels productes que ens arriben de terceres parts (com sén les empreses comercials). Cal
dir, pero, que l'article que es presenta a continuacié no pretén questionar la qualitat
general dels productes de les empreses citades (que, normalment, és forca elevada). Per
acabar es mostra el full de dades de la proteina recombinant CCL4L1 que ofereix una
altra de les grans empreses del sector com a bon exemple d’informaci6é d’'un producte. A
la descripcié del producte es citen els articles que proporcionen les dades essencials pel
consumidor. En aquest cas concret, a la descripcié de la quimiocina CCL4L1 apareix

I'article que forma part del capitol | d’aquesta tesi doctoral [123].

Finalment, tant sols afegir que, de cara a I'objectiu de realitzar estudis funcionals amb les
diferents variants de CCL4 i CCL4L, hem optat per sintetitzar totes les proteines d’interés
de forma recombinant. Aquest objectiu no forma part d’aquesta tesi doctoral, sindé que

n’és la continuacio, i s’esta desenvolupant actualment al nostre laboratori.
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CONFUSION BETWEEN CCL4 AND CCL4L1: AN EXAMPLE TO
BEAR IN MIND WHEN USING THIRD-PARTY REAGENTS

RESUMEN

(Es siempre fiable un producto comercial? Utilizando como
ejemplo las quimiocinas CCL4 y CCL4L1, este trabajo muestra
como existen cambios trascendentes en las secuencias de un pro-
ducto comercial. Las confusiones detectadas en las secuencias de
CCL4 y CCL4L1 pueden conllevar consecuencias importantes,
especialmente cuando se pretenden definir actividades funcio-
nales o efectos celulares de dichas moléculas. Remarcando estos
errores queremos también alertar a los investigadores de su res-
ponsabilidad al valorar todos los datos existentes sobre una molé-
cula concreta, basados en resultados obtenidos a partir de un pro-
ducto comercial, pudiendo llevar a cuestionar los resultados que
con su uso experimental se puedan desprender. Estas diferencias
son siempre importantes, pero lo son mas cuando afectan a pro-
veedores mayoritarios del sector, puesto que las interpretaciones
erréneas que se desprenden pueden irse perpetuando a lo largo
de la investigacion de ese campo.

PALABRAS CLAVE: Quimiocinas / Control de calidad.

61

Recibido: 6 Febrero 2007
Aceptado: 13 Marzo 2007

ABSTRACT

Is a commercial product always reliable? Using CCL4 and
CCLAL1 chemokines as a model, this work shows important chan-
ges in the sequences of a commercial product. The detected con-
fusions in CCL4 and CCL4L1 can entail important consequences,
particularly in experiments aimed at defining functional activi-
ties or cellular effects of these molecules. We point to these errors
to alert researchers of their responsibility in considering all the
existing data on a specific molecule obtained from a commercial
source, even leading to question the results that could be obtai-
ned by their experimental use. These sequence differences are
always important, but even more so when major suppliers are
involved, since wrong interpretations can be perpetuated in a par-
ticular research field.

KEY WORDS: Chemokines / Quality Control.
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Dentro de la superfamilia de las quimiocinas vy,
concretamente, en la subfamilia CC encontramos CCL3/MIP-
1oy CCL4/MIP-1p, dos quimiocinas inflamatorias altamente
relacionadas®. CCL3 y CCLA han evolucionado por duplicacién
desde un gen ancestral comtin y ambas quimiocinas presentan
una segunda copia no alélica (CCL3L1/LD78f y
CCLAL1/LAG-1) presente en ntimero variable en el genoma
humano®. Estas dos quimiocinas comparten la unién a
CCR5 que, a su vez, es correceptor de las cepas M-tropicas
del virus VIH-1.

Recientemente, el estudio inmunogenético de CCL4 y
CCL4L1 ha aportado nuevos datos que aumentan la
complejidad de estas dos moléculas mediante fendmenos
de corte y unién (splicing) alternativo del ARN, y por la
presencia de un polimorfismo que afecta el patrén de
transcritos de CCL4L1, generando nuevas variantes a partir
de estos dos genes®.

Como para otras quimiocinas, actualmente se pueden
adquirir comercialmente tanto CCL4 como CCLALI producidas
de forma recombinante. Aunque desde el afio 2000 existe
una nomenclatura unificadora para todas las quimiocinas
y sus receptores®, algunas casas comerciales atin utilizan
la denominacién antigua aunque la situacién mas frecuente
es que utilicen el nombre 0 nombres clésicos junto al nuevo
(por ejemplo CCL4/MIP-1p/ACT-2).

Pero toda esta complejidad supone que cada una de
estas variantes debe estar bien definida y, aunque puede
parecer sorprendente, hemos observado que se producen
indefiniciones en los productos ofrecidos por algunas
empresas. De hecho, el motivo de este escrito es alertar
de estas posibles indefiniciones a los usuarios y compradores
potenciales de quimiocinas, especialmente de aquellas
que, como CCL4 y CCL4L1, tienen variantes altamente
homologas.

El caso que aqui presentamos se refiere a la confusion
existente en cuanto a CCL4 y CCL4L1. Mas alla de ser util
para aquellos que estudian o usan CCL4, este trabajo plantea,
partiendo de la evidencia concreta de los datos de CCL4 y
CCLA4LI, la idea general de que es totalmente necesario
contrastar todas las caracteristicas de un producto que se
obtiene de terceras partes (habitualmente empresas que lo
comercializan) y que se usa de manera central en un estudio
experimental. Ello es especialmente relevante ante las
reticencias de muchos proveedores para proporcionar datos
complementarios de los reactivos, excusdndose en la proteccién
de su produccién comercial. Sin una evaluacion rigurosa
de estos datos, es posible llegar a “demostrar” conceptos
erréneos, que, especialmente cuando los proveedores son
mayoritarios en el campo, pueden llegar a perpetuarse como
ciertos a lo largo de trabajos sucesivos.
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Este hecho ha sido observado de forma muy evidente
en el caso de Peprotech (London, UK), una empresa que
suministra, a nivel mundial, productos relacionados con el
mundo de las citocinas. Mds alla de la aceptada, y
mayoritariamente contrastada, calidad de los productos de
Preprotech (que es una de las empresas lideres en el sector),
en su catalogo “Cytokine INDEX” encontramos las quimiocinas
CCL4/MIP-1p y CCLAL1/LAG-1 con confusiones importantes
en sus secuencias aminoacidicas definidas en este catalogo.
De hecho, los cambios mas importantes se detectaron en
la primera edicién de este catdlogo (aiio 2004). Nuestro
laboratorio puso en conocimiento de la empresa dichos
cambios (2006), y mds alla de agradecer nuestra precision,
no recibimos respuesta que justificase o pudiese al menos
cuestionar las consecuencias de estos errores. De hecho, en
la segunda edicién del “Cytokine INDEX” del afio 2006 (y
que es la que en el momento de redaccién de este trabajo
esta vigente) persisten atin algunos de ellos (aunque otros
se han subsanado), sin que en ningtn sitio se justifiquen o
se comenten las razones de estos cambios. Seguidamente
se describen las confusiones en los dos catalogos:

CYTOKINE INDEX, FIRST EDITION 2004

En el caso de CCL4/MIP-1p (ref. 300-09) encontramos que
la secuencia presente (tanto en su catilogo escrito como en su
pagina de Internet) contiene dos aminoécidos incorrectos: En
la posicién 22 aparece una histidina (H) en vez de una arginina
(R). Este error puede deberse a la existencia de un polimorfismo
descrito en esta posicion (rs3744595), pero en su homologa
CCILAL1® y no en CCL4 (segtin datos propios sobre 81 individuos
de nuestro pais, este polimorfismo tiene una frecuencia alélica
poblacional en nuestra regién del 8,05% (manuscrito en
preparacion)). Ademas, en la posicion 47 hay una glicina
(G) en vez de una serina (S). Este cambio aminoacidico es
precisamente la tinica diferencia que hay entre CCL4 (Sy,) y
CCLAL1 (Gy). Por tanto, bajo el nombre de CCL4 encontramos
una secuencia que corresponde a una variante polimorfica
poco frecuente de CCL4L1 (CCL4L1 H22) (Fig. 1).

En el caso de la quimiocina CCL4L1/LAG-1 (ref. 300-
58) existe, tanto en su catdlogo escrito como en su pagina
de Internet, la siguiente descripcién: “LAG-1 is identical to
MIP-1p (ACT Il isotype) except for one amino acid substitution
of arginine for histidine at position 22 of the mature protein”.
Esta descripcién es incorrecta ya que la tinica diferencia
entre CCL4/MIP-1f y CCL4L1/LAG-1 a nivel de proteina
madura es el cambio ya mencionado Sery; (CCL4) — Glyy
(CCLA4L1). Ademas la sustitucion R22H corresponde, como
se ha dicho anteriormente, a una variante polimdrfica poco
frecuente de la propia CCL4L1. Sorprendentemente,
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ECL4 AFHGE D P TAC Sy TARE L PR VY BV ET S S LS AV TEREEOVERDT SESWVIEYVYDLELN
CCLAL1 AFMGSDFPTACCEBYTARKELFRNEVV DY YETS8LCSGFAYVEQTERGROVCADFSESHVIETVYDLELN
CCLALL Hiz AFMGE D FFTRCCF ST TARELFANFVV DT TET S S LS OFAVVFUTERGEOVCADFSESWVIETVIDLELN

Ref.300-08 (0CL4) ¢ Cytokine INDEX,
AFHGE DR P TR R S Y TARKL FHN VDY YETS S LO S ORAVVEOTRRGHOVCADFSESWVOE YWY DLELN

second edition 2006,

first edition 2004. wew.praprotech.com

Ral, J00=-08 [CCL4) : Cytokine INDEX,
APMGSDPPTACCFSYTARKL PHNEVVDY YETSS LOSOPAVV FOTEREKOVEADPEESHNVOEYVYDLELN
Ref. 300-58 (CCLAL1) : Cytokine INDEX,
APHGEDPPTACCFSY TAREL PRV DY YET S S LCS OGP AW PO THRGEOVCADPSESWVIEYVYDLELH

first and second edition. www.preprotech.com

Figura 1. Alineamiento de las secuencias de CCL4, CCL4L1 y CCL4L1 H22, y de las referencias que figuran en los catdlogos de Peprotech como CCL4 (ref. 300-
09) y CCL4L1 (ref. 300-58). En negrita se destacan los aminodcidos de la posicion 22 (R/H) y 47 (S/G). Los motivos BBXXB y BBXB implicados en la union a

GAGs estdn subrayados.

contradiciendo la propia descripcion, la secuencia que se
muestra es la realmente correcta para CCL4L1 (con los
aminoacidos Ry y Gy) (Fig. 1).

CYTOKINE INDEX, SECOND EDITION 2006

En el caso de CCL4/MIP-1p (ref. 300-09) se mantiene el
error en el aminoécido 22 [aparece una histidina (H) en vez
de una arginina (R)]. Por otra parte se ha corregido la
confusién en la posicién 47, donde ahora aparece la serina
(S) que define esta quimiocina. Sorprendentemente esta
correccién no aparece en su pagina de Internet a dia de hoy
(febrero 2007).

En el caso de CCLAL1/LAG-1 (ref. 300-58) no hay cambios
respecto la edicion del 2004 (se mantiene la descripcién
incorrecta tanto en el catdlogo como en Internet pero la
secuencia es correcta).

Las consecuencias de los errores que aqui se explicitan
pueden variar en funcién de las aplicaciones para las que
se adquieran estas quimiocinas. Existen muy pocos datos
sobre la diversidad funcional entre CCL4 y CCL4L1 ya que
la descripcion genética es de 1990 pero la constatacion de
la importancia de diferenciar entre ambas quimiocinas se
hace patente hace tan s6lo unos tres afios?”. Aunque estos
datos no permiten definir diferencias significativas a
nivel de quimiotaxis, afinidad de unién a CCR5 y bloqueo
de la infeccién por VIH®, diferencias funcionales entre
CCL4 y CCL4L1 son esperables y en ningtin caso deben
excluirse, puesto que hasta ahora todas las evidencias
funcionales descritas han sido obtenidas siempre en ensayos
in vitro. Asi son esperables funciones distintas, explicables
por el hecho de que el tinico aminoacido de diferencia entre
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CCL4 y CCLAL1 (Seryy—Glyyy) se encuentra formando parte
del motivo BBXB (donde B representa un aminoacido basico
y X equivale a la Sery; o Glyyy), critico para la unién de las
CC quimiocinas inflamatorias a los glicosaminoglicanos
(GAGS)(9, 10). Dicha unién se ha descrito recientemente
como esencial para la funcionalidad in vive de ciertas
quimiocinas (entre ellas CCL4)1V, y por tanto se deben
prever diferencias entre CCL4 y CCL4L1. Por otra parte
la sustitucion R22H (que corresponde a una variante
polimérfica de CCL4L1) también debiera tener influencia
en el mismo sentido, ya que la arginina 22 forma parte del
motivo BBXXB que, junto al ya mencionado BBXB, forman
las dos regiones de CCL4 implicadas en la unién a los GAGs
(Fig. 1). Hasta el momento existe una tinica publicacién que
pone en relieve la importancia del cambio R22H, indicando
que los individuos infectados por el virus VIH y con la
variante CCL4L1 H22 (ya sea en homocigosis o heterocigosis)
exhiben una peor supervivencia en comparacién a aquellos
que tienen la variante comtin CCLAL1 R22 en homocigosis®.

Cabe mencionar que la misma secuencia “errénea” que
Peprotech presenta para CCL4/MIP-1f también es ofrecida
por Research Diagnostics, Inc. (ref. RDI-309). En cambio
esta casa ofrece también CCL4L1/LAG-1 con la secuencia
correcta (ref. RDI-30589). Hay que decir que existen bastantes
otras casas comerciales que ofrecen CCL4/MIP-1f y unas
pocas que también ofrecen CCL4L1/LAG-1. Muchas de
ellas no concretan la secuencia aminoacidica en su catalogo
o0 pagina de Internet. De las casas comerciales que ofrecen
estas quimiocinas, y en las que si se puede comprobar las
secuencias aminoacidicas, destacamos las siguientes: R&D
ofrece CCL4/MIP-1 (ref. 271-BME), USBiological ofrece
CCL4L1/LAG-1 (ref. L1050), ProSpec-Tany TechnoGene
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LTD ofrece CCL4/MIP-1f (ref. CHM-276) y Bioclone Inc.
ofrece CCL4/MIP-1p (ref. RCB-009).

Definir en qué grado estos cambios pueden haber
inducido errores de interpretacion en los resultados
publicados hasta la fecha, es tarea dificil de realizar cuando
la bibliografia sobre CCL4 (MIP-1p) contiene mas de 2.000
articulos y, aunque no todos involucran el uso de proteina
recombinante humana, son muchos los trabajos que usan
estos productos en la valoracion de la funcién de la
quimiocina. La falta de herramientas bioinformaticas para
seleccionar los articulos en base a la presencia de determinados
productos en el apartado de material y métodos hace muy
complejo poder valorar la repercusion de los problemas
apuntados.

En resumen, estamos ante una situacién que ejemplifica
la problematica que supone confiar trabajos experimentales
en base a productos de terceras partes. Creemos que es
responsabilidad de los investigadores valorar con rigurosidad
los datos existentes de una molécula concreta, basados en
resultados obtenidos a partir de un producto comercial,
especialmente cuando se pretenden definir actividades
funcionales o efectos celulares en moléculas producidas por
terceras partes. Esto es especialmente dificil cuando los
proveedores, por supuestos “motivos de seguridad en la
produccién”, no aportan datos relevantes de los productos
que venden. Las diferencias son importantes, especialmente
cuando afectan a proveedores mayoritarios del sector, puesto
que los errores de interpretacion pueden irse perpetuando
entre investigadores. Parece claro que los investigadores
independientes deberian siempre contrastar toda la informacién
disponible del producto que obtienen y exigirla a los
proveedores de los productos utilizados cuando los resultados
sean novedosos o supongan incongruencias con resultados
previos. Este criterio también deberfa aplicarse en las revisiones
de los articulos, exigiendo los datos pertinentes a esta
informacién basica. Los autores de este trabajo consideramos
especialmente relevante que, en el caso de productos
recombinantes, se disponga y evaltien los datos de secuencia
y de método de produccion.
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RD Recombinant Human
CCL4L1/MIP-1p Isoform LAG-1
Catalog Number: 3046-MB

Specifications and Use

Source + A DNA sequence encoding the mature human CCL4L1 (Ala 24 - Asn 92) (Accession #
NP_001001435; Zipfel, P.F. et al., 1989, J. Immunol. 142(5):1582 - 1590) was expressed in E. coli.

Molecular Mass ¢ Based on N-terminal sequencing, the recombinant human CCL4L1 starts at Ala 24 and has a
calculated molecular mass of approximately 7.8 kDa. Recombinant human CCL4L1 migrates as an
approximately 12 kDa protein in SDS-PAGE under reducing conditions.

Purity ¢ >95%, as determined by SDS-PAGE and visualized by silver stain.
Endotoxin Level ¢ < 1.0 EU per 1 ug of the cytokine as determined by the LAL method.
Activity ¢ Measured by its ability to chemoattract mouse BaF/3 cells transfected with human CCRS5.

The ED,, for this effect is typically 0.5 - 2.5 ng/mL.

Formulation ¢ Lyophilized from a 0.2 um filtered solution in PBS containing 50 ng of bovine serum albumin per
1 ug of cytokine.

Reconstitution ¢ Itis recommended that sterile PBS containing at least 0.1% human serum albumin or bovine serum
albumin be added to the vial to prepare a stock solution of no less than 10 ug/mL.

Storage + Lyophilized samples are stable for up to twelve months from date of receipt at -20° C to -70° C.
Upon reconstitution, this cytokine can be stored under sterile conditions at 2° - 8° C for one month
or at -20° C to -70° C in a manual defrost freezer for three months without detectable loss of
activity.

+ Avoid repeated freeze-thaw cycles.

