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Abreviaturas

Aa: Aminodcido

celulas NK: Células Natural Killer

NAD": Nicotin-adenin-dinucleétido

NAD(P)": Nicotin-adenin-dinucleétido fosfato

ADPR: Adenosin-difosfato-ribosa

ADPRe: Adenosin-difosfato-ribosa ciclico

ATP: Adenosin-trifosfato

RyR: Receptor de rianodina

TRPM2: Melastatin-related transient receptor potential channel 2.

LAK: Lymphokine-activated killer cells. Se obtienen a partir de PBLs de sangre periférica
humana tras la eliminacion de células B y macrofagos, percoll, adhesion a plastico y
diferenciacion con IL2 durante 10 dias.

APC: Célula presentadora del antigeno

SNP: Single-nucleotide-polymorphism. Polimorfismo debido al cambio de un nucleoétido
RARE: Elemento de respuesta a 4cido retinoico

GPI: glicosil-fosfatidil-inositol.

NGD": Nicotinamin-guanin-dinucledtido

B-CLL: Leucemia linfocitica cronica de células B

PBMCs: Células mononucleares de sangre periférica.

DC: Células dendriticas

GM-CSF: Granulocyte macrophage colony stimulating factor

FRET: Fluorescence resonance energy transfer

fMLF: formyl-metionil peptide

InsP;: Inositoles tri-fosfato

CsA: Ciclosporina A

ITAM: Motivos de activacion del receptor basados en tirosina

DRM: Dominios de membrana resistentes a detergente

SI: Sinapsis inmunolédgica

MC: Microcluster

PI: Fosfatidil inositol



Resumen

CD38 es una glicoproteina transmembrana

ADPR CDh3s de tipo II. Estd ampliamente expresada en
COH . ATVBE . . :
NAD* - /.) . eru; diferentes tipos celulares incluyendo
timocitos, células T activadas, y células B

f( diferenciadas (c€lulas plasmaticas) y en
tejidos como cerebro, higado, pancreas,
tejido cardiaco... Otras células en las que
se expresa son monocitos, macrofagos,
células dendriticas, algunas células

T epiteliales y células NK.

K.,

Czura, A.W., et al. Mol. Med. (2006) 12(11-12);309-311

Su dominio extracelular tiene actividad enzimética (puede convertir NAD" en ADPRc,
que es un agente movilizante de Ca>"). A pesar de tener un corto dominio intracelular sin
motivos de activacion, CD38 es capaz de sefializar, por lo que en su papel como receptor
promuevo proliferacion celular, rescate de apoptosis, fosforilacion en tirosina de proteinas,
movilizacion de calcio intracelular...Para la sefalizacion celular CD38 necesita de la
presencia del complejo TCR/CD3 y de Lck. ZAP-70 y LAT son algunos de los sustratos que
se fosforilan tras la estimulacion a través de CD38.

Esta descrito que CD38 controla la quimiotaxis de neutrofilos hacia quimioatrayentes
bacterianos a través de su produccion de ADPRc y que actia como regulador de inflamacion
y respuesta inmune innata. Ademas, CD38 se requiere para la migracion de granulocitos,
monocitos y células dendriticas a los sitios de inflamacion en la piel y pulmon.

CD38 esta presente en los microdominios de membrana o “rafts”, que son zonas de la
membrana enriquecidas en glicoesfingolipidos y colesterol. Ademads en células T, el complejo

TCR/CD3 también aparece en rafts y proteinas como Lck y LAT.



Por todo esto, en nuestro laboratorio nos planteamos como podia estar todo esto acoplado
en los microdominios de membrana. Para ello, mediante técnicas de inmunoprecipitacion,
analizamos la composicion proteica de los rafts en los que estaba presente CD38 y ademas
nos planteamos el estudio de la cascada de sefializacion en el linfocito T cuando es estimulado
a través de CD38 mediante anticuerpos monoclonales anti-CD38.

Otro marco de estudio en el que nos centramos fue el de la sinapsis inmunologica. En este
contexto, la célula presentadora (APC) “presenta” el antigeno a la célula T dando asi lugar al
desencadenamiento de toda una cascada de reacciones: liberacién de Ca>", produccion de
citoquinas... Dada la dependencia de CD38 por el complejo TCR/CD3 nos preguntamos si
CD38 se localizaria en la sinapsis inmunoldgica y que funcion podria desempefar en este
contexto. En nuestros experimentos vimos que CD38 se redistribuia en toda la zona de
contacto célula T-célula B de una manera antigeno-dependiente. Mediante diferentes técnicas
y experimentos de transfeccion con la molécula CD38-GFP, microscopia confocal, western-
blot, cuantificacion de calcio, citometria de flujo, cultivos celulares, formacion de conjugados,
fluorimetria... llevamos a cabo el estudio del papel funcional de CD38 en la sinapsis

inmunologica.

Comenzamos...



Introduccion

El ADP-ribosa ciclico (ADPRc) es un importante metabolito movilizador de calcio
producido por la familia de las enzimas ADP-ribosil ciclasa (ciclasas). Se han identificado 3
miembros de esta superfamilia (evolucionalmente conservados), uno del invertebrado Aplisia
californica y dos de tejidos de mamiferos, CD38 y CD157. En esta tesis nos centramos en el

estudio de CD38.

1. CD38

1.1  Descripcion

El antigeno humano CD38 (primeramente denominado T10 [1]) es una glicoproteina
transmembrana de tipo II de 45-kDa (300 aminoécidos), con un corto dominio N-terminal
citoplasmatico (20 aminodcidos), un largo dominio C-terminal extracelular (256 aa), donde
reside su capacidad enzimatica [1, 2] y cuatro sitios de glicosilacion. Esta molécula puede
también existir en una forma soluble presente en fluidos bioldgicos en condiciones normales y
patoldgicas [3]. CD38 puede estar glicosilado [1] y el dominio intracelular no contiene
motivos de activacion. Sin embargo hay estudios que demuestran, al menos en linfocitos T,

una asociacion directa entre el dominio intracelular de CD38 y el dominio SH2 de la cinasa

Lck [4]
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Fig. 1 Esquema de los dominios que componen CD38



CD38 se expresa en diferentes tipos celulares incluyendo timocitos, linfocitos T activados
y células B terminalmente diferenciadas (células plasmaticas) [5] [6], células NK, monocitos,
macrofagos, células dendriticas y algunas células epiteliales. CD38 no sélo esta presente en la
superficie celular sino que también se ha detectado en diferentes organulos intracelulares [7,

8], incluyendo el ntcleo [9-11].

CD38 es un importante regulador en la reabsorcion de hueso (osteoclastos) a través de su
produccion de ADPRc [12]. Ademas se ha demostrado que el CD38 localizado en el interior

de la membrana nuclear es critico en la regulacion del Ca’ nuclear via ADPRc/RyR

Mediante el uso de anticuerpos anti-CD38 se demostrd que, através de CD38, se inducia

activacion, proliferacion [13] y movilizacion de Ca’" en células T, B y NK humanas. [14].

La estimulacion de los linfocitos T con anticuerpos monoclonales especificos contra
CD38 induce la secrecion de numerosas citocinas como IL-6, IL-10, IFN-y y GMCSF
(granulocyte-macrophage colony stimulating factor) [15]. En el modelo murino se ha descrito
que CD38 se expresa selectivamente durante la activacion de un conjunto de linfocitos T
periféricos maduros, con una proliferacion reducida, pero con un mejor potencial de
produccion de citoquinas (IL-2 e IFN-y), lo que sugiere un papel de CD38 durante la

activacion de la célula T y diferenciacion [16].

En células B, los efectos de la estimulacion a través de CD38 son diferentes: en células B
inmaduras humanas se induce apoptosis [17] y en células B maduras humanas y murinas se

inhibe la apoptosis [18, 19]

La estimulacion a través de CD38 de diversas poblaciones de células linfoides y
mieloides implica a numerosos sustratos intracelulares [20] tales como c-cbl, ZAP-70 [21],
fosfolipasa C-y [21, 22], syk [22] y la tirosina cinasa de Bruton [23, 24]. Ademas se ha
descrito el papel de CD38 en la adhesion linfocito-célula endotelial [25] y la unién a

hialurénico [26]
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1.2 Gen CD38

El gen que codifica CD38 esta localizado en el cromosoma 4 [28] humano en la region p15

[29] y en el cromosoma 5 en raton [30].

El CD38 humano esta codificado por un gen de copia inica de mas de 62 kb y que consiste en
ocho exones y siete intrones, incluyendo un gran intréon que interrumpe la region 5 codificante.
Laregion 5 “aguas arriba” del gen esta caracterizada por la ausencia de las cajas TATA y CAAT,
la presencia de una region rica en GC inmediatamente aguas arriba del codon, de inicio, algunos

sitios de inicio de la transcripcion y potenciales sitios de union para factores de transcripcion [31].

CD38 tiene un polimorfismo bien caracterizado (SNP= single-nucleotide polymorphism)
localizado en el extremo 5" del primer intrén (182C>G), el cual resulta en la presencia o
(ausencia) de un sitio de restriccion Pvull [32]. Ademads este introén contiene la isla CpG el cual
contiene contiene RARE (elemento de respuesta al acido retinoico) responsable de la expresion de
CD38 inducida por acido retinoico (ATRA) [33]. Otra mutacion puntual es C/T localizado en el

exon 3, en la posicion 418, resultando el cambio de la Arg418 por Trp [34]. Un trabajo reciente



[35] investiga la posible asociacion de polimorfismos localizados en la posicion 182 del intron 1
(C/G) y 418 (C/T, localizado en el exon 3) en el gen que codifica CD38 con la susceptibilidad y
manifestaciones clinicas del lupus eritematoso sistémico (SLE). La frecuencia del genotipo en 194
controles sanos era de 53,1% CC, 40,2% CG y 6,7% GG. Segun sus datos, el genotipo CC
confiere susceptibilidad y el genotipo CG confiere proteccion al desarrollo de lupus discoide, por
lo que sugieren una ligera influencia en el polimorfismo localizado en el exon 1 al desarrollo del

lupus discoide en pacientes con SLE [35].