Human CCL4L1

CCL4, also known as MIP-1p, is an 12 kDa 3 chemokine that is secreted by activated leukocytes, lymphocytes, vascular
endothelial cells, and pulmonary smooth muscle cells. CCL4 interacts with CCR5 to attract lymphocytes, NK cells, and immature
dendritic cells to sites of inflammation.' * CCL4 also blocks the entry of HIV into CCR5-expressing cells.® Human CCL4 and its
variants are encoded by two paralogous genes,’® one of which (SCYA4) encodes CCL4 itself.” The other gene (SCYAA4L) is found
in two alleles that give rise to CCL4L1 and CCL4L2, respectively.’ The human CCL4L1 cDNA encodes a 92 amino acid (aa)
precursor with a 23 aa signal sequence. Alternate splicing yields an isoform with a 40 aa internal deletion. The second allele
(SCYA4L2), encoding CCL4L2, is spliced into a variety of isoforms.® Human CC4L1 shares greater than 98% aa sequence identity
with CCL4 and CCL4L2. It shares 96% aa sequence identity with rhesus CCL4 and approximately 80 - 90% aa sequence identity
with bovine, mouse, rabbit, and rat CCL4. The gene copy number for CCL4L1 varies from zero to five, but this is not associated
with changes in mRNA or protein levels." CCL4 and CCL4L1 demonstrate comparable CCR5 binding, promotion of chemotaxis,
and inhibition of HIV replication in stimulated PBMC." " In vivo, the first two N-terminal amino acids of CCL4 are removed by
DPPIV. The truncated form is as active as full-length CCL4 and gains the ability to bind CCR1 and CCR2b."* " Similar proteolytic
processing of CCL4L1 has not been described.
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R COLOBRAN RESULTATS

4.3. CAPITOL 111

OBJECTIU:

Determinar la distribucio poblacional mundial del nombre de
copies de CCLAL i dels seus SNPs més rellevants, utilitzant un
protocol que ens permeti discriminar el nombre exacte de copies
de cada al-lel en individus heterozigots amb més de 2 copies de
CCLA4L. Establir si existeix correlacio entre el nombre de copies

de CCL4L i les frequéncies dels SNPs.
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Population Structure in Copy Number Variation (CNV)
and SNPs in the CCL4L Gene.

Roger Colobran, David Comas, Rosa Faner, Edurne Pedrosa,
Roger Anglada, Ricardo Pujol-Borrell, Jaume Bertranpetit, Manel
Juan.
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R COLOBRAN RESULTATS

4.3.1. CONSIDERACIONS PREVIES SOBRE L’ARTICLE

Durant la fase final de l'estudi descrit al capitol I, va sortir publicat un treball que
evidenciava que els gens CCL3L i CCL4L es trobaven en nombre variable de copies en el
genoma huma [107]. Aquest estudi, realitzat en poblacié caucasica, també demostrava
que, en el cas de CCL3L, el nombre de copies del gen estava relacionat amb els nivells
d’expressio de la proteina. Curiosament, no trobaven aquesta relacié en el cas de CCL4L.
Malgrat que les raons que expliquen aquesta manca de correlacié per a CCL4L poden ser
diverses cal destacar que: a) aquest article presentava incongruéencies de seqiéncia en la
definicié de CCLA4L respecte CCL4 i, b) els autors desconeixien I'existéncia de les dues
variants al-leliques principals de CCL4L (CCL4L1 i CCL4L2), publicades posteriorment a
aquest treball, i que poden ser importants ja que comporten diferéncies notables

d’expressio.

4.3.2. RESUM DE DADES DEL TERCER CAPITOL:

La rellevancia del fet que CCL4L (a I'igual que CCL3L) es trobés en nombre variable de
copies al genoma huma, va fer plantejar-nos I'aprofundir sobre aquest tema. A més a
meés, tenint en compte la detallada descripcié del complex panorama genetic i
transcripcional de CCL4-CCL4L que haviem realitzat [123], no podiem deixar d’estudiar
un aspecte tan important com la CNV que afectava a CCL4L. Amb aquest proposit es va
dissenyar un protocol per quantificar el nombre de copies géniques de CCL4L per PCR a
temps real, inicialment utilitzant sondes FRET (utilitzant un aparell Lightcycler®, de
Roche) i posteriorment adaptant-lo a I'Gs de sondes TaqMan® (per utilitzar als
termocicladors a temps real d’Applied Biosystems). En ambdés casos, la idea basica del
metode és comparar en una mateixa mostra (sistema multiplex) I'amplificacié del gen
CCL4L amb un gen de referéncia que presenti sempre 2 copies/genoma diploide.

Per a tenir una idea de I'estructura i distribucié poblacional del nombre de copies de
CCL4L, vam decidir que seria interessant incloure mostres de poblacions humanes de
diferents parts del planeta. La col-laboraci6 amb els doctors Jaume Bertranpetit i David
Comas del departament de biologia evolutiva de la Universitat Pompeu Fabra, ens va
permetre utilitzar per a aquest estudi el panell de mostres HGDP-CEPH [sigles
corresponents al Human Genome Diversity Project (HGDP) de la Foundation Jean Dausset
(CEPH) a Paris] [124]. Basicament es tracta de 1064 mostres de DNA genomic (gDNA)
corresponents a 1051 individus de 51 poblacions mundials diferents. Aquestes mostres
van ser recollides sota criteris molt estrictes per diversos laboratoris pertanyents al HGDP
i al CEPH i la informaci6é de cada mostra es limita al sexe de l'individu i la poblaci6 i
origen geografic. El panell de mostres HGDP-CEPH ha estat i és utilitzat en nombrosos

estudis genétics de prestigi [109, 125-127]. El fet d’haver d’analitzar un nombre tan
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elevat de mostres va fer decidir-nos per I'Gs del protocol amb sondes TagMan per la
possibilitat d'utilitzar plaques de 384 pous en un termociclador 7900 d’Applied
Biosystems.

Paral-lelament a la quantificaci6 del nombre de copies de CCL4L, preteniem també
genotipar les mateixes mostres per a I'SNP descrit en I'article del capitol | (rs4796195) i
per un altre SNP de CCL4L (rs3744595) que s’havia publicat feia poc com un factor
d’'influéncia en la supervivéncia dels individus infectats pel virus HIV [128]. Un dels
problemes a priori de la genotipificacié era (i és) que en gens amb nombre variable de
copies no és evident el nombre de copies que corresponen a cada al-lel en casos de
mostres heterozigotes amb més de dues copies; per exemple, una mostra que tingui 3
copies de CCLA4L i sigui heterozigota per a I'SNP rs4796195 (que presenta les variants
al-leliques L1 i L2) pot tenir: a) 2 copies de l'al-lel L1 i 1 copia de I'al-lel L2, o b) 1 copia
de I'al-lel L1 i 2 copies de I'al-lel L2. Aquesta situacié es pot complicar forca més en casos
de mostres heterozigotes amb 4, 5, 6 0 més copies de CCL4L. Per tant vam decidir que
una de les fites importants d’aquest treball era establir un sistema de genotipificacié que
ens permetés determinar el nombre exacte de copies de cada variant al-lelica de CCLA4L.
En aquest cas un protocol de genotipificaci6 que incloia I'is de sondes FRET (i no
TagMan) va fer-ho possible.

Tal i com es veura en l'article, aquest treball ens ha permés tenir una visio clara i global
de I'estructura poblacional pel qué fa a la variabilitat de nombre de copies de CCL4L i a la
distribucié de frequéncies dels dos SNPs estudiats. El treball també posa en evidéncia la
necessitat d’'un protocol adequat per analitzar conjuntament CNVs i SNPs, especialment

en estudis de susceptibilitat/resisténcia a malalties.
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ABSTRACT

The recent description of a large amount of copy number variation (CNV) in the human
genome has extended the concept of genome diversity. In this study we integrate the analysis
of CNV and SNPs, combining the assessment of gene copy number with the genotyping of
relevant SNPs in human CCL4L chemokine gene. CCLAL is a non-allelic copy of
CCL4/MIP-1pB chemokine and displays a CNV that includes also the CCL3L gene, a non-
allelic copy of CCL3/MIP-1a.. This CNV and two functionally relevant CCL4L SNPs
(rs4796195 and rs3744595) have been recently associated to HIV pathology in three
independent studies. We have quantified the CCL4L copy number and genotyped both SNPs
in samples from HGDP-CEPH Diversity Panel. For the first time, we report worldwide
population data combining both types of variation, CNV and SNPs, and our results show a
clear population differentiation which is three times greater in the CNV than in the SNPs in
CCLAL gene. A strong correlation between CCL4L CNV and one of the SNPs analysed is
found, whereas no significant linkage disequilibrium is found between the two SNPs despite
their close distance (647 bp), suggesting a recent appearance of the second SNP when the
diversity in the first one and CNV had already been generated. The present study points out
that, in genes with CNV, it may be a key issue to combine the assessment of gene copy
number with the genotyping of relevant SNPs to understand the phenotypic impact of

genome variation in the immune response.
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INTRODUCTION

Human diversity at the DNA level ranges from structural variation (such as
duplications, deletions, insertions and inversions) to single nucleotide polymorphisms
(SNPs). Until recently, SNPs have been the dominating type of variation explored in the
human genome since it had been thought that SNPs account for much of the normal
phenotypic diversity. However, the presence of copy number variation (CNV) in normal
individuals has been recently reported as the major type of genetic diversity among humans
(1, 2), accounting for 12% of the genome (3, 4). CNV involves DNA fragments about one
kilobase or larger and, despite their heterogeneous distribution throughout the genome, there
are no large stretches of the genome exempt from CNV (5). Nonetheless, fine sequence
analyses among the members of a CNV have only been reported for very specific cases
known before the CNV concept, such as colour-vision or immunologic functions (6, 7).
Several examples of CNV affecting genes of the immune system have been previously
described (e.g. a/p-defensins and Fcgrlll) (7-9). From the broad HLA polymorphisms to
antigen receptor diversity by recombination, molecular differences form the basis for the
efficiency of the immune response. In fact, the diversity of some gene families in the immune
system has become a model of molecular diversity. One of these families is the chemokine
superfamily, small structurally related cytokines that have evolved to form, in humans, a
complex network of proteins able to carry out many diverse immune/non-immune and
inflammatory/homeostatic functions (10, 11). Most, if not all, chemokines probably arose by
gene duplication from a single ancestral gene and this fact is clearly reflected in the genomic
organization of inflammatory chemokines: these genes are grouped in discrete chromosomal
locations forming clusters and miniclusters that are considered single entities based on their

overall function (12, 13).
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CCL3 (MIP-1a) and CCL4 (MIP-1p) constitute, together with CCL18 (PARC), an
interesting minicluster model of chemokine evolution located on chromosome 17g12. CCL3
and CCL4 genes were formed by duplication of an ancestral gene and CCL18 is an unusual
large chemokine gene generated by fusion of two CCL3-like genes (14, 15). Additionally,
CCL3 and CCL4 both have a second non-allelic copy, CCL3L (LD78p) and CCL4L (LAG-1),
that code for two highly similar proteins (>90% identity between CCL3 and CCL3L proteins,
and >95% between CCL4 and CCLAL proteins) (16, 17). CCL3L and CCLA4L exhibit copy
number variation (CNV), meaning that these genes are present in variable copy number in the
human genome (18). Regarding the CNV found in the CCL3L and CCL4L genes, it seems to
have been generated by duplications of a 120 kb stretch in this region of chromosome 17
(including CCL3L, CCLAL and other non-related loci) (19, 20). However, two key points
should be emphasized: i) there are some individuals that lack the CCL3L-CCLA4L tandem, and
ii) there are haplotypes with different gene copy number (meaning that the gene copy number
of both genes can be different in a single chromosome) (18). Evidence of a functional
significance for the CCL3L CNV has been described by Gonzalez et al. demonstrating their
influence on HIV susceptibility (21). According to Gonzalez et al., the strength of the
immune response based on CCL3L activity depends on the relative gene copy number of the
individual in relation to the mean copy number of the ethnic group to which the individual
belongs. This fact has two relevant implications: i) there is a complex ethnic-specific
adaptation of different factors in the immune response, and ii) the knowledge of the
population-specific variation and the worldwide distribution of copy number should be
approached in order to unravel individual susceptibility and response to pathogens.

In the case of CCL4L, and in addition to the CNV, a recently described SNP
(rs4796195) in the acceptor splice site of intron-2 generates a new complex splicing pattern

(19). This polymorphism creates two allelic variants: CCL4L*1, the original variant (that will
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be called L1), and the new described variant, CCL4L*2 (or L2 allele) which has been
associated with HIV susceptibility in a case-control study (19). Additionally, another SNP in
the exon-2 of CCLAL gene (rs3744595) leads to a non-conservative amino acid change
(Arg22His), likely to have functional implications. These two alleles will be called R for
Arginine and H for Histidine. Initial evidence suggest that this polymorphism can influence
the survival of HIV+ patients (22). These previous studies do not take into account the
CCL4L CNV and, in fact, despite the growing interest in the identification of these CNVs and
their phenotype implications to the individual structural variation found in humans (3, 23), no
data combining both types of polymorphisms is available, and the extent of independence
between both types of variation (CNVs and SNPs) is still unknown.

The main aim of this study is to combine and correlate the information provided by
the CNV and the SNPs in the CCL4L gene, analyzing their population structure and variation,
a key factor in understanding individual immune response. We have analyzed the worldwide
distribution of CCL4L copy number and genotyped two relevant SNPs determining the
distribution of alleles in heterozygous multicopy samples, showing their independent
structure and complexity, that cannot be ignored when analysing the impact of chemokines in

the response to pathogens.
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MATERIALS AND METHODS
Samples

A total of 1,064 individuals from 52 worldwide populations included in the Human
Genome Diversity Panel (HGDP) (24) were analysed for the CCL4L copy number
determination and genotyped for the SNPs selected. From the original panel, several
duplicated samples were used as internal controls and some atypical individuals were
ignored. The panel used is the H1048 according to Rosenberg et al. which includes 1,048
individuals (25). For some of the analyses, individuals were pooled into seven broad
continental regions: sub Saharan Africa (SSAFR), Middle East/North Africa (MENA),
Europe (EUR), Central/South Asia (CSASIA), East Asia (EASIA), Oceania (OCE) and

America (AME).

CCLAL copy number determination

CCLA4L copy number determination was performed by using real-time PCR (rt-PCR)
in an ABI PRISM® Sequence Detection System 7900 Instrument (Applied Biosystems).
Using the Custom Tagman® Gene Expression Assay Service (Applied Biosystems), a mix of
unlabeled PCR primers and a TagMan® MGB probe, FAM™ dye-labeled was designed to
amplify specifically CCL4L and clearly discriminate CCL4L from CCL4. Primers and probe
sequences are as follows: sense primer (located at intron 2) 5’-
CATGGTCAGGCAGAGGAAGATG- 3’; antisense primer (located at exon 3) 5’-
GCTTGCCTCTTTTGGTTTGGAAT- 3’; probe (located at intron 2, in a region that is
deleted in CCL4) 5’-TACCACAGGCAAGGGAT- 3’ (FAM labeled). As a control,
TagMan® RNaseP Control (Applied Biosystems) was used following supplier’s
recommendations. The amplification protocol for this reaction was: 10 minutes of initial

setup at 95°C, followed by 40 amplification cycles (15 seconds of denaturation at 95°C and
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60 seconds of annealing/extension at 60°C). For each sample, amplification of the target gene
(CCLA4L) and a control gene (RNaseP, that has 2 copies per diploid human genome) was
performed in the same well (multiplex format) and by duplicate. To generate standard curves
we used six serial 1:2 dilutions (146.4 — 4.57 ng) of genomic DNA from CEM cells (known
to have two copies of CCLA4L per diploid genome as proved by Southern blot densitometry)
(18). Each standard curve dilution was run in triplicate in each PCR plate (384 wells) for
CCLA4L and RNaseP using the primers and probes described above (multiplex). The square of
the Pearson correlation coefficient (R2) for a standard curve was >0.97 (in case of lower
value, samples would have been repeated, although in our hands this situation was not
encountered). Threshold cycle (CT), the cycle number at which the fluorescence reaches a
fixed threshold, of each sample was determined and converted into template quantity using
the standard curves. Copy number was established as the ratio of the template quantity for
CCLAL to the template quantity for RNaseP, multiplied by two. Average copy number of
duplicates was calculated based on the ratio between sample and RNaseP single locus
control. We also calculated the standard deviation (SD) and which percentage represented the
SD with reference to the average, accepting only values <10% (in case of greater differences,
quantification of samples was repeated). Once all these steps were successfully done, we
assigned a real number of copies to each sample. We established a difference of +/- 0.25 as
the threshold to consider a result as a real number of copies (for example, a final number of
2.20 or 1.80 copies is considered as 2 real copies). This value, according to the distribution
found, is very conservative, with a negligible number of cases out of the established range.
When the final number exceeded the established threshold, the quantification of the sample

was repeated.

CCLAL SNPs genotyping
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CCLAL genotyping for rs4796195 and rs3744595 SNPs was performed using rt-PCR
with fluorescence resonance energy transfer (FRET) probes in a LightCycler Instrument
(Roche, Mannheim, Germany). For each SNP we used a pair of specific primers for the
CCLAL region where the SNP is located and a pair of FRET probes. Primers and probes
sequences for rs4796195 SNP are as follows: sense primer (located at intron 2) 5’-
GCAGAGGAAGATGCCTACCAC- 37; antisense primer (located at exon 3) 5’-
CTGAGTATGGAGGAGATGCGG- 37; anchor fluorescein—labeled probe (located at exon 3)
5-AGCGCAGACTTGCTTGCCTCTTTT- 3’; sensor LC-Red705-labeled probe (located at
intron 2/exon 3 junction) 5’-TTTGGAATCCGTAGAACAAGG- 3’. Primers and probes
sequences for rs3744595 SNP are as follows: sense primer (located at intron 1) 5’-
GGAATGGATACAAGGGACCA- 3’; antisense primer (located at intron 2) 5°-
CAGCCAGGGGTTGATACTC- 3’; anchor fluorescein—labeled probe (located at exon 2) 5°-
CAGAGGCTGCTGGTCTCATAGTAATCT- 3’; sensor LC-Red610-labeled probe (located
at exon 2) 5’-CCACAAAGTTGCGAGGAA- 3’. PCR reaction was performed in a final
volume of 10 ml; the reaction mixture contained 1 ml of LightCycler® FastStart DNA Master
HybProbe, ImM primer sense, 0.2 mM primer antisense, 0.2 mM of each hybridization probe
(anchor and sensor), 2 mM of MgCI2 and 2 ml of template DNA (the amount of DNA added
to each PCR reaction was between 10-20 ng). The amplification protocol for these reactions
was: 10 minutes of initial denaturation and activation of the FastStart enzyme at 95°C,
followed by 45 amplification cycles (5 seconds of denaturation at 95°C, 6 seconds of
annealing at 55°C and 10 seconds of extension at 72°C). Melting curves were generated
following these steps: 95°C for 0 seconds, 65°C for 15 seconds, 42°C for 270 seconds (all at
a ramp rate of 20°C/second) and 80°C for 0 seconds (ramp rate of 0.05°C/second; acquisition

mode: continuous), followed by a cooling step of 30 seconds at 40°C.
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Numerical allelic discrimination in heterozygous individuals for rs4796195 and
rs3744595 SNPs

When two allelic variants are detected during the SNP genotyping process, it is not
straightforward, except in cases of two CCLA4L copies, to determine how many CCLA4L copies
present each allelic variant. To assess the exact number of CCLAL copies to each allelic
variant in heterozygous samples with more than two CCLAL copies, we used the melting
curves produced by FRET probes. Using the chart that plots the first negative derivative of
the sample fluorescent curves, the melting temperature of each sample appears as a peak.
Displaying the melting temperatures as peaks makes it easier to distinguish each sample’s
characteristic melting profile and to discern differences between samples. Our genotyping
analysis result data included each sample’s melting temperature and also the size of the area
under each sample’s melting peak. For each SNP, each allelic variant showed a characteristic
Tm: for SNP rs4796195, the L1 and L2 variants show a Tm of 53+0.5°C and 62+0.5°C
respectively, whereas the SNP rs3744595, the R (Arginine) and H (Histidine) variants
showed a Tm of 55.5+0.5°C and 48+0.5°C respectively. In case of heterozygous samples, the
ratio between the areas’ peaks allowed us to ascribe the exact number of CCL4L copies to

each allelic variant.