CD38 molecule

—p15

. chromosome 4

— 2o} e e § e [ s [ e == CD38 gene (76 kb)

CpG island (900 bp)

-
viL4 Vitamin D IL7 ER IL13 NF-L6 IRF

2000900 & ©
A A A
i S Intron 1 (37 kb)
Multiple TSSs
® ™Fe(2)
TNFa E2 IL6 IFN SNP RAR Ligands

Deaglio S. et al. Blood 2006 (108); 1135-1144

Fig.3 Gen CD38
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En 1998, Yagui et al. [34] estudiaron mutaciones de CD38 en 31 pacientes japoneses con
diabetes mellitus tipo II. Identificaron 2 patrones variantes en el exén 3 y 4 del gen CD38. La
variante en el exon 3 resultaba en la sustitucion de la Arg140 (CGQG) por Trp (TGG). Esta mutacion
la observaron en 4 de estos 31 pacientes y las frecuencias alélicas eran significativamente
diferentes en pacientes y en controles. Estudios enzimaticos usando las células COS-7 que
expresan esta mutacion mostraban una reduccion del 50% en la actividad ADP-ribosil ciclasa y
cADPR hidrolasa. Esta reduccion de ambas actividades causada por la mutacién ArgMOTrp en
CD38 muestra que esta mutacion puede contribuir al impedimento de la secrecion de insulina in
vivo en pacientes con diabetes mellitus tipo II. Se sabe que el ADPRc tiene un papel de segundo
mensajero en la secrecion de insulina a través de la movilizacion de Ca®" [36-38]. Como CD38
tiene ambas actividades, ADP-ribosil-ciclasa y ADPRc hidrolasa y el ATP inhibe la actividad
ADPRCc hidrolasa [37, 39], CD38 puede regular la secrecion de insulina inducida por glucosa en
los islotes pancreaticos [37, 40-42]. Segun este estudio, esta mutacion estaria implicada en el
desarrollo de la diabetes mellitus tipo II via impedimento de la secrecion de insulina inducida por
glucosa. El efecto bioldgico exacto de esta mutacion no se conoce, pero la introduccion de un
anillo aromatico podria afectar a la estabilidad de CD38, resultando asi la reduccion de su

actividad enzimatica, o incluso a la unidn a su ligando [43].

Esta mutaciéon Arg'*Trp descrita en pacientes japoneses con diabetes mellitus tipo II fue
estudiada en 84 pacientes caucésicos por Mallone et al. [44]. No encontraron esta mutacion en
ningun paciente y tan sé6lo la vieron en un sujeto control. Esta discrepancia puede deberse a la
heterogeneidad del background genético en estos 2 grupos étnicos [45]. Ademads, no observaron
diferencias en los analisis genéticos del alelo CD38*A (recientemente identificado en la poblacion

caucésica [46]) entre individuos sanos y pacientes con diabetes mellitus tipo [ y II.

Pupilli, et al [47] demostraron la presencia, en exceso, de anticuerpos anti-CD38 en sueros de
pacientes diabéticos (tipo 1 y 2) caucésicos y que estos anticuerpos ejercen un efecto
estimulatorio en la secrecion de insulina en los islotes pancreaticos humanos. Cuando incubaban
estos islotes con suero CD38" generalmente potenciaba el aumento de la produccion de insulina
de una forma dosis-dependiente. Este aumento de la secrecion era independiente de la cantidad de
glucosa porque ocurria a concentraciones bajas y altas de glucosa, mientras que el anticuerpo
monoclonal anti-CD38 T16 s6lo potenciaba el aumento de insulina en respuesta a altas

concentraciones de glucosa.
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Savarino, A., et al. 4IDS (2000), 14 ; 1079-1089
Fig. 4

Representacion esquematica del gen humano para CD38 (CD38) y sus correspondientes
porciones en CD38. Ademads estan representados los potenciales sitios de union a TCF, IRF-1,

acido retinoico y NF-IL-6 [27].

Dentro de la superfamilia de genes que codifican ADP-ribosil ciclasas se conocen, ademas de
CD38, otros dos genes estructuralmente relacionados, el que codifica para CD157 y el que
codifica para la ADP-ribosil ciclasa del molusco Aplysia [48, 49]. Los genes muestran una
marcada conservacion en la estructura del exén asi como la estructura de las proteinas que
codifican. Las proteinas ademés comparten la actividad ciclasa responsable de la conversion
catalitica del NAD" en ADPRc [32] mediada por su extremo C-terminal. Algunos motivos de
unioén a acido hialurdnico en su dominio catalitico se piensan que son los responsables de la union
a sustrato. El dominio intracitoplasmatico no contiene motivos de activacion para permitir por su
directa interaccion, la senalizacion intracelular [50].