Statistical analysis

Data sets were analyzed using Sigmastats software. When necessary, the results were
expressed as the mean value + SD. A Pearson correlation test was applied to the data sets to
determine statistically significant correlation differences.

In order to assess the population structure, Fst values based on the individual CNV
were calculated with the ARLEQUIN package ver 2.000 (26). In order to apportion the

fraction of the genetic variance due to differences between and within continental groups,
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several analyses of the molecular variance (AMOVA) (27), were performed also using
Arlequin. AMOVA was performed both for the whole population set and for each of the
seven continental groups previously defined.

Linkage disequilibrium (LD) between rs4796195 and rs3744595 SNPs was measured
with D’ and r2 parameters with the Haploview software. Since CNV did not allow us to
phase unambiguously the alleles of both SNPs, LD was calculated taking into account the

149 individuals who exhibit a single copy of CCLA4L.
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RESULTS
Worldwide CCL4L copy number distribution and population structure

CCLAL copy number has been determined in the 1,048 individuals included in the
HGDP panel. Similar results were obtained analyzing smaller sets (H971 and H952) of
individuals (data not shown) (25). Results for each individual population are shown in Figure
1. The similarity of the population CNV distribution between CCL4L and CCL3L performed
in the same set of individuals is noteworthy (21). To give a more general view of the
worldwide distribution of CCL4L copy number, individuals were pooled into seven broad
continental regions and the mean of CCLA4L copy number was calculated. Sub Saharan
African populations display the highest number of CCL4L copies (mean = 4.32+0.63,
including individuals with 8, 9 or 10 copies), whereas Europe present the lowest copy number
(1.89+0.40), including a 25% of individuals with only one CCL4L copy. The number of
individuals without CCL4L gene was always below 5% in all continental regions (Sub-
Saharan Africa 0%, America 0%, East Asia 1.82%, Europe 2.50%, Central/South Asia
2.62%, Oceania 2.63% and Middle East/North Africa 3.41%).

In order to test the population differentiation concerning the CCLAL copy number, the
Fst statistic was calculated for the whole set of populations. A significant 0.12 (p<0.001) Fst
value was found, a value very similar to the average for 67 autosomal CNVs (0.11)
previously described in the four HapMap populations (4). When an analysis of the molecular
variance (AMOVA) was performed grouping the populations within the seven broad
continental regions, 9.26% (p<0.001) of the variation found in the copy number was the
result of differences between continental groups, and only 3.43% (p<0.001) were due to
differences within continental groups. This general heterogeneity found within continental

groups was significant in Asian (East Asia = 4.63%, p<0.001; Central/South Asia = 4.32%,
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p=0.004) and American populations (8.75%, p=0.002), whereas no significant differences
were found between populations within the rest of continental groups including Africa, which
is noteworthy as most other genetic markers show strong heterogeneity within the African

continent.

Population distribution of SNPs allelic and genotypic frequencies

One of the technical challenges in analysing SNPs within genes with CNV is the need
to establish the exact number of copies for each individual, then perform the SNP genotyping
and finally determine the numeric distribution of the allelic variants. The melting curves
characteristic for each of the two SNPs genotyped allowed us to quantify the number of
copies of each allelic variant for each individual. Figure 2 (A and B) shows the allelic
discrimination in copy number for L1 and L2 variants. Analysing the melting curve profiles
in different individuals with the same ratio of allelic copies we provided evidence of the
procedure reliability (figure 2C). The same rationale was used to distinguish R and H variants
(data not shown).

L1/L2 and R/H allelic distributions are shown in Figure 3. L2 frequencies (Figure 3A)
range from 13% in Oceania to 43% in the Americas, being polymorphic in all the populations
analysed. On the other hand, the H frequency is very low in most of the populations analysed,
the R allele being fixed in some of the samples, and almost not present in sub Saharan Africa
and America. Concerning the population structure of these SNPs in the dataset, an Fst value
of 0.04 was found for both polymorphisms (p<0.001), a smaller value than the one found for
the CCL4L CNV (0.12). When the populations were grouped according to continental areas,
3.82% (p<0.001) and 3.39% (p<0.001) of the genetic variation for the L1/L2 and the R/H
alleles respectively, was due to differences between continental regions. Nevertheless, the

genetic heterogeneity within continents was very low and only significant in sub Saharan
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Africa (3.51%, p=0.002) and Oceania (8.29%, p=0.043) for the L1/L2 polymorphism, and in
America (1.94%, p=0.029) for the R/H polymorphism.

The genotypic frequencies were also calculated considering that, in the case of genes
with CNV, what is usually called “heterozygous” are those that present the two allelic
variants in their genome regardless of their copy number (Figure 4). A relevant aspect is that
in genes with CNV the relationship between allelic and genotypic frequencies do not
necessarily maintain the Hardy-Weinberg equilibrium (HWE) due to the unbalanced
distribution of SNP variants among different copies of the gene in the same chromosome. For
L1/L2 genotypes, the detailed frequencies for each genotype in individual populations and
continental regions are shown in figure 4A. Interestingly, whereas the maximum
heterozygosity frequency expected following the HWE is 50%, there are three continental
regions that show a frequency over 50%: East Asia (66%), sub Saharan Africa (85%) and
America (86%), including specific populations of sub Saharan Africa and America with
heterozygosity values over 90%. On the other hand, R/H genotypes for continental regions

follow the HWE except for the Oceanic populations (figure 4B).

Correlation between CNV and SNPs in the CCLA4L gene

To better define the relationship between CNV and SNPs in the CCL4L gene, we
analyzed the correlation between the CCLA4L copy number and the frequencies of the two
analyzed SNPs using two different approaches: a) CCL4L copy number versus minor allele
frequency and b) CCL4L copy number versus heterozygous frequency (Figure 5). For the
L1/L2 copies, there is a strong correlation between CCL4L copy number and allelic and
heterozygous frequency (R=0.731, p<0.0001 and R=0.890, p<0.0001 respectively), pointing
to a common evolutionary history of these polymorphisms. For the R/H copies, a small

negative correlation between CCL4L copy number and allelic frequency (R=-0.491,
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p=0.0002) and a lack of correlation between CNV and heterozygous frequency (R=-0.186,
p=0.190) were found, suggesting that these two kinds of polymorphisms arose independently.
The opposite results of the two analyzed SNPs regarding to CCL4L CNV is in
agreement with the lack of linkage disequilibrium between them (r2=0.0185; p=0.097),
which has been calculated using data of individuals with one CCL4L copy (n=149). The
haplotypes found in these set of individuals consisted of 111 L1/R copies, 26 L2/R copies and
12 L1/H copies. No L2/H copies were found in the set analysed, this leads to a linkage
disequilibrium measure of D’=1. The lack of linkage disequilibrium between both SNPs,
which are at 647 bp distance, and the lack of correlation between CNV and L/H copies are

noteworthy.

86



DISCUSSION

The study of the functional implications of genetic diversity has generated a large
amount of data involving SNPs in many pathologies as well as in non-pathological processes
(28-30). Recently, the widespread presence of CNVs in the genomes of healthy individuals
with no obvious genetic disorders has been described in a few populations (1, 2), but
relatively few data has been reported regarding CNVs and disease resistance or susceptibility
(9, 21). Regarding this point, the main aim of our work was to link the analysis of SNPs and
CNVs within a worldwide framework to achieve a more powerful tool in the future
determination of genetic basis of susceptibility or resistance to disease. It seems clear that
genes with CNV require a non-conventional method to study their SNPs, and this is the
reason why we established a clear and precise approach to solve this problem. We focused on
the CCLAL gene, which provides one of the best examples of CNV in the human immune
system (CCLA4L copies in our population set range from 0 to 10) combined with the presence
of interesting SNPs (rs4796195 and rs3744595 both related with HIV pathology) and the
study was carried out in a large set of populations to provide a global idea of the contribution
of each element and to detect the possible interactions between them. The knowledge of the
intra- and inter-population variation seems to be the key parameter in understanding the
individual chemokine immune response, beyond the knowledge of the individual genetic
composition (21).

The CNV analyzed in this study belongs to the multi-allelic CNVs (see CNV
classification in (4)) and extends across a 120 kb stretch in the q12 region of chromosome 17
that includes CCL4L and CCL3L genes. The high level of similarity between them, common
gene strand orientations, comparable intergenic distances, and amino acid similarities

strongly argue for non-allelic recombination as a mechanism responsible for the origin of one
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of these gene pairs (20). Complex patterns of copy number variation have been described at
sites of segmental duplications with several genes involved in the repeated segment (31, 32).
To date, CCL4L and CCL3L are the only chemokine genes that are present in the human
population at variable number of copies. Interestingly, while there are often equivalent
numbers of CCL3L and CCLA4L genes, there are some exceptions suggesting that these genes
are not simply coduplicated. Recently, Gonzalez et al. (21), quantified the CCL3L copy
number in the same individual cohort (HGDP) and, although the CCL3L raw data is not
available for comparison, CCLA4L results are highly concordant, although a slight lower copy
average of CCL4L gene is found compared to CCL3L in all populations and continental
regions. This high correlation between CCL4L and CCL3L copies strongly suggests the
involvement of both genes in the HIV susceptibility. The lower average of CCL4L copies
found in the present analysis is in agreement with the results of Towson et al. (18), who
quantified the CCL3L and CCLA4L gene copies in 100 individuals of European ancestry,
showing a 60% of samples with equal number of CCL3L and CCL4L genes, 33% having
more CCL3L copies compared with CCLAL (generally one or two copies more) and only a
7% of samples having more CCLA4L copies. All these results support the presence of a single
unit containing only one of these genes and being also susceptible to duplication. Thus, the
consideration of both genes as a single repeat unit is an oversimplification, as it is also the
consideration of the raw number of repeats in the CCL4L region. This additional complexity
found in the CCL3L-CCL4L CNV implies that it is necessary to check if all the genes spread
through a region with CNV are the result of a single duplication/deletion process.

The CCL4L CNV described shows a clear population differentiation, similar to that
previously found on 67 autosomal CNVs with the HapMap samples. Besides this continental
differentiation in CNV, Asian and Amerindian populations exhibit a genetic heterogeneity in

copy number whereas the rest of the continental groups are genetically homogeneous,
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including Africans. It is noteworthy that the CCL4L genetic differentiation between
populations is three times larger in CNV (Fst = 0.12) than in the SNPs analysed (Fst =0.04).
Thus, the population differentiation in relation to SNPs frequencies within the CCLA4L copies
iIs more homogeneous between and within continental regions than CNV. This result suggests
that the analysis of CNV might be more informative in unravelling population genetic
relationships than SNP variation but it does not allow a direct functional correlation.
Moreover, it suggests complex dynamics in the region as it cannot be explained as a variation
in the number of copies of pre-existing different units defined by their nucleotide
composition.

With regard to the SNP analysis, despite the relatively short distance between them
(647 bp), they are not in linkage disequilibrium (LD) and their worldwide distribution is very
different. The low frequency of the H allele worldwide, the absence of L2/H haplotypes, and
the lack of correlation between R/H polymorphism and CNV suggests that the H allele
appeared recently in a L1 copy background. Our results are compatible with the appearance
of the allele H once the L1/L2 diversity was already established. This would imply that the H
variant is completely associated with the L1 copy where it was generated. This fact would
explain why the H variant does not correlate neither with the CNV nor with L1/L2 variation
despite the short distance between both SNPs. It is also interesting to note the near absence of
the H variant in sub Saharan African samples, which reinforces the idea of the recent
appearance of the H allele in human populations.

Association studies have focused primarily on SNP genotyping. However, it is
important to determine whether CNVs are in linkage disequilibrium with common SNPs, and
thus if CNV could be assessed indirectly in SNP-based studies. Regarding this question,
although it has been shown that small indels and surrounding SNPs are in linkage

disequilibrium in the human genome (33), Redon et al. found that diploid copy number of
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multi-allelic CNVs is poorly predicted by neighbouring SNPs (4). Interestingly, among the
populations included in this study the L1/L2 variants (located inside the CNV) have a high
correlation with the CCL4L copy number, and, therefore, these variants could be used as a
proxy of the individual CCLAL copies. The possibility to determine the copy number of a
gene or group of genes through the genotyping of a SNP is an attractive approach since, to
date, SNP genotyping is an easier and simpler methodology than copy number determination.
As previously mentioned, the three CCLAL genetic variation elements (the CCLAL
CNV and both SNPs analysed) are involved in HIV pathology. However, each of them was
analysed independently in previous studies and it would be relevant to determine the specific
contribution of each one in susceptibility/resistance to HIV. Data of our study revealed that
sub Saharan African and Amerindian populations display the highest number of CCLA4L (and
CCL3L) copies (described as a HIV resistance factor) (21) but, at the same time, showed also
the highest frequency of the L2 allele (described as a HIV susceptibility factor) (19).
Conversely, the European populations display the lowest number of CCL4L-CCL3L copies
and also a low frequency of L2 allele. Additionally, the lack of correlation of the R/H variants
with CCL4L copy number increase the complexity in the interpretation of the role of these
three elements. The balance between presenting a high or low number of CCL4L-CCL3L
copies (compared to the population distribution) and the L2 allele frequency, together with all
the other HIV susceptibility/resistance described factors (including the rs3744595 SNP role
in survival of HIV+ patients), could determine the final contribution of each element to this
pathology.
In genes with CNV it is important to combine the assessment of gene copy number with the
genotyping of relevant SNPs and it should now become standard in the design of all studies
of the genetic basis of phenotypic variation, in particular in studies of resistance/susceptibility

to disease. Moreover, the population variation is, in some cases, a key factor to understand
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the individual susceptibility. We envisage that this integrated analysis will result in a better

comprehension of these two most important genetic variability generating mechanisms.
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FIGURE LEGENDS

FIGURE 1. CCLAL copy number in worldwide populations
Results are shown as mean (column) and SD (bar) for each individual population.
Populations have been grouped into seven broad continental regions and the CCL4L mean

copy number and the standard deviation is shown in brackets.

FIGURE 2. L1 and L2 allelic discrimination in heterozygous individuals

(A) Melting curve profiles for rs4796195 genotyping. The first negative derivative of the
sample fluorescent curves is represented. Each allelic variant (L1 and L2) shows a peak with
a characteristic melting temperature. The size of each peak is related to the number of copies
of CCLAL that display each allelic variant. Samples with the same copy number of each
allelic variant (N:N) show equivalent peaks. Additional examples of different observed
combinations are shown. (B) Numerical calculation to ascribe the exact number of CCL4L
copies to each allelic variant using the ratio between the areas’ peaks. Samples with the same
copy number of each allelic variant (N:N) have a ratio of 1. Additional examples of different
combinations are shown. (C) Reliability and reproducibility of allelic copy number
determination for L1 and L2 allelic variants. Different examples of same ratios from different
heterozygous individuals are shown as overlapped curves. Each curve represents an
individual and the total number of CCLAL copies of each individual is given as the sum of

L1 plus L2 copies.

FIGURE 3. L1/L2 and R/H allelic frequencies in worldwide populations

Results for each individual population (bar graphics) and continental region (circular

graphics) are shown.
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FIGURE 4. L1/L2 and R/H genotypic frequencies in worldwide populations
Results for each individual population (bar graphics) and continental region (circular
graphics) are shown. Individuals lacking the CCLAL gene are included. “(n)” means the

presence of each allele in a variable copy number.

FIGURE 5. Correlation between CCLAL copies and L1/L.2 and R/H polymorphisms
Each dot represents an individual population. Two types of correlations are shown: A) and B)
CCLAL copies versus minor allele frequencies for L1/L2 and R/H respectively; and C) and D)
CCLAL copies versus heterozygous frequencies for L1/L2 and R/H respectively. Two
populations (Namibia and New Guinea) have been excluded of this analysis due to their

outlier positions.
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4.4. CAPITOL IV

OBJECTIU:

Realitzar una mapa exhaustiu de I'organitzacié genomica dels
membres de la superfamilia de les quimiocines i establir
connexions entre aquesta organitzacié genomica i les seves

funcions.

ARTICLE:

The chemokine network. 1. How the genomic organization
of chemokines contains clues for deciphering their
functional complexity.

R. Colobran, R. Pujol-Borrell, M* P. Armengol and M. Juan.

Clinical and Experimental Immunology, 2007, 148: 208-217.
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4.4.1. CONSIDERACIONS PREVIES SOBRE L’ARTICLE

Un dels aspectes que vam tenir en compte a l'inici de la meva etapa pre-doctoral va ser
el de no centrar excessivament meva tasca de recerca a aspectes molt concrets del
sistema immunitari. La idea era combinar la investigaci6 enmarcada dins el projecte de
recerca especific (en el nostre cas, l'estudi de la diversitat de les quimiocines CCL4 i
CCL4L) amb la formacié general en el camp de la immunologia, amb un émfasi
preferencial en les quimiocines en general. Per tant, tot el procés d’investigacio de les
quimiocines CCL4 i CCL4L, es combinava amb I’estudi global sobre la superfamilia de les
quimiocines. El biaix genétic que va anar prenent el projecte, també va influir en aquesta
visio general que preteniem tenir sobre les quimiocines i el seu paper en la resposta
immune i, després d’exhaustives busquedes bibliografiques, vam adonar-nos de la manca
de publicacions que estudiessin les quimiocines intentant establir una relacié entre els
aspectes genetics i funcionals. En aquest punt van comencar a gestar-se les dues
revisions que es presenten en aquest capitol i en el seglent. S6n dues revisions
independents perd que mantenen un vincle conceptual i, malgrat que es poden llegir
perfectament per separat, I'ordre natural de lectura seria el que es presenta en aquesta

tesi que, de fet, és I'ordre en que han estat publicades.

4.4.2. RESUM DE DADES DEL QUART CAPITOL:

La primera revisi6, que es presenta a continuacid, pretén establir un lligam entre
I'organitzacié gendmica de les quimiocines i les seves mudltiples funcions. Cal tenir en
compte que la complexitat d’aquesta superfamilia (amb més de 40 membres i una gran
diversitat funcional) fa que sigui dificil iniciar-se en el seu coneixement. La nostra idea va
ser (i és) que I'estudi conjunt de com s’estructuren els gens de les quimiocines i de les
seves funcions facilita una visi6 més entenedora d’aquesta superfamilia. Aix0 és aixi per
la historia evolutiva d’aquestes molécules que, de forma general, s’estructuren en grups
de gens (o clusters) que codifiguen proteines amb funcions relacionades. Aquest estudi
presenta, a més a més, el primer mapa genétic complert que inclou tots els membres de

la superfamilia de les quimiocines humanes amb els seus respectius receptors.
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Chemokines: a special case of complexity

Summary

Chemokines are a superfamily of small structurally related cytokines that
have evolved to form a complex network of proteins that typically regulate
leucocyte traffic but also carry very diverse sets of immune and non-immune
functions. Two general features of cytokines, redundancy and promiscuity, are
particularly prominent in chemokines. In part, these properties result from
repeated processes of gene duplication and diversification, which has led
to the present complex genomic map of chemokines, which contains cases
of non-allelic isoforms, copy number polymorphisms and classical allelic
variation. This genomic complexity is compounded with pre-translational
and post-translational mechanisms resulting in a complex network of pro-
teins whose essential functions are maintained, constituting a remarkable case
of robustness reminiscent of crucial metabolic pathways. This reflects the
adaptation of a system under strong evolutive pressure, supporting the
concept that the chemokine system is essential for the coordination, regula-
tion and fine-tuning of the type of immune response. In this first review, we
analyse currently available data on the chemokine superfamily, focusing on its
complex genomic organization. Genes encoding essential inflammatory
chemokines are grouped into defined chromosomal locations as clusters and
miniclusters that, from the genetic point of view, can be considered single
entities given their overall functions (many ligands of a cluster bind to a few
shared receptors). We will try to interpret this genomic organization of
chemokines in relation to the main functions acquired by each individual
member or by each cluster. In a second review, we shall focus on the relation-
ship of chemokine variability and disease susceptibility.

Keywords: chemokines, evolution, genome, human, variability

low overall sequence identity: the chemokine scaffold con-
sists of a N-terminal region followed and connected via cys-

Chemokines are a large superfamily of small (approximately
8-15 kDa) structurally related cytokines that regulate cell
trafficking of various types of leucocytes to areas of injury and
play different roles in both inflammatory and homeostatic
processes [1-3]. To date, 42 chemokines and 18 chemokine
receptors (CKRs) have been identified in humans, but this
number does not take into account several described variants
that can increase their effective complexity.

Chemokines share from 20% to 95% of the amino acid
sequence identity and have been grouped into four subfami-
lies, CXC, CC, CX3C and C chemokines, according to their
structural cysteine motif found near the NH, terminus [4].
All of them adopt a similar folding pattern even in cases of

teine bonds to its core of three B-sheets and a C-terminal
o-helix. Chemokines carry out their biological functions
through binding to seven-transmembrane domain G
protein-coupled receptors expressed on different leucocytes,
endothelial and other cell types [5-7].

Based upon the site and circumstance of their expression,
chemokines can generally be classified as either inducible
(inflammatory) or constitutive (homeostatic). Inducible
chemokines are usually expressed under inflammatory
stimuli. In contrast, constitutive chemokines are expressed in
the absence of infection or damage, controlling from cell
trafficking in the embryo and foetus to homeostatic leuco-
cyte homing for immune surveillance.

208 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208-217
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In evolution, diversification through the generation of
multiple alleles is very common and the immune system
contains several groups of genes with prominent allelic
variation, the MHC genes being the most extreme example
in the human genome. The chemokine system constitutes a
less well-studied but very revealing case of how through
evolution, a complex network of genes has acquired a very
diverse set of related functions. In this review, we analyse the
existing correlations between the genomic organization of
the different groups of chemokines as clusters and miniclus-
ters and their linked function as we believe that this perspec-
tive will help to better understand the sometimes confusing
chemokine system.

How the chemokine network conciliates fine-tuning,
reliability and robustness with extreme variability
and phylogenic plasticity, by using redundancy and
promiscuity

To preserve the overall function, the chemokine network
is relatively insensitive to alterations of their individual
components. In fact, the chemokine superfamily has
achieved, in spite of its broad variability, a high degree of
robustness, mainly through the redundancy and binding
promiscuity of their ligands and receptors [8]. This type of
complexity is a general feature of cytokines, but reaches its
highest level in the chemokine superfamily. Chemokines are
redundant in their effects on the target cells (no chemokine
is uniquely active on one leucocyte population and usually a
given leucocyte population has receptors for different
chemokines), and the interaction with their receptors also
has considerable promiscuity (most known receptors inter-
act with multiple ligands and most ligands interact with
more than one receptor).

Although redundancy among chemokines is not univer-
sal, there is a considerable degree of functional overlapping
among some of them (this also applies to CKRs). The
chemokine/CKR system robustness makes it possible that
when one given chemokine or receptor is defective there is
usually an alternative set of chemokines or CKRs that can
maintain the main biological functions. This principle has a
striking exception: the CXCL12/CXCR4 pair. CXCL12 and
CXCR4-knockout mice show embryonic lethality [9,10],
providing a clear example of the wide range of biological
effects of chemokines, whose functions extend beyond
simply attracting leucocytes, taking part in organ develop-
ment, angiogenesis, angiostasis and immune regulation.

In spite of the fact that one chemokine might act on
different cells and, conversely, a single cell responds to many
chemokines, the role of chemokines in both inflammatory
and homeostatic processes is finely regulated case-by-case by
the secretion of specific sets of chemokines and by a spatial
and temporal control of chemokine production (as well as
regulation of receptor expression on particular leucocyte
subtypes). The comparison of the properties of each of the

Variability in chemokines. |

different ligands of a common receptor suggests the exist-
ence of additional mechanisms to limit redundancy [11].
Two ligands that share a given receptor may exhibit signifi-
cant differences in their affinity for the receptor, their ability
to bind to glycosaminoglycans (GAGs, see below), their
capacity to induce receptor desensitization, their half-life,
their susceptibility to protease modifications, or in the ter-
ritories of distribution (e.g. extracellular matrix, endothe-
lium, etc.). A new level of chemokine regulation has
emerged from the discovery that chemokines can also act as
receptor antagonists. By this dual-activity, chemokines
would attract or activate a population of cells bearing one
receptor, while at the same time preventing the recruitment
and/or activation of a different cell population via another
receptor [12].

Another important mechanism to control the chemokine
activity through regulation of chemokine levels in the body
is carried out by decoy receptors, defined as cell surface
ligand-binding proteins with high affinity and specificity for
chemokines, but which are unable to induce downstream
signalling [13]. Three of these so-called ‘silent’ receptors have
been identified, DARC [14], D6 [15-17] and CCX-CKR
[18,19], each of them interacting with a specific set of
chemokines. This chemokine scavenging is important for
maintaining chemokine homeostasis because efficient
recruitment of inflammatory cells requires low chemokine
levels in the bloodstream and high chemokine levels in the
target tissue.

In addition to chemokine G protein-coupled receptor
interactions, chemokines bind both to soluble glycosami-
noglycans (GAGs) and GAGs immobilized on cell surfaces
and the extracellular matrix. Chemokine immobilization
through the GAG interaction facilitates the formation of
haptotactic chemokine gradients and enhances their concen-
tration at the site of production [20]. Interestingly, recent in
vivo work exploiting recombinant chemokine mutants sug-
gests that oligomeric chemokine binding to GAGs is crucial
for biological responses [21]. Interaction with GAGs may
also provide another level of specificity and control to cell
migration, beyond that defined by receptor engagement, by
selective binding of certain chemokines to different types of
GAGs.

In summary, all these mechanisms seem to operate to
increase the selectivity of cell recruitment and, in more
general terms, to provide mechanisms to exert a fine control
of the variability, redundancy and promiscuity of the
chemokine network.

Genomic organization of chemokines

Genomic evolution, the first source of variability

Chemokine function probably preceded the origin of the
chemokine network as chemokine-like molecules have been
detected in sponges [22]. Numerous studies have pointed

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208-217 209
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out that most, if not all, chemokines arose by gene duplica-
tion of a single ancestral gene. In fact, chemokine and CKR
evolution can be traced through phylogeny from early ver-
tebrates to non-human primates [23] and, overall, chemo-
kines have expanded markedly their role in orchestrating the
immune response and in organizing the lymphoid tissue.
Co-evolution of pathogens with their hosts has led to adap-
tive changes where some pathogens, e.g. viruses, encode
chemokine homologues as part of their evasion strategy
[24,25].

During the evolution, the different options for gene vari-
ability (from genomic region duplications to point muta-
tions) have produced the present genomic organization of
chemokines in humans [26]. Many chemokines (just as
many chemokine receptors) are clustered in defined chro-
mosomal locations. Two main clusters have been recognized,
both of them codifying the essential inflammatory chemok-
ines: the CXC cluster, located in chromosome 4q12-21, and
the CC cluster, located in chromosome 17q11.2 (Fig. 1). The
chemokines that map in the CXC and the CC clusters seem
to maintain some specific functions: CXC cluster chemo-
kines recruit mainly neutrophils while CC cluster members
typically attract mononuclear cells.

Genes of the more recently identified CC and CXC
chemokines tend to be located in different chromosomal
locations, far from CC and CXC clusters. These chemokine
genes located away from the two major clusters correspond
to older genes in evolutionary terms, remaining better con-
served among species probably because of their very specific
functions (in contrast, the major CXC and CC chemokine
clusters were generated more recently). An important char-
acteristic of chemokine genes from the same cluster is that
they code for many ligands that interact with a few receptors.
Therefore, chemokine clusters are single entities based on
their overall function [4] (Fig.2). For this reason, in this
review we have used the genomic organization as the guid-
ance for discussing the chemokine system.

Human CXC chemokines subfamily

The human CXC chemokines subfamily comprises 15
ligands and six receptors in humans, and their functions
extend well beyond the immune system. Most CXC chemok-
ines are evolutionary recent and exclusive of mammals: only
CXCL12 (SDF-1) and CXCL14 (BRAK), two homeostatic
chemokines, have unambiguous orthologues in fish, suggest-
ing that they are the phylogenetically modern representatives
of the ancestral CXC chemokine [27].

Almost all the CXC inflammatory chemokines are located
in the chromosome 4 cluster, organized into two subclusters
or groups.

1 The centromeric subcluster contains the genes coding for
CXCL1 to CXCL8 (systematic names for GROa,, GRO,
GROY, PF4, ENA-78, GCP-2, NAP-2 and IL-8). All

members of this group, with the exception of CXCL4,
show the tri-peptide ELR (glutamic-leucine-arginine)
motif (next to the first conserved cysteine) implicated in
neutrophil chemotaxis through binding to CXCRI and
CXCR2, and also conferring on them pro-angiogenic
effects. Despite their similarities, each ELR+ chemokine
has distinct effects, due in part to their divergent abilities
to bind and activate CXCR1 and CXCR2. The redundancy
in ELR+ CXC chemokines and their receptors may
provide multiple levels of regulation that allow for specific
control of inflammation [28]. Completely different from
the other chemokines of this group, CXCL4 is an anti-
angiogenic ELR-negative chemokine. CXCL4 (mainly
found in platelets) inhibits endothelial cell proliferation/
migration and angiogenesis. Growing evidence suggests
that CXCL4 biology depends on its unusually high affinity
for heparan sulphates, rather than the binding to a well-
defined CXCR [29-31]. However, recently, CXCR3-B (an
alternatively spliced variant of CXCR3) has been identi-
fied as a CXCL4 receptor [32]. Besides, CXCL4 has a non-
allelic copy named CXCL4L1 (PF4V1) whose product,
although it only differs by three amino acids, has a more
potent anti-angiogenic factor [33,34], making it a very
interesting molecule for therapy [35].

2 The telomeric subcluster of inflammatory CXC chemok-
ines in chromosome 4 includes ELR-negative chemokines
CXCL9 (Mig), CXCL10 (IP-10) and CXCL11 (I-TAC).
These three chemokines bind to CXCR3 (CXCR3-A and
CXCR3-B) and attract activated Th1 lymphocytes and NK
cells. In contrast to ELR+ chemokines, these three
chemokines are potent angiostatic factors. Therefore the
CXC chemokines are a unique family of cytokines due to
their ability to behave in an opposite manner in the regu-
lation of angiogenesis through the ELR motif and this
different activity may have an impact on the pathogenesis
of a variety of inflammatory disorders [36]. Additionally,
CXCL9, CXCL10 and CXCL11 are natural antagonists for
CCR3, suggesting that chemokines that attract Th1 cells
via CXCR3 can concomitantly block the migration of Th2
cells in response to CCR3 ligands, thus enhancing the
polarization of T cell recruitment [37]. The recently dis-
covered CXCR3 receptor variant CXCR3-B (in addition to
the classic form, CXCR3-A) could explain the different
functions of CXCL9, CXCL10 and CXCL11 on distinct cell

types.

Aside from these two subclusters of CXC inflammatory
chemokines but in the same stretch of chromosome 4, we
find CXCL13, a homeostatic CXC chemokine constitutively
expressed in lymphoid follicles. It is the unique ligand of
CXCR5, and essentially contributes to B cell homing and
proper positioning of these cells within the microanatomic
compartments of secondary lymphoid organs [38] and spe-
cifically in defining the B and T cell areas in the lymphoid
follicles.

210 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208-217

115



Variability in chemokines. |

: @ ;
cxcL
Y b oxers S e J ccrz @
2 o A 4 ccL27 @ B 13.02K0
K 92.98 kb g X 26.87Kb 2 | ccLz
4 w e 4 ccLie @ H 13.43 Kb
N } excre D B 17.73Kb n y cori
- [ 4 ccrL21 @ ~
q 14.54Kb 2 N 30.86 kb
N | cxcLav @ = —-
o 14.33Kb < N == ccLs @
g J cxer1 @ N S 35.03 Kb
N n W
2 109.84 Kb o N | ccLis @
2 © 0 J ccL22 @ 2 1.76Kb
- g L 6.300Kb g 4 cert @
4 cxcLa @ oo | ex3scLy
5.08 Kb o8 19.72kp o
4 excLz @ ) } ccLiz @ a
7.46 Kb 2 ®
4 cxcis @ G N
37.90 Kb x
4 cxcLs @ S
58.35 kb o} mmt ceLs @
~7=
hioc: @D 35 ke @
~ z B 39.54 Kb 96.16 Kb
3 2E it @D
© - 4 ccLie @
a 21.60 Kb
3 o 4 ccL1a @
4 cxcLe @ - 10.93 Kb
13.63 Kb < 28 } ccLzs @ tecuis @
) 23 11.09 kb
4 cxcL10 O @
10,19 Kb N 4 ccrL23
4 cxcr11 @ 46,63 Kb
- .
" -9 o
© N .;S' J ccLis
o ®w } ceLzo @ 16.76 Kb
X 2Y¥ 4 ccLs
% % 13.73 Kb
o @@ s D
89.25 Kb
~~
o)
Qo E 9 4 ccLs @
; g 1 excLia @ z g 4 ccL2s @ 14.33 Kb
S = O  ccra2 @
69.94 Kb
~0
N 4 ccL3Le
; ) 1 cxcu12 @ -~ a 12.38 Kb
s ® H 4 xcL2 @ 4 ceaL @
e Vs 3263k 14.30 Kb
=N ¥ xcr1 @ | ccLaLy @
~0 Sw
P
nw 4 cxcLie @
N
2T
T m
S w

Fig. 1. Map of genomic organization of human chemokines. CC chemokines in red, CXC chemokines in green, CX3C chemokine in yellow and C
chemokines in blue. Distances between genes are expressed in Kb. Gene or cluster chromosomal location is expressed as a distance from the
beginning of chromosome (in Mb). Receptors are shown above each ligand. The orientation of each gene is showed by an arrow.

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208-217 211

116



R. Colobran et al.

€TdLT"9D

D pue MO[[24 Ul JUD{OWIYD DEXD “UIIIF UL SSUD[OWYD DY) ‘PA1 UL SIUDJOWIYD D)) “SII[BIL UL 1B SIUD[OWIYD J[IONPUI/INBISOIWOY JO SUONIUN] PUB PIUIIIPUN I8 SIUD[OWIYD d1ILISOIWOY
JO suondUNJ "UMOYS I I9)SN[D JUD{OWIYD 10 [enPIAIpuT £q PajaSie) (Suonde [enuasss pue) sad4) [[90 UrRy ‘saunjowayd jo uonduny pue uonezuesio dsrwousd usamiaq diysuoney g “Sig

TTbOT 4D

T€bS D

-+ = 4

9TT10XD

SIR2 LN

gzbt D

+H= = = == == -+

S99 L

T0X
270X

L

IR MIN
‘S92 L

(4 {:[-¥]

82100

sysejqewsefd y31

‘sa)AdoyduwA] Liowdux
Jo spasqns ‘sprydoutsoy

1
i
:

€2700 IEE
ST1DO Il

— TI¥100

T1€120

dI1€720
<100
€720

100

YT10X0

§{P3 n1puep

PUE SIJAI0UOTY

I Krowauy/10103ff2 ‘spj22

€100

1[99 JLIPUIP S[[D I, ‘SA)AI0UOIA]

T 4q pajuasaidar axe suondoUNJ ISTUOZEIUY "AN]Q UT SIUT{OUIYD

DEDED

Lgb-ggbz 1D T'ETd6T D

0zZ120

sj22 g puv sj12>

=D
T

ST

WOMNH—QOHUNE

PIICATIOE SIAIOWAY)
S1puUsp 2ampumy S99 onLpuaQ

$1030¥) dudE0I3UY
(moneadiu-uoneidyijoad spqiyar) |9 jerpPYIopuy

8 2 8 8 8 8 2 8
8 % d 8 8 8 ° 8 D>
= 0 N N [ N N N
N r N - © N s O
-
sa3kd0u0w _ _
_I ‘S1199 I, _l—l_
SR g
_|_ SR L S92 ZYL ‘SI199 Isew
‘sprgdours
S[Pd ZulL (an{s 3y ojur) Sidomsod
S0 qdwA |

TZb-1TbLT D

81120

122 2urpuIp

2.

I

(spydoxynau £77DD pue

‘sapdooyduid]

Tydoutsod osje STID0)
snkdoydu] ‘sa3kdomoA

100

B

1100
91130

[

(SJ122 Jsews pue
(yvam) sardouopy S|P IPUIP ‘S[[39 YN ‘sprgdomsod
‘spiydoseq wo osje) sajkdouour sfad J,

SII9D ZY L, ‘Sa1KI0UOA!