CD157 y CD38 son ambos productos de un gen duplicado localizado en el brazo corto del
cromosoma 4 humano. Sin embargo hay una mayor diferencia en tipologia. Mientras que CD38
tiene un dominio transmembrana cerca de su extremo N-terminal, CD157 esta unido a membrana
mediante GPI. Esto significa que las 2 moléculas pueden posiblemente interaccionar. Por ejemplo,

CD157, expresado abundantemente en células endoteliales, podria ser un receptor para CD38, el
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cual es principalmente expresado en linfocitos y plaquetas [32, 48]. Estas diferentes funciones son

consistentes con la baja similaridad (~28%) entre las secuencias de aminodcidos de CD38 y

CD157, asi como la baja actividad ciclasa de CD157 [51]

Signal sequence

e

Human CD157

Human CD38

Human CD157

Human CD38

Human CD157

Human CD38

Human CD157

Human CD38

Human CD157

Human CD38

Human CD157

Human CD38
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Exon 6 . Exon 7
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T T
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J——

ASRTQL 318

Ortolan E. e al. Cell. Biochem. Funct 2002; 20: 309-322

Fig. 5 Comparacion de las secuencias de aminoacidos de CD38 y CD157 (humano)

C- Cisteinas conservadas.

*N- Posibles sitios de glicosilacion

Un estudio reciente sugiere que hay un cuarto miembro de la familia ciclasa, otra proteina

anclada a membrana mediante GPI encontrada en Schistosoma mansoni, un parasito humano [52].

Esta proteina tiene un 21% de homologia de secuencia con el CD8 humano, posee el motivo
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conservado TLEDTL vy sus cisteinas también alinean con las de los otros miembros de la familia.
Es ademas un ectoenzima, catalizando la produccion de NADP a partir de NADP y la hidrélisis de
NAD a ADPR. Sin embargo, su actividad ciclasa (sintesis de ADPRc a partir de NAD) es muy
baja, mas baja incluso que la de CD157 [52].

A pesar de algunas diferencias entre las proteinas de esta familia, un hecho comun es que
todos los miembros de la familia ciclasa son capaces de ciclar NGD', un analogo del NAD", a
GDPRc, un analogo fluorescente del ADPRc que es mucho més estable a la hidrélisis [53]. Esta
reaccion ha sido usada como un ensayo simple fluorimétrico para identificar homologos de ciclasa
y poder distinguir las NADasas (por ejemplo de Neurospora) que no tienen del todo actividad

ciclasa [54, 55].

1.3 Estructura cristalina del dominio extracelular

del €CD38 humano (CD38hs).

Se ha desarrollado un eficiente sistema de expresion en levadura para facilitar los estudios de
la estructura y funcion y para asi poder purificar suficiente cantidad de ciclasa para cristalografia

[56].

N-term domain

Qun Liu et al. Structure 2005, Vol 13, 1331-1339

Fig. 6 Estructura del CD38 humano soluble (expresado en la levadura Pichia pastoris).
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El modelo estructural final contiene dos moléculas de CD38hs en la unidad asimétrica
cristalografica, cada cual consistente en 252 residuos.El péptido GPGTTK implicado en la

inhibicidn de la infeccion del HIV-1 esta coloreado en azul.

La molécula CD38hs puede dividirse en 2 dominios separados. El dominio N-terminal
(residuos 45-118 y 144-200) esta formada por 5 a-hélices (al, a2, a3, a5, a6) y 2 cortas cadenas
B (B1, B3); y un dominio C-terminal (residuos 119-143 y 201-300) que consiste de 4 laminas 3
paralelas (B2, B4, BS, y p6) rodeadas de 2 largas hélices (a8 y a9) y 2 cortas hélices (a4 y
a7). Hay un tnico puente disulfuro en CD38 (Cys119-Cys201).

Aunque la estructura cristalina de Aplisia cyclase [57, 58] y CD157 [59] revelan
homodimeros cabeza-cabeza y tallo-tallo, las 2 moléculas de CD38hs no forman dimero en el
cristal. Ademas hay evidencias que sugieren que la estructura enzimatica funcional de CD38hs en
solucion podria ser un monémero [3, 60] Por otra parte, hay articulos que describen que CD38
puede formar homodimeros en la superficie de la célula [60, 61] los cudles parece que requieren
contribuciones estructurales de la porcion intracelular [61]. Asi, la ausencia de dominio
transmembrana y la parte intracelular, CD38hs podria no formar un dimero funcional en solucion

0 en cristales.

También fue considerada la posibilidad de que la deglicosilacion de CD38hs pudiera alterar
su dimerizacion, sin embargo, la mutacion de estos sitios no deberia afectar a la dimerizacion de
CD38hs puesto que los alineamientos estructurales de CD38 con CD157 y la ciclasa de Aplysia
revelan que los sitios de glicosilacion en CD38 y CD157 no toman parte en la formacion de

dimeros [62]
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Alineamiento de secuencias de CD38hs, CD157/BST-1 y la ciclasa de Aplysia

Fig.7.B Comparacion estructural de los miembros de la familia de la ADP-ribosil ciclasa

(CD38hs, verde; CD157/BST-1, amarillo; Ciclasa de Aplysia , marrén). Las areas de mayores

diferencias estructurales estdn marcadas mediante circulos. CD38hs est4 de azul en estas areas).
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Los residuos RWRQTW del extremo N-terminal tienen cadenas cargadas positivamente y
residen en la region proxima a la membrana por lo que tendria capacidad de interaccionar con las

cargas hidrofilicas de los lipidos de los rafts (balsas lipidicas) [63].

Hong Cheung Lee. Mol Med (2006) 12; 317-323

Fig. 8 Estructura cristalina de CD38
Panel izquierdo: verde, estructuras 3; rojo, a-hélice; azul, puentes disulfuro conservados;
amarillo, puente disulfuro inico; morado, motivo conservado TLEDTL (presente en CD3, CD157

y la ciclasa de Aplysia Californica).

Panel derecho: Superficie de van der Waal. La molécula unida al sitio activo es nicotinamida

mononucledtido (NMN). En morado esté representado el motivo conservado TLEDTL.
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Fig. 9

A- Asociaciones laterales de 2 moléculas CD38hs. Los residuos de la molécula B implicados

en las interacciones polares hidrofobicas estdn marcados con flechas.

B- Posible orientacion de CD38hs en la superficie de la célula e interacciones entre CD38 y
las balsas lipidicas (rafts). Las elipses rojas representan los grupos polares de los
glicerofosfolipidos, estingolipidos y colesterol. El dominio extracelular de CD38hs se
muestra representado con las cargas electrostaticas (rojo = negativo, blanco = neutro, azul
= positivo). La hélice transmembrana esta propuesta como una extension del extremo N-

terminal de CD38hs.

La sintesis de ADPRc requiere 2 pasos: corte de la nicotinamida-ribosa unida al NAD seguido
de la entrada de adenina y ciclacion [59]. El residuo Glu146, conservado en la ciclasa de Aplysia,
pero no en CD157, tiene un importante papel en la regulacion de la ratio de las actividades ciclasa
y NADasa de CD38 [64]. CD38 wild-type tiene alta actividad NADasa pero s6lo una minima
actividad ciclasa. Interesantemente, el mutante E146A de CD38 sin embargo, tiene muy
incrementada la actividad ciclasa y disminuida la actividad NADasa [64]. NMN es un sustrato que

imita al NAD y que puede ser hidrolizado por CD38 [65]
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Fig. 10
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A- Estructura del centro activo. Residuos implicados en el sitio activo: Glu226,Trp125, Trp189 y

Glul4e6.

B- Modelo de union de CD38-ADPRc. Verde = CD38hs, amarillo = CD157, rosa = ciclasa de

Aplysia.

C- Modelo de ADPRc en el sitio activo de CD38hs. Los residuos funcionalmente esenciales estan

marcados. El potencial positivo esta coloreado en azul y el negativo esta en rojo.

D- Modelo de unién de NMN a CD38 (NMN es un sustrato de CD38).

E- Diagrama esquematico del papel de Glu146 durante la sintesis de ADPRc a partir de NAD.
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1.4 CD38 como marcador de pronostico en

enfermedades

CD38 es marcador de prondstico negativo en B-CLL (leucemia linfocitica cronica de células

B) [66-68].

Esta reconocido que alta proporcién de células T CD8 CD38" tienen valor prondstico para el
seguimiento del desarrollo del SIDA, aunque ademas se utilizan las células CD4". Esto se
atribuye a la capacidad de CD38 de marcar activacion en el sistema inmune. Algunos de los
linfocitos CD8 'CD38" tienen actividad citotoxica contra las células CD4 que expresan los

antigenos virales, contribuyendo posiblemente a la deplecién de células T CD4 " [69].

El incremento de la expresion es un indicador de la progresion de la enfermedad y la bajada
de la expresion es un buen indicador de la efectividad de la terapia anti-retroviral (HAART) [70-
72]. Es curioso que aunque CD38 es un marcador de prondstico de la progresion del HIV-1, en las
fases tempranas del desarrollo de la infeccion por HIV-1, la expresion de CD38 podria prevenir la
infeccion de los linfocitos por HIV-1 [73]. La relacion molecular entre CD38 y HIV-1 fue
primero identificada mediante la interaccion entre CD38 y CD4, el principal receptor para HIV-1

[74].