TZb-zTby 1D ._.. ._. ._| ]
0 0 0 0 0 0 0 0 0 0 0 0 0
X x x x X x xX X x x x x X
0 (o] 0 (e} (o] 0 0 0 (e} 0 (o] 0 (o]
- r- r - r - |l o [~ -
- = [ © N W u N » LI - ) ®
v e L1 11 L = 1 |
_ _||_.|_ $10)9¢) dtmadorISuy
suesio $10)98) JIR)0ISUY sprgdoaynan
PIOYAWA] ATEPH0IIS STI99 N “STId T9L
03 SuTwioy 1[99 g
€1bot'1D €1d6"1D €Z'1Tb"1D

© 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208-217

@ | &
T

L

— €T720
87120
1100
L7100

<120

S[199 JIN PUE I, PIILAIIE ‘$3)400U0IA!

spydomisoy

212

117



The three remaining CXC chemokines are mapped
separately in other chromosomes. The already mentioned
CXCL12 (SDF-1, chromosome 10) is a homeostatic CXC
chemokine widely expressed and showing a broad range of
actions, affecting immune cell chemotaxis to neural
development. CXCL12 appears to be particularly important
for the regulation of homeostatic traffic and distribution of
cells in the different compartments and subcompartments of
the immune system, for instance directing naive T cell traffic
through lymph nodes [39,40]. CXCL12 is important for HIV
infection because CXCR4, its only known receptor, is also the
membrane protein used by HIV T-tropic strains as a
co-receptor to entry into target cells [41-43].

CXCL14 (BRAK, chromosome 5) is also a homeostatic
CXC chemokine ubiquitously expressed in all normal
tissues. The structure of CXCL14 is considerably divergent
from all other chemokines, its receptor has not been identi-
fied and its activity is not yet well defined. However, it seems
that CXCL14 is chemoattractant for monocytes [44] and
denderitic cells [45,46] and recent data indicate that CXCL14
expression also inhibits tumour growth [47].

The last CXC chemokine, CXCL16 (chromosome 17) is, in
the strictest definition, a member of the CXC family but it is
distantly related to all known chemokines and might be phy-
logenetically closer to CC chemokines. Additionally, its
structure is similar to CX3CL1 in having a transmembrane
region and a chemokine domain suspended by a mucin-like
stalk [48,49]. Thus, CXCL16 not only attracts T cells and
NKT cells toward DCs but also supports their firm adhesion
to DCs [50]. Interestingly, after proteolytic cleavage by
members of the ADAM family of proteases, the chemokine
domain of CXCL16 can be released, attracting cells express-
ing the same receptor [51,52].

Human CC chemokines subfamily (and CX3C)

Within the cluster of pro-inflammatory CC chemokines in
chromosome 17, we clearly distinguish two subclusters:

1 Centromerically, we found CCL2, CCL7, CCL11, CCLS,
CCL13 and CCLI that constitute the ‘MCP’ subcluster.
CCL2, CCL8, CCL7 and CCL13 (originally called MCP-1,
-2, -3 and -4) are closely related chemoattractants for
monocytes, activated T and NK cells; additionally CCLS,
CCL7 and CCL13 also attract eosinophils. They bind
mainly to CCR2 and CCR3, and may be pathogenic in
human diseases characterized by mononuclear and/or
eosinophilic infiltration (as atherosclerosis and asthma).
Interestingly, CCL7 is a highly potent CCR5 antagonist
[53]. CCL11 (eotaxin-1), a potent eosinophil chemoat-
tractant, maps within the MCP cluster, although the two
other members of the eotaxin gene family, CCL24
(eotaxin-2) and CCL26 (eotaxin-3), are located together
in a minicluster in chromosome 7. These three chemok-
ines recruit and activate CCR3-bearing cells such as eosi-

Variability in chemokines. |

nophils, mast cells and Th2 lymphocytes, playing a major
role in allergic disorders. Interestingly, CCL26 is the first
human chemokine that features broad antagonistic activi-
ties as a natural antagonist to the ligands of CCR1, CCR2
and CCR5 (CCL11 can also block CCR2 [54]). This sug-
gests that CCL26 may have a modulator rather than an
inflammatory function [12,55]. Finally, the last and more
telomeric gene codes for CCL1 (I-309). CCL1 has struc-
tural features that distinguish it from other chemokines,
including an additional pair of cysteines that form a third
intramolecular disulphide bond, and a propensity to
remain monomeric at concentrations at which many
other chemokines dimerize. CCL1 is the only high-affinity
ligand for CCR8 and in spite of these peculiarities it has
similar functional features to the other members of this
subcluster, being also chemotactic for monocytes and Th2
lymphocytes [56].

The second subcluster of pro-inflammatory CC chemok-
ines in chromosome 17 is 1-5 Mb telomeric to the MCP
one. To simplify, in this subcluster we find CCR1/CCR5
ligands that we can in turn subdivide into the HCC and
MIP groups. (a) The HCC group contains CCL14, CCL15,
CCL16 (the systematic names of HCC1, HCC2, HCC4),
CCL23 (MPIF) and CCL5 (RANTES). CCL14, CCL15,
CCL16 and CCL23 are clustered within a 40-kb long
region whereas CCL5 (a very promiscuous chemokine,
binding with high affinity to CCR1/CCR3/CCR5) is
located approximately 100 Kb away (with several non-
related genes within). The HCC genes are relatively large,
from 3-1 Kb (CCL14) to 8:8 kb (CCL5), compared with
other CC chemokine genes, such as CCL4 and CCL2
(<2 kb). Moreover, in contrast to most other human CC
chemokine genes that comprise three exons, the CCL15
and CCL23 have four exons. In fact, their high nucleotide
homology indicates that they have been generated recently
by duplication [57]. All these chemokines share the
binding to CCR1, even though most of them can bind to
other CCRs. This group is functionally more heteroge-
neous (see Fig. 2) than the MIP group or the MCP sub-
cluster [58-63]. (b) The MIP group is composed of
CCL18 (PARC), CCL3 (MIP-1at), CCL3L (LD78p), CCL4
(MIP-1f) and CCLAL. This is a very interesting gene mini-
cluster that could serve as a model of chemokine
evolution. CCL3 and CCL4 were formed by duplication of
a common ancestral gene [64] and both have a second
non-allelic copy, CCL3L and CCL4L, originated by a
second duplication of the entire DNA block that contains
the two genes. Next to them, can also be found a CCL3
5’-truncated pseudogene, named CCL3LP (LD78Y) [65].
The CCL3L-CCL4L tandem shows also an additional vari-
ability: they have a copy number polymorphism (CNP)
that means that these genes are present in variable
numbers in the genome. Regarding this CNP, there are not
only interindividual and interpopulation differences in
the copy number of the CCL3L-CCL4L tandem, but,
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interestingly, there are also haplotypes with different
numbers of individual genes [66]. Moreover, a recent
study demonstrated that there are two main allelic vari-
ants of CCL4L: CCL4L1, the originally described variant,
and CCL4L2, in which one base substitution at the accep-
tor splice site of intron 2 originates a new complex pattern
of splicing variants [67]. Functionally, CCL3/CCL3L and
CCL4/CCLAL are highly related. They both bind to CCR5,
but CCL3 binds also to CCR1 with high affinity [64,68].

The other member of this group and the most centro-
meric one, CCL18, is larger than average (7-2 kb versus
general size of 2-3 kb) as a result of a first intron of 6-0 kb,
which contains two pseudo-exons. This feature, together
with the presence of two adjacent regions within the
CCL18 gene sharing high-sequence similarity with the
CCL3 gene, suggests that the CCL18 gene may have been
generated by fusion of two CCL3-like genes with deletion
and selective use of some exons [69]. CCL18 apparently
functions as an inflammatory/inducible or constitutive/
homeostatic chemokine depending on the circumstances:
it is mainly expressed by a broad range of monocytes/
macrophages and DC, and it is constitutively present at
high levels in human plasma (probably contributing to the
physiological homing of lymphocytes and DC and to the
generation of primary immune responses) [70]. Impor-
tantly, the CCL18 receptor has not been yet identified.
This chemokine exhibits CCR3 antagonistic activity [71].

The rest of the CC chemokines are located in other chro-
mosomes either as a single member or constituting a
minicluster. CCL27 (CTACK), CCL19 (ELC) and CCL21
(SLC) are grouped in a minicluster in chromosome 9. CCL19
and CCL21 share only 32% amino acid identity but consti-
tute a genetically and functionally highly related subgroup of
homeostatic CC chemokines. They are the only two ligands
of CCR7, and they have a potent chemotactic activity for
naive T cells and B cells. They clearly play a pivotal role in
naive lymphocyte homing and traffic within lymphoid
tissues [72,73]. Unrelated to CCL19 and CCL21, CCL27
mediates the migration of lymphocytes into the skin,
through binding to the CCR10 [74].

The two closely related chemokines CCL22 (MDC) and
CCL17 (TARC) map in chromosome 16 together with
CX3CL1 (Fractalkine), the only member of CX3C subfamily.
CCL17 and CCL22, the two known ligands of CCR4, are a
pair CC chemokines highly expressed in the thymus. It is
known that they selectively attract Th2 type memory T cells
into the inflammatory sites and regulate Th2-related
immune responses [75,76]. Interestingly, the CX3CL1 gene is
situated between the CCL17 and CCL22 genes. Although the
three-dimensional structure of the chemokine domain of
CX3CL1 is different from that of CC chemokines, it was
identified thanks to its amino acid homology with members
of the CC chemokine family [77]. Unlike other chemokines,
CX3CL1 carries the chemokine domain on top of an

extended mucin-like stalk and can exist in two forms: as a
transmembrane chemokine/mucin hybrid protein and as a
soluble chemotactic polypeptide generated by proteolytic
cleavage by members of the ADAM family of proteases [78].

CCL20 (LARC, chromosome 2) is the only chemokine
known to interact with CCR6, a property shared with the
anti-microbial peptides B-defensins [79]. Like CCL18,
CCL20 is considered a constitutive and inducible chemokine.
Constitutive expression of CCL20 was originally demon-
strated in the liver, mucosa-associated and lymphoid tissues
and induction in monocytes as well as many other cells [80].

CCL25 (TECK, chromosome 19) is the only chemokine
binding to CCR9. It is constitutively and selectively
expressed at high levels in the thymus and small intestine.
CCL25 has been reported to chemoattract dendritic cells,
thymocytes and activated macrophages and probably plays a
significant role in the recruitment of developing thymocytes
to discrete compartments within the thymus and, in general,
in T lymphocyte development [81,82].

The last CC chemokine, CCL28 (MEC, chromosome 5), is
most homologous to CCL27, displaying about 40% identity
and sharing binding to CCR10 although CCL28 also binds to
CCR3. It is expressed not in the skin as CCL27 but, instead in
diverse mucosal tissues, suggesting that CCL28 may play an
important role in the physiology and/or recruitment of spe-
cialized cells into mucosal tissues [83-85].

Human C chemokines subfamily

The C chemokines subfamily, located in a minicluster in
chromosome 1, has only two highly homologous genes
encoding XCL1 (lymphotactin-o.) and XCL2 (lymphotactin-
B). These two chemokines that differ by only two amino acid
residues both bind to XCR1, and have some homology with
a number of CC chemokines, especially with CCL8 and
CCL3. The major structural feature of XCL1/2 is that they
lack two of the four-cysteine residues characteristics of the
chemokines (and therefore have only one disulphide bond).
XCL1/2 are potent chemoattractants of T and NK cells, but
not of monocytes or neutrophils, and they are the major
products of activated CD8+ T cells [86,87].

Concluding remarks

The human chemokine superfamily forms a complex and
robust network of genes and proteins playing very diverse
roles but also displaying a lot of functional interactions
between them. Current genomic organization of human
chemokine genes provides a useful tool to better understand
the complexity of this superfamily. Based on an exhaustive
genomic map of all human chemokines, we have linked the
genetic organization (clusters and miniclusters) with the
main functions, focusing on inflammatory chemokines.
Future studies on the relationship between genetics and
function should focus on other important mechanisms of
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variability, such as polymorphisms and alternative splicings,
as they may lead to disease susceptibility. In this context, it
would be important not only to deal with each chemokine
separately but also to take into account all genetically and
functionally related members (a second review will mainly
focus on these aspects).
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OBJECTIU:

Ampliar el coneixement de la complexitat de la superfamilia de
les quimiocines mitjancant la recopilacid dels polimorfismes més
rellevants dels seus membres i de les formes generades per tall-
I-unio alternatiu. Establir la relacié d’aquests fenomens amb

patologia.
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4.5.1. CONSIDERACIONS PREVIES SOBRE L’ARTICLE

L’elevada variabilitat i complexitat de la parella de quimiocines CCL4-CCL4L descrita en
els capitols | i Ill, causada principalment per polimorfismes i fendmens de tall-i-unié
alternatiu, va fer que analitzéssim la preséncia d’aquests dos fendmens a la resta dels

membres de la superfamilia de les quimiocines.

4.5.2. RESUM DE DADES DEL CINQUE CAPITOL:

L’objectiu era arribar a tenir una visié general de 'augment de variabilitat en la complexa
xarxa de quimiocines humanes causada per polimorfismes genétics i per variants
originades per tall-i-unié alternatiu, i de la seva possible repercussié en patologia. Un cop
meés, la bibliografia sobre aquest aspecte era practicament nul-la. Si bé trobavem
multiples publicacions sobre estudis que analitzaven polimorfismes concrets en patologies
concretes, mancaven estudis més generals que ens proporcionessin aquesta visié global.
D’aqui la realitzacié d’aquesta segona revisid, que es presenta a continuacid. El que hem
fet és destriar d’entre els centenars de polimorfismes descrits en les quimiocines
(basicament SNPs), aquells que tenen una repercussié en patologia. Per altra banda,
hem recopilat tota la informaci6é existent sobre variants de quimiocines originades per
fenomens de tall-i-unio alternatiu.

Durant I'estudi també s’analitzen certes dades contradictories que s’han trobat en les
diverses publicacions consultades. A la part final es discuteix sobre la necessitat de futurs
estudis que clarifiquin alguns aspectes encara confusos o poc definits sobre els
polimorfismes de quimiocines i la susceptibilitat a malaltia. Pel que fa a les variants
originades per tall-i-uni6 alternatiu, encara existeixen molt poques dades sobre la seva
repercussi6 funcional i en malaltia, per la qual cosa caldran més estudis que

aprofundeixin sobre aquest aspecte.
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Increasing chemokine variability: polymorphisms

and alternative splicing

Summary

In this second review on chemokines, we focus on the polymorphisms and
alternative splicings and on their consequences in disease. Because chemok-
ines are key mediators in the pathogenesis of inflammatory, autoimmune,
vascular and neoplastic disorders, a large number of studies attempting to
relate particular polymorphisms of chemokines to given diseases have already
been conducted, sometimes with contradictory results. Reviewing the pub-
lished data, it becomes evident that some chemokine genes that are polymor-
phic have alleles that are found repeatedly, associated with disease of different
aetiologies but sharing some aspects of pathogenesis. Among CXC chemok-
ines, single nucleotide polymorphisms (SNPs) in the CXCL8 and CXCL12
genes stand out, as they have alleles associated with many diseases such as
asthma and human immunodeficiency virus (HIV), respectively. Of CC
chemokines, the stronger associations occur among alleles from SNPs in
CCL2 and CCL5 genes and a number of inflammatory conditions. To under-
stand how chemokines contribute to disease it is also necessary to take into
account all the isoforms resulting from differential splicing. The first part of
this review deals with polymorphisms and the second with the diversity of
molecular species derived from each chemokine gene due to alternative splic-
ing phenomena. The number of molecular species and the level of expression
of each of them for every chemokine and for each functionally related group
of chemokines reaches a complexity that requires new modelling algorithms
akin to those proposed in systems biology approaches.

Keywords: chemokines, human, polymorphisms, splicing, variability

ingly important tool for the study of the structure and
history of human genome and they are also useful polymor-
phic markers to investigate genetic susceptibility to disease

In a first review [1] we examined data which indicated that,
during evolution, the variability of the chemokine superfam-
ily grew in complexity, and we took advantage of the conser-
vation of physiological functions among chemokines located
in the different genetic clusters and miniclusters to improve
our perspective of their functions. As for many gene families,
the main mechanism that has generated this diversity of
chemokines is gene duplication, which is particularly evident
in the chemokine clusters. However, another important
mechanism by which variation has been increasing at the
genomic level is the existence of single nucleotide polymor-
phisms (SNPs), which are the most common form of DNA
sequence variation. SNPs are highly abundant, stable and
distributed throughout the genome. SNPs are an increas-

or to pharmacological sensitivity [2]. Other types of poly-
morphisms such as deletion/insertion polymorphisms
(DIPs), copy number polymorphisms (CNPs) or those due
to repeated elements (as minisatellites and microsatellites)
also contribute importantly to the genomic variation but
their distribution is more restricted. In addition to DNA
sequence variation, alternative mRNA splicing is becoming
recognized increasingly as an important mechanism for
the generation of structural and functional variability in
proteins. Several studies indicate that alternative splicing in
humans is more the rule than the exception: primary tran-
scripts from more than 50% of all human genes undergo
alternative splicing, with a bias towards genes that are
expressed in the nervous and immune systems [3,4].
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In this second review, we focused upon the polymor-
phisms and disease associations of chemokine genes as well
as variations in splicing which should be taken into account
in order to understand these disease associations more
clearly. We proceeded by collecting all information available
in public databases, organized it by families following the
systematic nomenclature [5], and finally we highlighted the
cases in which disease association is stronger. In the course of
this process we also analysed data available on isoforms gen-
erated by differential splicing. Even though we can expect
that new data will still be produced on the polymorphisms
and isoforms of chemokines, we now have a picture of their
complexity and we can begin to discern patterns of disease
association; this is also the subject of this review.

Polymorphisms and disease in the human
chemokine superfamily

Polymorphisms in the genes of the immune system can
influence the immune response markedly, human leucocyte
antigen (HLA) genes being the paradigm. After the HLA
genes, chemokine genes are probably one of the most
polymorphic sets of genes in the immune system and it is
becoming increasingly clear that chemokine polymorphisms
influence the immune response to a remarkable extent. As
the genome project progressed and the abundance of SNPs
became evident, databases began to record SNPs and now
millions of them are registered. However, the quality of the
initial data contained in these databases had been ques-
tioned, because a considerable proportion of the initial SNPs
may simply represent sequencing errors. Fortunately, the
validation status of SNPs is improving and in this review we
have included only well-documented and functionally rel-
evant SNPs. The number of reports on disease-associated
SNPs including members of the chemokine superfamily is
increasing and will probably continue to rise during the next
few years, as the importance of chemokines in the immune
response gains recognition. As has already been documented
for cytokines, the majority of SNPs found in the chemokines
genes or their receptors are not located in the coding
sequence but either in the promoter, the introns or the 3’
untranslated regions, and they can affect all aspects of gene
expression and mRNA levels. Interestingly, most polymor-
phisms associated with disease in the chemokine superfamily
affect their inflammatory members, thus confirming that
they are the genes under stronger evolutionary pressure
(Fig. 1).