El valor prondstico de la expresion de CD38 en células CD8 debe completarse con la
evaluacion de la expresion de las células T CD45RO'CDS8': proporciones relativas de células T
CD45RO'CD8'CD38" correlacionan mejor con el declive de linfocitos T CD4 " que solo la
proporcién de células CD8'CD38" [75]. Esto podria explicarse por el hecho de que las células T
CD45RA'CDS" (principalmente células naive) expresan constitutivamente CD38 incluso en
controles normales y no ofrece una contribucion significativa. Por el contrario, las células T
CD45RO'CDS" (principalmente células memoria) no expresan normalmente CD38, por lo que
hacen que CD38 sea un buen marcador de linfocitos T sélo en el tipo CD45RO". Ademas, los
valores de intensidad son sensibles a la cantidad relativa de CD38 expresado en linfocitos
CD45RO" 0 CD45RA" dado que los linfocitos CD45RA" expresan CD38 a baja intensidad
(CD38"") mientras que las células activadas CD45RO" lo expresan con alta intensidad

Nuestro laboratorio esta trabajando con pacientes de lupus eritematoso sistémico (SLE). Esta

es una enfermedad autoinmune sistémica y estudios de Pavon et al. demuestran que la expresion
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de CD38 en estos pacientes esta aumentada en linfocitos T CD3", CD4", CD8", y CD25", lo cual
correlaciona con un incremento en la insolubilidad de CD38 en el detergente Brij 98 y una mayor
proporcion de CD38 en los rafis [76]. Ademas, las células de estos pacientes muestran una
alteracion en la ratio CD4:CDS (lo normal es 2:1), lo cual es debido a un descenso de la
proporcién de linfocitos T CD4" y un aumento en la proporcién de linfocitos T CD8". Estos datos
son consistentes con el incremento de la expression de CD38 y la formacion de rafts, y la
significativa reduccion en la ratio CD4:CD8 observada en linfocitos T normales estimulados con

mitdgeno si se compara con células T normales sin tratar.

1.5 Anticuerpos anti-CD38

1.5.1  Para investigacion

Para el analisis de las funciones de CD38 se han utilizado diversos anticuerpos monoclonales,
que reconocen diferentes epitopos de CD38. Mediante ensayos de competicion se han identificado
2 familias de anticuerpos monoclonales: por un lado IB4, IB6 y AT2 y por otro lado OKT10,
SUN-4B7 y ATI [77]. Cada familia reconoce epitopos que son completa o parcialmente comunes.
Sin embargo, las actividades funcionales de CD38 no pueden ser simplemente atribuidas a los
epitopos que reconocen. Por ejemplo, IB4 y OKT10, los cudles se unen a diferentes epitopos,

inducen proliferaciéon de PBMCs y la secrecion de IFN-y.

Anticuerpo Isotipo Secuencia que reconoce
IB4 IgGa, 220-241
1B6 IgGyy .?
SUN-4B7 IgG, i?
OKT10 IgG 280-298
ATI1 IgG, .?
AT2 IgG, .?
HB136 IgG, C-terminal

Adaptado de Ausiello C. et al. Tissue Antigens (2000) 56; 539-547

Fig. 11 Tabla de anticuerpos anti-CD38
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La estimulacion a través del CD38 humano mediante anticuerpos monoclonales lleva consigo:

1. Expresion de RNAm de IL-1p, TNF-a, IL-6, GM-CSF, IL-2, IFN-y, IL-10 y de IL-12 [78]
(en PBMC).

2. Encélulas T purificadas inducen secrecion de IL-2 e IFN-y (tipo 1), IL-6 e IL-10 (tipo 2)
[79].

3. Laproduccién de citoquinas no esta asociada con la proliferacion de los linfocitos T
(indicando una dicotomia de los 2 sucesos) y no se requieren células presentadoras de
antigeno [79].

4. La secrecion de citoquinas tipo 1 y 2 sugiere un reclutamiento de moléculas de la

maquinaria de activacion de las células T, un rasgo compartido con CD3 [79].

1.5.2  Anticuerpos para tratamiento en clinica

Existen anticuerpos comerciales para el tratamiento en clinica, creados frente a CD38, para el
tratamiento del mieloma multiple (MM). E1 MM es un cancer de las células plasmaticas en la
médula 6sea que ocurre cuando estas células crecen fuera de control. Las células plasmaticas
excesivas pueden formar un tumor en la médula 6sea llamado mieloma y la presencia de muchos
tumores se denomina MM.