Human CXC chemokines

Several interesting polymorphisms affecting both inflam-
matory and homeostatic CXC ligands have been described
(Table 1), CXCLS [interleukin (IL)-8] and CXCL12 stromal
cell-derived factor (SDF-1) being the chemokines that
accumulate most of them.

CXCL2
CXCL8
CXCL10
CXCLI11
CXCLI12
CXCL16
CCL1
CcCL2
CCL3
CCL4
CCL4L
CCL5
CcCL7
CCL8
CCL11
CCL13
CCL15
CCL18
CCL24
CCL26

Systemic

Skin

Nervous

Respiratory

Cardiovascular

Gastrointestinal

Endocrine

Renal
HIV-1

Other infectious

Neoplasic Z 7
Metabolic /
Autoimmune 7 % / /

Fig. 1. Overview of chemokine polymorphisms and disease. Columns
represent chemokines with disease-involved polymorphisms. Rows
represent different disease categories: upper lines refer to diseases
grouped by systems (black squares show polymorphism involvement),
middle lines refer to infectious diseases (grey squares) and lower lines
refer to other interesting physiopathological groups of diseases
(dashed squares).

CXCL8, a proinflammatory chemokine, is a potent
chemoattractant for neutrophils, basophils and T
lymphocytes. High levels of CXCL8 have been detected in
biofluids from various acute inflammatory diseases, which is
in keeping with neutrophilic infiltration into inflammatory
sites as one of the hallmarks of acute inflammation. Among
all CXCL8 described SNPs, the presence of —251A/T in the
transcription start site is known to exert a strong influence
on protein synthesis. The distribution of this SNP shows a
remarkable heterogeneity among world populations [6] and
has been associated with a spectrum of diseases (for refer-
ences see Table 1): (a) airway diseases such as asthma, respi-
ratory syncytial virus (RSV) infection and oral squamous
cell carcinoma. Anecdotally, the inflammatory prone allele A
may influence the initiation or characteristics of the smoking
habit [7]; (b) gastrointestinal diseases such as Clostridium
difficile and enteroaggregative Escherichia coli diarrhoea,
Helicobacter pylori-induced gastric ulcer, atrophic gastritis,
severe acute pancreatitis and gastrointestinal tract cancer; (c)
central nervous system (CNS) diseases such as Parkinson’s,
multiple sclerosis (MS) and multiple system atrophy; and
(d) a miscellany of diseases such as AIDS-related Kaposi’s
sarcoma and acute pyelonephritis has also shown to be influ-
enced by the —251A/T CXCL8 polymorphism. However, in
spite of the numerous studies on this polymorphism, data
are still far from clear. Since the publication of the original
association of the CXCL8 —251A/T polymorphism [8,9],
there have been reports showing higher CXCL8 production
by the A allele [8,10,11] while others showed higher produc-
tion by allele T [12]. These contradictory data have their
counterpart in association studies: the —251 T allele fre-
quency has been increased significantly in asthma [13] and
reduced significantly in RSV bronchiolitis [8]. In fact, it

2 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 150: 1-12
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Table 1. Polymorphisms and disease in the human CXC subfamily.

Variability in chemokines (Il)

Ligand Polymorphism Location Symbol Disease involved References
CXCL2 Tandem repeat -665(AC)n Promoter Severe sepsis [28]
CXCL8 Microsatellite D4S2641 Diffuse parabronchiolitis [64]
SNP -845 (C/T) Promoter 1s2227532 SLE nephritis [16]
SNP -251 (A/T) Promoter rs4073 Asthma [13]
RSV infection (8,9, 14]
Smoking behaviour (7]
Oral squamous cell carcinoma [65]
EAEC diarrhoea [10]
Clostridium difficile diarrhoea [66]
Helicobacter pylori-induced gastric diseases [11, 67-70]
Acute pancreatitis severity [71]
Gastric cancer (12,72, 73]
Colorectal cancer [74]
Prostate cancer [75]
Parkinson’s disease [76]
Multiple sclerosis [77]
Multiple system atrophy [78]
AIDS-related Kaposi’s sarcoma [79]
Acute pyelonephritis [17]
SNP +781 (C/T) Intron 1 1s2227306 Asthma [13,15]
SNP +1633 (C/T) Intron 3 1s2227543 Asthma [13]
SNP +2767 (A/T) 3’UTR rs1126647 Asthma [13]
Nephritis in cutaneous vasculitis [18]
Acute pyelonephritis [17]
Haplotypes Behcet’s disease [80]
CXCL10 Haplotypes Multiple sclerosis [81]
CXCL11 DIP -599del5 Promoter Hepatitis C virus (HCV) infection [29]
CXCL12 SNP +801 (G/A) 3’'UTR rs1801157 HIV-1 infection [20, 22-24]
Atherosclerosis in HIV patients [82]
Breast and lung cancer [83-85]
Acute myeloid leukemia [86]
Lymphoma [87]
Chronic myeloproliferative disease [88]
Liver transplantation [89]
Type 1 diabetes [90]
CXCL16 SNP +599 (C/T) Exon 4 1rs2277680 Coronary artery stenosis [30]

seems that the differences in CXCL8 expression are not
linked directly to the —251A/T polymorphism. In one
haplotype-based association study, Hacking et al. [14] have
shown that there are two main CXCL8 haplotypes including
six SNPs (=251A/T, +396G/T, +781T/C, +1238delA/insA,
+1633T/C, +2767T/A), constituting the so-called haplotype
2 (A/G/T/delA/T/T), the haplotype associated with signifi-
cantly higher CXCL8 transcription levels relative to the
mirror haplotype 1. Strikingly, the —251A allele present on
the high producer haplotype had no significant effect on
the allele-specific level of transcription when analysed in
reporter gene experiments. This indicates that the functional
allele might be in linkage disequilibrium (LD) with haplo-
type 2 and that the —251A/T is not the functional SNP. Four
SNPs of the previously described haplotypes (—251A/T,
+781T/C, +1633T/C and +2767T/A) have been found to be

associated with asthma in different studies [13,15]. These
multiple SNPs associations are due probably to the existence
of a very tight LD among them. The —845C/T SNP in the
CXCL8 promoter region has been associated with severe
systemic lupus erythematosus (SLE) nephritis [16]. Another
distant SNP in 3’UTR (+2767A/T) has been associated
with acute pyelonephritis [17] and nephritis in cutaneous
vasculitis [18].

CXCL12 is a homeostatic CXC chemokine widely
expressed which possesses a broad range of actions (from
attraction of mature T and B cells to migration of haemato-
poietic progenitor cells from the bone marrow). CXCL12
plays an especially important role in two non-related dis-
eases such as human immunodeficiency virus (HIV) and
cancer, because its receptor (CXCR4) is also the co-receptor
used by HIV T-tropic strains and because it is the most
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widely expressed chemokine receptor in many different
types of cancers [19]. The +801G/A SNP, located in 3’'UTR, is
the best-studied polymorphism in CXCL12 gene. It has been
associated extensively with clinical features of HIV infection
but, as in CXCL8-251A/T polymorphism, there are some
contradictory reports. The published effect of the mutated
allele (—801A) ranges from strong protection of HIV infec-
tion progression to AIDS [20,21] to enhanced progression to
AIDS and shorter survival [22,23]. Even though it was pro-
posed originally that the —801A allele was associated with
higher CXCL12 production [20], later studies indicated the
opposite [24], and other reports claimed that there were no
differences in the CXCL12 production by the A or G alleles
[25,26]. A recent haplotype-based study [27] demonstrated
that other polymorphisms in LD with the CXCLI2+
801G/A SNP, rather than CXCLI2+801G/A itself, are
responsible for the different transcription levels. Therefore,
the discrepancy among the previous epidemiological studies
may be attributed to the haplotype structures and frequen-
cies in the studied populations. CXCL12 + 801G/A has also
been associated with many different types of cancers such as
breast and lung cancer, acute myeloid leukaemia, lymphoma
and chronic myeloproliferative disease.

Relatively few reports deal with the effect of polymor-
phisms of other CXC chemokines on disease. A short
tandem repeat (STR) in CXCL2 may contribute to the devel-
opment of severe sepsis [28], one haplotype in CXCL10 pos-
sibly contributes to reduce the rate of progression in MS
patients, a 5-base pairs (bp) deletion in the promoter of
CXCL11 may favour hepatitis C virus (HCV) infection to
evolve towards chronicity [29] and, finally, a SNP in exon 4
of CXCL16, leading to an amino acid change (V200A),
seemed to influence the severity of coronary artery stenosis
[30].

Human CC chemokines

As many as 14 of the 26 members of CC chemokine sub-
family have polymorphisms associated with disease, and
most affect the inflammatory chemokines (Table 2). CCL2
[monocyte chemoattractant protein (MCP)-1] attracts spe-
cifically monocytes and memory T cells and tissue expres-
sion is found in a large variety of diseases characterized by
mononuclear cell infiltration, with an essential role in ath-
erosclerosis and multiple sclerosis. CCL2 has a SNP located
in the 5 distal regulatory region (—2518G/A) and it seems
clear that the —2518G allele is associated with an increased
CCL2 production (at both mRNA and protein levels)
[31-34]. This —2518G/A polymorphism has been associated
with a large variety of diseases: (a) systemic inflammatory
diseases such as systemic lupus erythematosus (SLE), juve-
nile rheumatoid arthritis, systemic sclerosis and HLA-B27-
associated acute uveitis; (b) conditions affecting the kidney
such as renal transplantation, long-term haemodialysis and
IgA nephropathy; (c) heart diseases such as myocardial

infarction, coronary artery disease and the cardiomyopathy
of Chagas’ disease; (d) CNS diseases such as Alzheimer’s and
major depression; (e) endocrine diseases such as type 1 and
type 2 diabetes: (f) infectious diseases such as those caused
by HIV-1, HCV, HBV and Mycobacterium tuberculosis; and
(g) other diseases such as breast cancer and asthma. It is
important to note that there are also many negative reports
showing a lack of association of this SNP with various dis-
eases (including some of those cited previously as associated
diseases).

CCL3 [macrophage inflammatory protein (MIP)-1al],
CCL4 (MIP-1B), CCLAL [lymphocyte activation gene
(LAG)-1] and CCL5 [regulated upon activation normal T
cell expressed and secreted (RANTES)] have a diversity of
polymorphisms that have an important impact on suscepti-
bility to HIV-1 infection. This is not surprising, as they are
ligands of the CCR5 receptor, which is the co-receptor used
by HIV M-tropic strains to enter into the cells. Haplotypes
defined on the region containing the genes CCL18, CCL3
and CCL4 (chromosome 17 q11-q21) have been found to be
associated with HIV infection susceptibility and progression
[35]. Although CCL18 has not yet been implicated in HIV-
1/AIDS pathogenesis and its receptor is not known, this
genetic analysis points to this gene as a candidate for modu-
lating HIV-1 pathogenesis. CCL5 haplotypes have also been
shown to influence the clinical progression of HIV infection
[36,37]. Two interesting SNPs in the CCL4L gene have been
associated with different aspects of HIV-1 infection: (a) the
+590A/G is located at the intron 2 acceptor splice site. The G
allele disrupts the original acceptor splice site and provokes a
new complex transcription pattern. This allele modifies sus-
ceptibility to HIV-1 infection [38]. (b) The +59C/T is located
in exon 2, leading to an amino acid change (R22H). The H
variant has been associated with a lower overall survival of
HIV-1 infected individuals [39]. Three CCL5 individual
SNPs have also been associated with HIV-1 infection, two of
them located in the promoter region (—403G/A and —28C/G)
and the other in intron 1 (Inl.1T/C). It has been demon-
strated clearly that the —403A and —28G alleles enhance
CCLS5 production [40-43] and, conversely, the In1.1C allele
reduces CCL5 gene transcription [37]. The two CCL5 pro-
moter polymorphisms, —403G/A and —28C/G, have also
been associated with a variety of other diseases such as aller-
gic diseases (i.e. asthma, atopy, allergic rhinitis and atopic
dermatitis), inflammatory diseases [i.e. SLE, MS, rheuma-
toid arthritis (RA), sarcoidosis and polymyalgia rheumatica]
and infectious diseases (i.e. HIV-1 and HCV). Additionally,
the —403G/A polymorphism has been found to be associated
with metabolic risk-related conditions such as hypercholes-
terolaemia, coronary arteriosclerosis and cardiac mortality
in type 2 diabetes.

CCL11 (eotaxin-1), CCL24 (eotaxin-2) and CCL26
(eotaxin-3) are CCR3 ligands and potent eosinophil
chemoattractants, playing a fundamental role in asthma
and other allergic diseases and in eosinophil-associated

4 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 150: 1-12
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Table 2. Polymorphisms and disease in the human CC subfamily.

Variability in chemokines (Il)

Ligand Polymorphism Location Symbol Disease involved References
CCL1 SNP (A/T) Intron 2 rs2282691 Chronic obstructive pulmonary disease [91]
CCL2 SNP -2518 (G/A) Promoter rs1024611 Systemic sclerosis [92]
Asthma [93, 94]
Systemic lupus erythematosus [95-97]
Juvenile rheumatoid arthritis [98]
Renal transplantation [99]
Breast cancer [100]
Long-term haemodialysis [101]
IgA nephropathy [102]
HLA-B27 associated disease [103]
Coronary artery disease [104, 105]
Myocardial infarction [106]
Alzheimer’s disease association [107]
Major depressive disorder [108]
Type 1 diabetes [109]
Type 2 diabetes [110]
HIV-1 infection [33]
Pulmonary tuberculosis [111]
Cardiomyopathy in human Chagas’ disease [112]
Hepatitis B virus (HBV) clearance [113]
Hepatitis C virus (HCV) severity [34]
Haplotypes Multiple sclerosis [114, 115]
Haplotypes HIV-1 infection [116]
CCL3 Haplotypes Multiple sclerosis [114, 115, 117]
Haplotypes HIV-1 infection [35, 36]
CCL4 Haplotypes HIV-1 infection [35]
CCL4L SNP +59 (C/T) Exon 2 rs3744595 HIV-1 infection [39]
SNP +590 (A/G) Intron 2 rs4796195 HIV-1 infection [38]
CCL5 SNP -403 (G/A) Promoter rs2107538 Allergic rhinitis [118]
Atopy and asthma [119-121]
Atopic dermatits [40-42]
Renal damage in SLE [122]
Rheumatoid arthritis [123, 124]
Multiple sclerosis [125]
HIV-1 infection [36, 126, 127]
HCV infection [128, 129]
Sarcoidosis [130]
Coronary arteriosclerosis [131]
Hypercholesterolaemia [132]
Cardiac mortality in type 2 diabetes [133]
SNP -28 (C/G) Promoter rs2280788 Allergic rhinitis [118]
Asthma [134, 135]
Nephropathy in type 2 diabetes [136]
HIV-1 infection [36, 43, 127]
Multiple sclerosis [125]
Systemic lupus erythematosus [137]
Atopic dermatitis [42]
SNP Inl.1 (T/C) Intron 1 rs2280789 Cardiac mortality in type 2 diabetes [133]
HIV-1 infection 37,127, 138]
Haplotypes HIV-1 infection [36]
Haplotypes Type 1 diabetes [139]
CCL7 Microsatellite Promoter Multiple sclerosis [140, 141]
Haplotypes HIV-1 infection [116]
CCL8 SNP +11 (A/C) Exon 3 rs1133763 HCYV infection [128]
Haplotypes Multiple sclerosis [114]
© 2007 British Society for Immunology, Clinical and Experimental Immunology, 150: 1-12 5
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Table 2. Continued

Ligand Polymorphism Location Symbol Disease involved References
CCL11 SNP -576 (C/T) Promoter 1rs4795896 Asthma [44, 45]
SNP -426 (C/T) Promoter rs16969415 Atopic dermatitis [45, 142]
Asthma [45]
SNP -384 (A/G) Promoter rs17809012 Atopic dermatitis [44, 142]
Asthma [45]
SNP +67 (G/A) Exon 1 rs3744508 Asthma [46, 47]
Myocardial infarction [143]
Haplotypes Multiple sclerosis [114]
Haplotypes HIV-1 infection [116]
CCL13 Haplotypes Multiple sclerosis [114]
CCL15 Haplotypes Multiple sclerosis [114, 115]
CCL18 Haplotypes HIV-1 infection [35]
CCL24 SNP +179 (T/C) Intron 1 152302004 Asthma [144]
Ulcerative colitis [145]
SNP +275 (C/T) Intron 1 rs2302005 Asthma [144]
Ulcerative colitis [145]
SNP +1265 (A/G) Intron 2 rs11465310 Asthma [47, 48]
CCL26 SNP +77 (C/T) Intron 2 152240478 Asthma [144]
SNP +1577 (G/A) Intron 3 16965556 Rheumatoid arthritis [146]
SNP +2497 (T/G) 3’UTR rs2302009 Rheumatoid arthritis [146]
Asthma [144]
Allergic rhinitis [147]

gastrointestinal diseases. Not unexpectedly, SNPs in these
three chemokines have been found to be associated with
allergic diseases such as asthma, allergic rhinitis and atopic
dermatitis. Four SNPs of the CCL11 gene have been found to
be associated independently with asthma in several studies
[44-47]. Three of them are located in the promoter region
(=576C/T, —426C/T and —384 A/G) and the other (+67G/A)
in the signal peptide (exon 1) leading to an amino acid
change (T23A). Interestingly, both the —384G and +67A
alleles are associated with lower CCL11 production [44,46].
The three polymorphisms of the CCL24 gene associated with
asthma are intronic SNPs: +179TC and +275C/T in intron 1
and +1265A/G in intron 2. There are data indicating that the
+1265A allele is associated with lower CCL24 levels than the
G allele [48]). Finally, CCL26 has two SNPs affecting asthma
differently: the +2497T/G (in the 3'UTR region) have been
associated with susceptibility and the +77C/T (in intron 2)
seem to play a critical role in attracting eosinophils and
maintaining high IgE levels.

Regarding the C and CX3C subfamilies, no relevant poly-
morphisms in their members have so far been described.

Transcriptional variability: alternative splicing in the
chemokine superfamily

The mRNA of several chemokines is known to undergo
alternative splicing (Table 3), some of them with repercus-
sions in the molecular activity and/or in the tissue distribu-
tion of the differentially spliced variants. However, to date,

there are no reports on their implication in disease
pathogenesis.