HuMax-CD38™ (GenMab) es un anticuerpo totalmente humano que se dirige a la molécula
CD38 que esta altamente presente en la superficie de las células tumorales del mieloma multiple.
En estudios preclinicos previos, HuMax-CD38 fue mas efectivo en poner en funcionamiento el
sistema inmunitario destruyendo los mecanismos de citotoxicidad celular dependiente de
anticuerpos (ADCC) y la citotoxicidad dependiente del complemento (CDC) que cualquier otro
anticuerpo humano CD38 al probarlo en tumores de mieloma multiple. HuMax-CD38 también
destruy6 eficazmente células tumorales de un paciente con leucemia de célula plasmatica positiva
CD38/138 que fue refractaria a la quimioterapia en el momento del andlisis. Ademas, el
tratamiento con HuMax-CD38 ralentiz6 el crecimiento tumoral en marcos preventivos y
terapéuticos en ratones con severas deficiencias inmunolédgicas combinadas (SCID) en modelos

animales. http://www.genmab.com
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MOR202™ (Morphosys) es un anticuerpo HuCAL dirigido contra CD38 humano, una diana
terapettica para el tratamiento del mieloma multiple y ciertas leucemias. En estudios pre-clinicos,
MOR202 eliminaba efectivamente células cancerosas de tumor primario de pacientes y
especificas lineas de células cancerosas. La eficacia preclinica fué demostrada por la fuerte
inhibicion del crecimiento de tumor en un modelo de ratén con SCID.

http://www.morphosys.com

1.6 (D31 como ligando de CD38

La proteina CD31 (PECAM-1) es una glicoproteina transmembrana y ha sido identificada
como ligando de CD38 [80] [81]. Se expresa principalmente en células endoteliales, plaquetas,
macrofagos y en algunas células T. Interviene en el trafico de leucocitos a través del endotelio
[82]. La interaccion entre CD38 y su ligando CD31 podria ser un paso importante en la regulacion

de la vida celular y en la migracion de leucocitos a través de las células endoteliales [27].
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Savarino, A., et al. 4IDS (2000), 14 : 1079-1089

Fig. 12 Posible modelo de interaccion CD38-CD31 en endotelio, en el cual interaccionarian la
secuencia adyacente al C-terminal y el segundo loop respectivamente.
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Fig. 13

CD38 y CD31 podrian estar implicados en la interaccion del linfocito con el endotelio. Este
modelo constaria de 3 pasos: 1) rodamiento del linfocito sobre el endotelio mediado por
receptores de adhesion tales como selectinas y moléculas mucin-like; 2) activacion de integrinas
por moléculas tales como chemoquinas presentes en las células endoteliales resultan en la
“parada” del linfocito; 3) extravasacion mediada por moléculas tales como CD31 e integrinas, los

cuales dirigen al linfocito hacia el tejido.

1.7 CD38 en:

Esta tesis se centra en el estudio de CD38 en linfocitos T pero no hay que olvidar que CD38

también se expresa en otras células:
1.7.1 Linfocitos B

Durante la ontogénesis de las células B, CD38 esta fuertemente regulado y estd presente en
altos niveles en los precursores de médula dsea, baja su expresion en células B sin estimular y de
nuevo se expresa en células plasmaticas diferenciadas [83]. CD38 es usado para clasificar

subtipos de células B funcionales maduras.

Estimulando células B humanas purificadas y lineas B celulares, a través de CD38, mediante
el uso de anticuerpos monoclonales anti-CD38, se identifican las rutas de sefializacion de CD38.

Hay fosforilacion de la tirosina cinasa Syk, PLC-y y c-Cbl [84].

CD38 no tiene motivos de activacion por lo que, para poder sefializar, esta localizado cerca de

receptores “profesionales” de sefializacion como es el BCR en linfocitos B [85, 86] . Usando
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lineas de linfocitos B humanos, se ha demostrado que, tras estimulacion a través de CD38 hay una
marcada fosforilacion en tirosina de CD19 y asociacién con Lyn y PI-3K. CD19 es el mayor
componente de la cascada de sefializacion de CD38 en precursores de linfocitos B, sirviendo
como sitio de anclaje de la superficie de la célula para las cinasas citoplasmaticas [87]. Usando
lineas celulares linfoblastoides, Deaglio et al. [88] comprobaron que la estimulacion a través de
CD38 induce un nimero significativo de moléculas CD38 que se asocian a CD19 y que se
localizan en los microdominios de membrana (rafts). La asociacion fisica entre CD19 y CD38 fue
confirmada mediante experimentos de cocapping y coinmunoprecipitacion y ademas esta
asociacion es funcional, ya que el flujo de Ca®" mediado por CD38 no se activa si se silencia la

expresion de CD19 [88].

Estudios funcionales sobre la funcién de CD38 en células B maduras confirman que la
estimulacién de CD38 mediante anticuerpos monoclonales agonistas, protege de la apoptosis a
través de la up-regulacion de la proteina Bcl-2. Estos efectos son similares a los mediados por la
ruta CD40-CD40L, aunque estos 2 sistemas parecen que trabajan independientemente [89]. La
estimulacion de linfocitos B maduros circulantes a través de CD38 induce la sintesis de novo de

citocinas tales como IL-6, GM-CSF e IFN-y [90].