CXCL12 is the only CXC chemokine known to generate
isoforms by alternative splicing. The two main splice forms
of CXCLI12 (SDF-1c. and SDF-1B) have similar amino acid
sequences except for the presence of four additional amino
acids at the carboxy terminus of SDF-1B. Both isoforms
display a similar tissue expression pattern, but SDF-lo
mRNA can be detected in the adult human brain, whereas
SDF-1P cannot. The two isoforms are subjected to different
proteolytic processing, and this fact could explain functional
differences [49]. Recently, four additional human SDF-1 iso-
forms derived from alternative splicing events have been
identified (SDF-1y, SDF-18, SDF-1€ and SDF-1¢), showing
some differential distribution of tissue expression [50].

CCL4 and CCLAL, two closely related chemokines, have
different isoforms due to alternative splicing. Both chemok-
ines have exon 2 skipped variants that keep only the two first
amino acids from the original protein due to a frameshift in
the new junction between exon 1 and exon 3. Additionally,
CCL4L2 (an allelic variant of CCL4L) has a nucleotide
change in the acceptor splice site of intron 2 leading to a
complex transcription pattern due to multiple usage of new
alternative acceptor splice sites surrounding the original
mutated one [38].

Two alternative splice isoforms of CCL20 have been iden-
tified, resulting from the alternative usage of two potential
acceptor splice sites separated by three nucleotides in the
junction of intron 1 and exon 2. The longer form

6 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 150: 1-12
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(CCL20Ala) has an alanine (Ala27) as its predicted
N-terminal amino acid, whereas the deletion of Ala27 leads
to Ser27 as the predicted N-terminal amino acid in the
short form (CCL20Ser) [51,52]. The biological activity of
CCL20Ala and CCL20Ser and the tissue-specific preference
of different acceptor splice-sites usages are not yet known.

CCL23 has two variants originated by alternative splicing
in exon 3: the originally described CKB8 and the splicing
variant CKP38-1, which is 17 amino acids longer. The mature
proteins CKPB8 and CKP8-1 consist of 99 and 116 amino
acids, respectively. It has been shown that CKP8 differed
from CK[B8-1 in the monocyte chemoattraction and in the
binding to human formyl peptide-receptor-like-1 (FPRL-1),
suggesting that these two CCL23 isoforms could possibly
have different a kinetic and specificity of chemotactic func-
tion in vivo [53,54].

Finally, CCL27 is produced as two splice variants. One
of these variants encodes a classical chemokine with an
associated signal peptide (CCL27), while the other variant
(PESKY) maintains the sequence of the mature chemokine,
but the signal peptide has been replaced by an alternative
stretch of amino acids that directs this isoform to the nucleus
where it modulates transcription. Surprisingly, secreted
CCL27 can also reach the nucleus after CCR10-mediated
internalization, and in this way directly modulates transcrip-
tion and influences several cellular processes [55]. Expres-
sion studies have revealed differential tissue expression of
CCL27 and PESKY. Interestingly, while CCL27 is highly
expressed in the placenta, PESKY is expressed mainly in the
testes and brain and weakly in the developing embryo [56].
Recently, several novel CCL27 variants have been identified
in mouse but their presence in humans has not yet been
demonstrated [57].

Concluding remarks

The high variability of the chemokine superfamily includes
mechanisms of genomic and transcriptional variation. There
is already a good number of well-described polymorphisms
of chemokines with functional relevance and we made a
detailed review of those involved significantly in disease.
In spite of the many reports on the association of these
polymorphisms to diseases, there are still confusing and
contradictory data. Many factors in the epidemiological
investigation could explain this phenomenon (covered
widely in several reviews [58—60]), but it is clear that further
studies are necessary to define more clearly the role of
genetic variants of chemokines in disease. The recently
developed high-throughput methods for SNP genotyping
should make it easy to carry out larger association studies
using a high number of SNPs, covering from one or a few
genes (candidate gene approach) to the whole genome
(genome-wide approach). In fact, the single SNP association
studies are currently being replaced by the haplotype-based
studies using tagSNPs, as this approach ensures the capture

of most of the genetic variation in a relatively transferable
manner among global populations [61]. With regard to the
alternative splicing phenomena in the chemokine superfam-
ily, several members with different splice variants have been
identified but there are still few available data about its func-
tional role. Molecular analyses during the last decade dem-
onstrate that alternative splicing determines the binding
properties, intracellular localization, enzymatic activity,
protein stability and post-translational modifications of a
large number of proteins [62,63]. Efforts are now being
directed at establishing the full repertoire of functionally
relevant transcript variants generated by alternative splicing,
the specific roles of such variants in normal and disease
physiology, and how alternative splicing is co-ordinated on a
global level to achieve cell- and tissue-specific functions.
Although the interaction between all these factors will prob-
ably provide us with the true key to understanding their real
effect on pathology, future studies will be necessary to
achieve all these goals in the chemokine superfamily.
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5. DISCUSSIO

Malgrat que en aquest apartat es presenta una discussio global dels resultats, per tal de
facilitar la seva comprensié s’ha subdividit en subapartats corresponents als diferents
capitols de resultats. La separacidé en subapartats tracta de clarificar els plantejaments
discutits, intentant complementar-los sense repetir els conceptes ja desenvolupats en les
discussions de cada article (sovint poc desenvolupats per les limitacions intrinseques a

les publicacions).

5.1. Discussi6 del capitol 1

CCL3 i CCL4 sbn dues quimiocines humanes que comparteixen multiples caracteristiques
estructurals i funcionals. De fet, I'estreta relacié entre ambdues es manté des del seu
descobriment: el 1988 es va purificar un doblet de proteines amb activitat inflamatoria
procedent del sobrenadant de macrofags murins estimulats amb endotoxina [83]. Degut
a aquestes propietats inflamatories, la barreja de proteines va ser anomenada MIP-1 (de
I'anglés macrophage inflammatory protein-1). Estudis bioquimics posteriors van separar i
caracteritzar els components d’aquest doblet, demostrant que estava format per dues
proteines diferents, pero altament relacionades, MIP-1a i MIP1B, que compartien un 68%
d’homologia aminoacidica [129]. Rapidament es va trobar una elevada homologia de
sequéncia nucleotidica entre el cDNA del MIP-1a muri i el cDNA huma corresponent al
gen LD78a o GOS19, clonat feia poc temps a partir de limfocits estimulats [130, 131].
Consequentment es va assumir que LD78a (I'actual CCL3) era ’lhomoleg huma del MIP-
1o muri. Pocs anys després (1990), i de forma inesperada, diferents grups van presentar
evidéncies de I'existéncia d’'un segon i, fins i tot, un tercer gen huma similar a LD78a
[103, 132, 133]. El segon gen similar a LD78a, anomenat LD78p3 (I'actual CCL3L),
presentava un 94% d’homologia de sequéncia nucleotidica amb LD78a. i es transcrivia en
limfocits activats, mentre que el tercer gen similar a LD78a, anomenat LD78y (I'actual
CCL3LP), semblava ser un pseudogen [105]. De forma similar al que succei amb MIP-1a,
I’equivalent huma de MIP-1p va ser clonat independentment per differents grups i va ser
inicialment anomenat Act-2 o AT 744 (noms que corresponen a l'actual CCL4) [134-138].
De la mateixa manera, es va evidenciar I'existencia d’'un segon gen similar al MIP-1p
huma, anomenat LAG-1 o AT 744.2 (noms que corresponen a lI'actual CCL4L) [103].

En el cas de la parella LD78a — LD78p (CCL3 — CCL3L), hi han hagut nombrosos estudis
dedicats a caracteritzar aquestes dues variants i s’han detectat diferencies funcionals

interessants. Dels diferents treballs se’n desprén que CCL3L presenta una activitat
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quimioatraient superior a CCL3 respecte a monocits i limfocits; també s’ha demostrat
que, en comparacié a CCL3, CCL3L és un inhibidor més potent de la infeccidé pel virus
HIV-1 R5 [139-141]. En el cas de la parella Act-2 — LAG-1 (CCL4 — CCLA4L), després de la
descripcié inicial de I'existéncia d’ambdés gens, no es va aprofundir més en el
coneixement del segon locus o CCL4L. Precisament, la primera part d’aquesta tesi
doctoral es dedica basicament a I’estudi immunogenétic de les quimiocines CCL4 i CCL4L.
El primer resultat interessant és I'evidéncia que els gens CCL4 i CCL4L expressen, a més
a més dels transcrits originalment descrits, variants originades per un fenomen de tall-i-
uni6é alternatiu que exclou I'exd 2 de 'mRNA madur. Aquest fet no s’havia descrit fins al
moment i planteja nous interrogants pel que fa a les funcions i regulacié d’aguests nous
transcrits. Un dels aspectes que crida més l'atenci6 de la seqiiéncia aminoacidica
d’aquestes dues noves variants (anomenades CCL4A2 i CCL4LA2) és la manca
d’homologia amb CCL4 i CCL4L i, fins i tot, amb I'estructura basica de les quimiocines.
Aquest fet es deu al canvi de pauta de lectura que es déna en unir-se els exons 1 i 3. La
sequéncia resultant de CCL4A2 i CCL4LA2 conserva tan sols els 2 primers aminoacids
respecte CCL4 i CCLA4L, i la resta de seqiiéncia no hi manté cap relaci6. De fet, es perden
3 de les quatre cisteines que caracteritzen les quimiocines. Per tant, tecnicament,
podriem considerar que CCL4A2 i CCL4LA2 no s6n quimiocines, almenys des d’un punt de
vista estructural. Si aquests transcrits realment es tradueixen i si aquestes petites
proteines (29 aminoacids) mantindran algun tipus de capacitat quimioatraient és una
incognita, malgrat que a priori sembla dificil predir-ho. Per altra banda, la budsqueda de
sequéncies aminoacidiques de proteines conegudes amb una certa homologia a les
proteines CCL4A2 i CCL4LA2 no ha donat resultats rellevants.

L’estudi del locus CCL4L amb més profunditat també ha aportat la descoberta de noves
variants que augmenten la complexitat d’aquesta quimiocina. En aquest cas I'efecte
causant no és un fenomen de tall-i-unié alternatiu de 'mRNA, sindé un polimorfisme de
nucleotid anic (SNP, rs4796195) que es situa a la sequéncia acceptora de tall del segon
intr6é. Cal remarcar que els SNPs que afecten les sequéncies que marquen el tall dels
introns de I'mRNA primari sén molt poc frequents, ja que el seu efecte sobre la
funcionalitat del gen acostuma a ser dramatic [142-144]. Aquest cas no és una excepcio:
I'SNP converteix el dinucleotid acceptor de tall universal AG present en I'intré6 2 de la
variant CCL4L1, en GG a la variant CCL4L2. Aixo fa que en la variant L2 desaparegui
aquest lloc acceptor de tall original i, per tant, no es produeix cap dels dos transcrits que
es generen a partir de CCL4L1. En lloc seu, es produeixen una nova col-lecci6 de
transcrits fruit de I'Gs de noves seqgliencies acceptores de tall que es troben al voltant de
la original, ara mutada. Aquestes noves sequéncies de tall s’Tanomenen criptiques, ja que
originalment estan “camuflades” i s’utilitzen tan sols quan el lloc de tall natural queda
desbaratat per efecte d’'una mutacié. S’ha observat de forma general que aquestes

sequeéncies criptiques acostumen a situar-se prop de les autéentiques (com passa en el
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nostre cas) [145]. Mitjancant analisis estadistics s’han creat algoritmes que permeten
quantificar la forca que té una possible sequéncia de tall per ser seleccionada i s’ha
observat que les seqgiéncies originals de tall normalment tenen una puntuacié més
elevada que les criptiques [146-149]. Aix0, perd, no sempre és aixi, per la qual cosa es
creu que hi ha altres elements del context que intervenen en el procés de seleccié d’una
sequéncia de tall. Un exemple clar d’aquest fet és el que succeeix en el cas de CCL4L2: el
lloc de tall seleccionat amb més frequencia (78,2%, origina la variant CCL4L2) no és
precisament el que presenta una major puntuacié teodrica. Malgrat tot, és el que esta
situat més aprop de la seqliéncia original i, de fet, origina una proteina que mancada dels
5 primers aminoacids de I'ex6 3, pero0 que manté el marc de lectura. La resta de
sequéncies acceptores de tall seleccionades (totes amb una freqiéncia inferior al 10%)
originen transcrits que, o bé donen lloc a una proteina truncada (sense I'ex6é 3) o bé
presenten un canvi de marc de lectura i donen lloc a proteines amb seqiiéncies no
relacionades amb CCL4 o CCL4L1 a partir de I'exé 3. Un aspecte interessant és que en la
variant al-lélica CCL4L2, igual com passa amb CCL4 i CCL4L1, es manté la generacio
adicional de transcrits originats per un fenomen de tall-i-unié alternatiu que exclou I'ex6
2. Aix0 es demostra amb la clonacié de les formes CCL4L2A2 i CCL4L2bA2 (corresponents
a CCL4L2 i CCL4L2b sense el segon exd). De fet, possiblement existeixin tots els
transcrits generats a partir de CCL4L2 en la seva forma alternativa sense el segon exo,
pero degut a la seva poca preséncia quantitativa, no els hem pogut clonar tots.

L’estudi de I'expressio, a nivell dmRNA, de les variants de CCL4 i CCL4L presenta
algunes dades interessants. Quantificant alhora tots els transcrits derivats de CCL4 i
CCL4L (utilitzant oligonucledtids en zones comunes als exons 1 i 3) expressats per
limfocits T CD8 estimulats, s’observa per una banda que, independentment del genotip
per a CCL4L (L1L1, L1L2 i L2L2), es manté el pic d’expressio a les 6 hores post-
estimulacid, pero s’evidencia que les mostres portadores de la variant al-lélica CCL4L2
produeixen menys quantitat global de missatger. Aquest fet es confirma quan analitzem
quina part del total de transcrits prové de cadascun dels dos gens: en mostres L1L1,
aproximadament el 50% del mRNA prové del gen CCL4L, perd en mostres L2L2 aquesta
proporcié disminueix considerablement fins al 12%. Aquestes dades tenen una
trascendéncia important ja que significa que en condicions normals (tenint en compte
que la variant L1 és ampliament majoritaria a la poblacié caucasica) la contribucié dels
locus CCL4 i CCL4L en una situaci6é inflamatoria és equivalent. Aixd situa les dues
quimiocines a un nivell similar i reforca la importancia de determinar les possibles
diferéncies funcionals entre elles. Es convenient recordar que els experiments d’expressio
han estat realitzats a partir de limfocits T CD8 estimulats amb PHA + IL-2 i que podria
ser que en d’altres tipus cel-lulars, les proporcions exposades en aquest treball puguin
variar. De fet, en un article publicat pocs mesos abans que el que conté aquestes dades,

Lu et al. analitzen I'expressio de CCL4 i CCL4L en mondcits i limfocits B [150]. Les
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conclusions generals d’aquest estudi mostren que les ceél-lules B (tant naive com
memoria) estimulades amb anti-IgM, expressen quantitats equivalents de CCL4 i CCL4L
(com passa en el nostre cas amb els limfocits T CD8). Perd en el cas dels monocits,
expressen predominantment CCL4 (tot i que no mostren la relaci6 numeérica). Malgrat
I'interés dels resultats d’aquest estudi, cal remarcar que els autors no tenen en compte
les dues variants al-léliques principals de CCL4L originades per I'SNP rs4796195 (les
quals ja hem vist que presenten diferéncies importants a nivell d’expressid). Per altra
banda, desconeixen la presencia de variants de CCL4 i CCL4L originades per tall-i-unié
alternatiu de I'mRNA. Curiosament, quan amplifiquen ambdds gens utilitzant primers
situats als exons 1 i 3 els apareix, a part de la banda corresponent a CCL4 o CCL4L, una
banda inesperada de menor pes molecular. Els autors comenten literalment “...these RT-
PCR reactions of monocytes and stimulated B cells yielded a predominant band whose
sequence was confirmed to be a CCL4 gene and a faster migrating band of lower, but
variable, intensity. It is unclear what this lower band represents as it could not be
sequenced”. Sembla probable, doncs, que aquesta banda correspongui a les variants
CCL4A2 i CCL4LA2 (que, en el nostre estudi d’expressio, representen tan sols el 3%
respecte els transcrits de les variants completes CCL4 i CCL4L).

La repercussié del complex panorama genétic descrit per a CCL4 i CCL4L requerira
posteriors estudis per a comprendre amb més detall com es regulen tots aquests
processos. Una primera evidencia, per0o, de la importancia d’aquesta variabilitat la
trobem en I'estudi cas-control que analitza la distribucié de les variants originades per
I'SNP rs4796195 (L1 i L2) en diferents patologies. Partint de la distribucido de les
freqiéncies al-leliques i genotipiques en poblacié sana (83,4% L1 vs 16,6% L2 i 70%
L1L1, 27% L1L2 i 3% L2L2), s’ha determinat una distribuci6 significativament diferent en
el grup d’individus infectats pel virus HIV. Concretament, I'al-lel L2 esta hiperrepresentat
en el grup de pacients respecte els controls (28,6% vs 16,6%). Aix0 indica que l'al-lel L2
representa un factor de susceptibilitat a contraure la infeccié per HIV (sempre que hi
hagi, obviament, una exposicidé al virus). Una dada rellevant és la proporcié d’individus
homozigots L2L2 practicament es triplica en el grup d’infectats respecte els controls no
infectats (3% vs 8,6%). Sembla clar que aquests resultats condueixen a la planificacio
d’estudis adicionals per veure el possible paper diferencial de les variants CCL4L1 i
CCL4L2 respecte a la infeccid pel virus HIV. De fet el nostre laboratori ja esta treballant
en aquesta direccié: la idea és produir de forma recombinant les variants principals de
CCL4 i CCLAL per realitzar un ampli panell d’experiments funcionals (incloent estudis de
bloqueig de la infeccié per HIV) que ens permetin definir les diferéncies entre elles. La
prioritat és comencar per les proteines CCL4, CCL4L1 i CCL4L2, que sOn els productes
quantitativament més importants dels gens CCL4 i CCL4L (variants al-léliques L1 i L2).
Com ja s’ha comentat a la introducci6, entre CCL4 i CCL4L1 tan sols existeix un

aminoacid de diferéncia (Sery; — Glys7) pero que pot tenir conseqiéncies importants ja
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que l'aminoacid Gly,; és incapac¢ de formar un pont d'hidrogen que estabilitza una nanca
de la zona implicada en la unié6 de CCL4 a GAGs i també en la formacié de dimers
d'aquesta quimiocina. En el cas de CCL4L2, el canvi és més important ja que li manquen
els 5 primers aminoacids de I'exé 3 (F4.Q43T44K45R46) que, justament, precedeixen la
glicina 47 que diferencia CCL4L1 respecte CCL4. En aquest cas, l'efecte sobre la zona
implicada en la unié a GAGs és drastic, ja que en un treball del 1999 Koopmann et al van
demostrar de forma elegant que, dels 6 residus basics de la quimiocina, K45 i Rgs SON
essencials per aquesta unié [84]. En aquest estudi es van realitzar 6 mutants de CCL4
(un per a cadascun dels aminoacids basics de la quimiocina) on es substituia I'aminoacid
basic per una alanina i s’analitzava la seva uni6é a I’heparina. En aquest treball també es
demostra que els aminoacids essencials per a la unié a GAGs, no estan implicats en la
unié de CCL4 al receptor i en la subsegient activacio cel-lular. Concretament, el mutant
d’R4s €s comporta igual que la proteina normal en els assaig de quimiotaxi de limfocits T.
Aix0 explica que les conclusions del treball publicat el 2004 per Howard et al [106],
siguin que existeix una redundancia funcional entre les quimiocines CCL4 i CCL4L. En
aquest estudi es realitzen diversos experiments in vitro que inclouen el calcul d’afinitat
d’'unié al receptor, quimiotaxis i bloqueig de la infeccié per HIV. Sembla clar que per
dilucidar les possibles diferéncies entre CCL4 i CCL4L1, cal dissenyar experiments que
tinguin en compte les condicions in vivo, on la unié a GAGs és critica per la funcionalitat
d’aquestes quimiocines [151-153]. Aquesta consideracié també serveix per CCL4L2 ja
que, malgrat que I'estructura tridimensional de la zona d’'unié a GAGs sembla que queda
seriosament afectada, podria ser que mantingués certa capacitat d’'unié al receptor i
d’activacié cel-lular (la zona d’'unié al receptor es troba a I'extrem N-terminal, forca
allunyada de la zona d’unié a GAGs que varia entre CCL4, CCL4L1 i CCL4L2).

5.2. Discussi6 del capitol 11

L’exhaustiva descripcié de la complexitat genética i transcripcional de CCL4 i CCL4L que
s’ha realitzat en el treball del capitol I, juntament amb totes les possibles conseqiiencies
funcionals que s’han comentat, ens fa adonar de la necessitat de ser rigorosos en els
estudis que incloguin CCL4 i/o CCL4L. Com que molts d’aquests estudis contenen
experiments basats en I'Us de proteines recombinants adquirides comercialment, cal
confirmar que el producte que ens subministren és realment aquell que demanem.
Aquest fet que, segons en quins casos, pot semblar una obvietat, en el cas de CCL4 i
CCLAL pot arribar a ser un problema important. En el capitol Il s’han presentat casos de
confusions importants en les seqiéncies aminoacidiques de les quimiocines CCL4 i CCL4L
d’algunes empreses que, si no sén detectades, poden portar als investigadors a establir
conclusions erronies en els seus estudis. Aix0 constata que, per una banda, les empreses

especialitzades han d’estar constantment actualitzant la informacié dels seus productes i,
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per l'altra, els investigadors han d’aprofundir en les caracteristiques del producte que
demanen, més enlla de la descripcié superficial que moltes vegades apareix en els

catalegs o pagines web.

5.3. Discussio del capitol 111

A tot el panorama descrit anteriorment, cal afegir I'existéncia d’'una CNV que afecta la
regid cromosomica que conté els gens CCL4L i CCL3L. La primera evidéencia de que
aquests dos gens es troben en nombre variable de copies al genoma huma apareix el
2002 [107], en el marc d’un interés creixent en la detecci6 i coneixement d’aquest tipus
de variacio estructural. Tal i com s’ha comentat a la introduccio, les variacions en nombre
de copies son forca frequents al genoma huma [111, 112, 116, 120], i poden tenir
consequeéencies fenotipiques importants com a resultat de l'alteracié de la dosi génica, per
interrupcié de sequéncies codificants o perturbant zones implicades en la regulacio
génica [154, 155]. En els dltims anys s’han desenvolupat multiples metodes per a la
deteccié de CNVs, que podem classificar de forma general en dos grans grups: a) els
destinats a I'exploracié del genoma de forma global (genome-wide scans) com soén, per
exemple, els métodes basats en la hibridacié gendomica comparada (clone-based array-
CGH, oligonucleotide-based array-CGH) o en I'analisi d’'SNPs (SNP array) i b) els
destinats a analitzar regions concretes (targeted scans) com sén, per exemple, els basats
en la PCR a temps real o els recentment desenvolupats MLPA (multiplex ligation-
dependent probe amplification) i MAPH (multiplex amplification and probe hybridization)
[156, 157]. El nostre estudi (capitol Il1l) utilitza la PCR a temps real per quantificar el
nombre de copies de CCL4L en les mostres del panell HGDP-CEPH, i el protocol concret
utilitzat és una adaptacio del que s'utilitza en treballs similars [108, 109, 158-160]. Els
resultats demostren l'existéncia d’'una elevada estructura poblacional pel que fa al
nombre de copies de CCLA4L i el rang de variacié del nombre de copies del nostre panell
de mostres va de 0 a 10 copies de CCL4L per genoma diploide. Les poblacions de I’Africa
Subsahariana son les que presenten un nombre més elevat de copies de CCL4L, seguides
de les d’Ameérica (central i del sud) i de les de I'est del continent asiatic. A mesura que
ens acostem a Europa, el nombre de copies disminueix fins que, a l'arribar al nostre
continent, els valors es situen, de mitjana, lleugerament per sota de 2 copies/genoma
diploide.

Una de les fites metodologiques d’aquest treball era com afrontar I'estudi dels SNPs en
un gen amb variacidé en el nombre de copies. Una de les preguntes que consideravem
importants poder respondre és: en una mostra determinada, quin nombre de copies
correspon a cadascuna de les variants al-léliques de I'SNP? Obviament aquesta quiestio
no té cap dificultat de resposta en les mostres homozigotes per a qualsevol de les

variants al-leliques, pero en el cas de mostres heterozigotes amb més de dues copies, la
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resposta no és evident. En el cas concret del gen CCL4L, aquesta situacio pot arribar a
complicar-se forca per la preséncies de mostres heterozigotes amb 5, 6, 7 0 més copies
(amb les possibles combinacions de distribucié de copies que implica). Com s’ha vist a
I'article del capitol 111, la solucié ha estat realitzar la genotipificacié utilitzant un sistema
de PCR a temps real amb sondes FRET que, combinat amb el resultat de la quantificacié
de copies realitzada anteriorment amb sondes TagMan, ens ha permeés, per a cada
mostra, determinar el nombre de copies de CCL4L corresponents a cadascun dels al-lels
dels 2 SNPs (L1 o L2 en el cas de I'SNP rs4796195 / R o H en el cas de I'SNP).

La distribucié poblacional dels 2 SNPs analitzats és molt diferent. L’'SNP rs4796195
segueix un patré molt similar al descrit pel nombre de copies: les poblacions de I'Africa
Subsahariana i les d’Ameérica (central i del sud) so6n les que presenten una frequéncia
més elevada de I'al-lel menor L2 (41% i 43% respectivament), mentre que a mesura que
ens acostem a Europa, la freqgiéncia disminueix fins a situar-se en el 17% en aquest
continent. Destacar que aquest 17% de mitjana de freqiéncia de I'al-lel L2 en poblaci6
europea és molt similar al 16,6% obtingut en I'estudi poblacional del capitol | sobre 220
mostres procedent d’individus de poblacié catalana. Pel que fa a I'SNP rs3744595, la
distribucid poblacional és totalment diferent. De fet, en aquest cas, I'al-lel menor H es
troba practicament absent (frequencia de I'1%) en les poblacions de [I'Africa
Subsahariana i d’Ameérica (central i del sud) i presenta la maxima frequéncia en
poblacions de [I'Orient Mitja i Oceania (14% i 16% respectivament). Aquest
comportament tan diferent dels 2 SNPs ens va sorprendre inicialment, ja que es troben
forca propers (tan sols separats per 647 nucleotids) i, per tant, es podia esperar un cert
desequilibri de lligament (LD) entre ells. Perd un cop fet I'analisi s’observa la manca de
LD que hi ha entre els 2 SNPs i que explica aquestes diferéncies. Tal i com s’ha
comentat, la distribucié poblacional de les freqiiéncies de I'SNP rs4796195 recorda molt a
la distribucié del nombre de copies de CCL4L. Aquest fet es confirma amb I'analisi de
correlacié entre les frequencies dels SNPs i el nombre de copies de CCL4L. En el cas de
rs4796195, la correlaci6 amb la frequéncia de Il'al-lel menor i amb la frequéncia
d’heterozigosi és positiva i molt alta (0,731 i 0,890 respectivament). En canvi, I'SNP
rs3744595 mostra una lleugera correlacié negativa entre la frequéncia de I'al-lel menor o
la frequéncia d’heterozigosi i el nombre de coOpies de CCL4L (-0,491 i -0,186
respectivament). L’elevada correlaciéo entre I'SNP rs4796195 i el nombre de copies de
CCLA4L és un aspecte forca interessant de I'estudi ja que ens permet usar un marcador
tant facil de genotipar com un SNP, com a indicador del nombre aproximat de copies
d’'una poblacié concreta. En el cas de CNVs bial-leliques, hi ha interés en trobar SNPs que
hi estiguin en desequilibri de lligament, de tal manera que a través de genotipar I'SNP
poguem determinar el genotip de la CNV en cada mostra. Aixdo en el cas de CNVs

multial-léliques com la que afecta a CCL4L no és possible a nivell de mostres individuals,
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perd si que en el cas de I'SNP rs4796195, ens pot servir per estimar de forma
aproximada el nombre de copies de CCL4L d’una poblacié donada.

L'analisi de les frequéncies fenotipiques dels SNPs també presenta alguns aspectes
interessants a comentar, sobretot pel que fa a I'rs4796195. En el aquest cas d’aquest
SNP trobem moltes poblacions que presenten frequéncies d’heterozigosi superiors al
50%, que és el maxim esperat seguint I'equilibri Hardy-Weinberg (HWE), amb diverses
poblacions que superen el 80% i arribant fins al cas extrem d’'un 100% d’heterozigosi en
una de les poblacions de I'Africa Subsahariana [South East Africa (Bantu)]. Aquest fet
esta causat per la variabilitat en nombre de copies del gen CCL4L. Al realitzar aquest
analisi hem considerat que les mostres heterozigotes sén aquelles que presenten les
dues variants al-leliques, independentment del seu nombre de copies. Per exemple,
trobem diversos casos de mostres heterozigotes amb 6 copies de CCL4L que es
distribueixen al-l1élicament de forma tan diversa com: 5 copies L1 / 1 coOpia L2, 4 copies
L1 / 2 copies L2 o 3 copies L1 / 3 copies L2. Aixo fa que les mostres heterozigotes formin
un conjunt forca heterogeni que, en segons quins casos, no hauria de ser tractat de
forma unitaria. Per exemple, si tenim en compte que l'al-lel L2 representa un factor de
susceptibilitat a la infeccié per HIV, en un estudi cas-control no hauriem de considerar les
mostres heterozigotes com un sol grup (com es fa normalment en gens de copia Unica),
ja que, imaginant un cas extrem, podria tenir consequéncies molt diferents tenir una
distribucié de 5 copies L1 / 1 copia L2, o bé una de 1 copia L1 / 5 copies L2. En el cas del
segon SNP (rs3744595), practicament no es produeixen desviacions del HWE ja que la
seva frequencia és forca més baixa (en especial a les regions que tenen un nombre més
elevat de copies de CCL4L). Aquesta caracteristica desviacié del HWE que es produeix en
alguns SNPs que formen part de regions amb CNV, s’ha utilitzat justament com a eina
per a la detecci6é d’aquestes CNVs.

Per tant, en estudis genetics de variacié fenotipica que impliquin gens amb CNV, sembla
important combinar la determinacié del nombre de copies amb la genotipificacié d’SNPs
rellevants, especialment en estudis de susceptibilitat/resisténcia a malaltia. En el cas de
la relaci6 de CCL4L en la infeccié per HIV, s’han realitzat estudis que impliquen els tres
elements analitzats en aquest treball (la CNV i els 2 SNPs) en la malaltia, de forma
independent [109, 123, 128], perd mangquen estudis que combinin I'analisi conjunt.
Aquest és un punt important que també tenim en compte de cara a estudis futurs. En el
cas de les dades que hem obtingut en el panell HGDP-CEPH (cal recordar que son
mostres de poblaci6 normal), és curids el fet que les poblacions que tenen un nombre
meés elevat de copies de CCL4L (descrit com a factor de protecci6 vers la infeccié per HIV
[109]), també sbn les que presenten una frequéncia més elevada de la variant al-lélica
CCL4L2 (descrit com a factor de susceptibilitat vers la infeccié per HIV [123]). A més a
meés, la manca de correlacié de les variants R/H amb el nombre de copies de CCLA4L,

augmenta encara més la complexitat d’interpretar el paper d'aquests 3 elements en la
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infeccié per HIV. Per tant, el balan¢ entre presentar un nombre més o menys elevat de
copies de CCL4L-CCL3L (recordar que parlem d'una regié cromosomica que inclou
ambdés gens) i la freqiéncia de l'al-lel L2, juntament amb tots els altres factors de
susceptibilitat/resisténcia descrits per a la infeccié per HIV, determinaran la contribucié

final de cada element en aquesta patologia.

5.4. Discussi6 dels capitols IV i V

Com ja s’ha comentat, un dels objectius globals de la tesi ha sigut, més enlla de
I'aprofundiment en el coneixement immunogenétic de CCL4-CCL4L, I'estudi global de la
superfamilia de les quimiocines. La gran quantitat de membres que la formen i la seva
amplia diversitat funcional, fan del seu estudi un viatge per la majoria d’elements que
formen el sistema immunitari: des del coneixement dels diferents tipus cel-lulars que
expressen o son dianes de I'accié de les quimiocines (que sén practicament tots els tipus
cel-luars coneguts, trascendint més enlla dels que formen el sistema immunitari) fins als
organs primaris o secundaris on les quimiocines s6n parcialment responsables de la
I’organitzaci6 interna dels diferents tipus cel-lulars que els formen (timus, medul-la ossia,
ganglis...). Cal destacar que el caire immunogenétic del treball realitzat especificament
amb CCL4-CCL4L ha influit en I'aproximacio global a la superfamilia de les quimiocines.
De fet, la falta de publicacions que afrontessin la visi6 conjunta de la part
genética/gendmica de les quimiocines amb la seva funcionalitat general i amb el seu
paper en malaltia, ens va fer plantejar la possiblitat de realitzar i publicar un estudi
serids des d’aquesta perspectiva. Finalment, degut a la gran quantitat d’informacié
recopilada i analitzada, el treball es va dividir en dues parts independents pero
relacionades que es van publicar en forma de revisi6. Com que les propies publicacions
son, en esseéncia, discussions sobre els temes tractats, no es comenten en aquest apartat

ja que considerem que seria redundant.
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6. CONCLUSIONS

Les conclusions generals que podem extreure de la realitzacié d’aquesta tesi doctoral sén

les seglents:

1. Les quimiocines CCL4 i CCL4L estan codificades per dos loci (CCL4 i CCL4L)
que generen dos tipus de transcrits:
a.- els transcrits complerts, que corresponen a les quimiocines originalment
descrites (CCL4 i CCLA4L).
b.- transcrits originats per un fendomen de tall-i-unié alternatiu que elimina

I'exd 2 de 'mRNA, generant les variants CCL4A2 i CCL4LAZ2.

2. El locus CCL4L presenta un SNP situat a la seqUiéncia acceptora de tall de
I'intré 2. La nova variant al-lelica originada per aquest SNP (CCL4L2) presenta
un patré d’expressido de transcrits completament diferent al de la variant
al-lelica original (CCL4L1).

3. En cél-lules T CD8 estimulades, el nivell d’expressi6 dels loci CCL4 i CCLAL és
equivalent quan es tracta de mostres homozigotes L1/L1. En el cas de mostres
L2/L2, el percentatge de contribucié del locus CCL4L respecte CCL4 disminueix
fins al 12%.

4. La frequéncia de I'al-lel L2 es troba significativament augmentada en pacients

HIV™ respecte poblacié sana.

5. Existeixen confusions en la sequéncia aminoacidica de les quimiocines CCL4 i

CCLA4L subministrades per algunes empreses.

6. La variabilitat en nombre de copies del gen CCL4L presenta una peculiar
estructura/distribucié poblacional. Aquesta variabilitat ha estat estudiada en
1064 mostres d’individus corresponents a 51 poblacions mundials (panell
HGDP-CEPH). Les poblacions de I'Africa Subsahariana so6n les que presenten
un nombre de copies de CCL4L més elevat (4,32 de mitjana) i les d’Europa les

que en tenen menys (1,89 de mitjana).

7. Es possible genotipar per PCR a temps real un determinat SNP en gens amb
CNV, i definir exactament el nombre de coOpies corresponents a cada variant

al-lelica.

8. En l'avaluaci6 de SNPs de CCL4L relacionats amb la infecci6 per HIV, es
demostren comportaments diferencials en la distribucié poblacional mundial
(s’han genotipat les mostres del panell HGDP-CEPH pels SNPs rs4796195 i
rs3744595 de CCL4L). Per I'SNP rs4796195 les poblacions de [I'’Africa
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10.

11.

Subsahariana i les d’Ameérica (central i del sud) s6n les que presenten una
freqiéncia més elevada de l'al-lel menor L2 (41% i 43% respectivament)
mentre que, a mesura que ens acostem a Europa, la freqiéncia disminueix
fins a situar-se en el 17% en aquest continent. Per I'SNP rs3744595 la
distribucié poblacional és totalment diferent i en aquest cas, I'al-lel menor H es
troba practicament absent en les poblacions de [I'’Africa Subsahariana i
d’America (central i del sud) i presenta la maxima frequéencia en poblacions de

I'Orient Mitja i Oceania (14% i 16% respectivament).

L'analisi de correlacié entre les frequencies dels SNPs i el nombre de copies de
CCL4L mostra que, en el cas de I'SNP rs4796195, la correlacié és positiva i
molt alta (0,731 i 0,890 respectivament). En canvi, I'SNP rs3744595 mostra
una lleugera correlacié negativa entre la frequencia de I'al-lel menor o la
freqliéncia d’heterozigosi i el nombre de copies de CCL4L (-0,491 i —0,186

respectivament).

L’organitzacié genomica dels membres de la superfamilia de les quimiocines
esta relacionada amb les seves funcions, ja que els grups de gens de

quimiocines (o clusters) comparteixen funcions basiques.

Els polimorfismes i fendmens de tall-i-unié alternatiu de ’'mRNA augmenten el
nombre de variants de les quimiocines i poden tenir tenir influéncia en la

susceptibilitat/resisténcia a diverses malalties.
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