1.7.2 Monocitos

CD38 esta implicado en actividades funcionales reguladas por IFN-y, tales como la
interaccion del monocito con el endotelio. Estudios previos demostraron que el “rodamiento”
(rolling) del monocito sobre el endotelio es, en parte, mediado por interaccion de CD38 con su
ligando, CD31, expresado en la superficie de las células endoteliales [91]. IFN-y, aumenta la
expresion constitutiva de CD38 en monocitos de sangre periférica y en lineas monoliticas. 1L-2
también aumenta la expresion de CD38, aunque en menor medida. Este aumento de expresion va
en paralelo con el aumento de las actividades hidrolasa y ciclasa, sugiriendo que IFN-y esta
induciendo la expresion de una molécula totalmente funcional. Otros activadores de monocitos
como son LPS no afectan a la expresion de CD38, ni tampoco IL-4, IL-13 o IL-10 [92]. El papel
especifico del IFN-y en la induccién de CD38 es apoyada por la identificacion de tres elementos

de respuesta a interferén (IRF-1) en el promotor de CD38 [93].
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1.7.3 Células dendriticas

Las células dendriticas (DC) immaduras capturan el antigeno en el sitio de infeccion [94]. La
maduracion es el resultado de una reorganizacion de genes que regulan la produccion de
diferentes citoquinas y que conlleva a la migracion de la DC a los nddulos linfaticos donde
presentan los antigenos a las células T [95].

CD38 es un marcador de transicién de monocitos a células dendriticas inducida por procesos
inflamatorios [96]. Las DC inmaduras van perdiendo progresivamente la expresion de CD38 y
CD14 de la superficie y simultineamente van adquiriendo CD1a.

CD38 podria actuar como molécula de superficie que modula la adhesion y sefializacion entre
DC y linfocito T, ya que CD83, que es un marcador de DC madura humana y juega un papel
importante en la activacion del linfocito T mediada por DC, esta constantemente asociado al
CD38 en la membrana. En esta asociacion puede estar CD31 (expresado en los linfocitos T naive)
y ademas, otras moléculas implicadas en migracién como son CD11b y CCR7, estan asociadas a
CD38. Finalmente, el papel de CD38 en senalizacion ha sido indirectamente confirmado por su
localizacion en los rafts [97].

DC inmaduras (CCR7") migran desde la piel y el epitelio de la mucosa a los tejidos linfoides,
donde interaccionan con linfocitos T naive. Los conocimientos sobre el papel de CD38 en el
rodamiento y adherencia de los linfocitos, a través de su interaccion con el CD31 que expresan las
células endoteliales, fueron aplicados al analisis de las propiedades de migracion de las DC. La
quimiotaxis y el transporte a través del endotelio en respuesta a CCL21 indican que la migracion
de DC maduras a LPS era inhibida significativamente en presencia de anticuerpo anti-CD38
bloqueante y CD38 recombinante soluble. También se observaron inhibiciones significativas en
presencia de anticuerpo anti-CD31. La actividad enzimatica de CD38 no estaba implicada en este
contexto porque la adicion de 8-Br-ADPRc (antagonista del ADPRc) no influia en la quimiotaxis

o en la migracion a través del endotelio.

1.7.4 Neutrofilos

Ratones CD38 KO infectados con S. pneumoniae sufren una rapida diseminacion desde el
sitio de infeccion (pulmoén) a la sangre. Esta rapida diseminacion hace que estos ratones sean 10

veces mas susceptibles a la infeccion por S. pneumoniae. Ademas, los neutrofilos de estos ratones
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knockout para CD38 son incapaces de migrar eficientemente al sitio de infeccion en el pulmén
[98].

Los neutrofilos de ratones CD38 KO pueden ser activados por fMLP e IL-8 por lo que tienen
capacidad para migrar no-direccionalmente (quimioquinesis). Sin embargo no son capaces de
migrar direccionalmente hacia gradientes de fMLP o IL-8 (quimiotaxis) [98]. Este es un defecto
selectivo porque si eran capaces de migrar hacia gradiente de IL-8. Ademas, la quimiotaxis de

neutrdfilos hacia fMLP es dependiente de la produccion de ADPRc por CD38.

1.7.5  Células Natural Killer (NK)

La estimulacion a través de CD38 conlleva un aumento significativo del nivel de Ca*"
intracelular, aumento de la expresion de HLA-II y CD25 y la fosforilacion en tirosina de diversos
sustratos citoplasmaticos: CD3-C, FceRlIy, ZAP-70 y c-Cbl y ligero aumento del mRNA de IFN-y
y GM-CSF ( “granulocyte macrophage colony stimulating factor”) [99]. Ademas, la estimulacion
a través de CD38 mediante anticuerpos monoclonales agonistas induce sefiales que permiten la
activacion de la maquinaria de lisis de las células NK de adulto. Esto no puede reproducirse en las
lineas NK humanas YT, NKL, y 2 CD16". Se habia hipotetizado que CD38 pudiera establecer una
cooperacion funcional con moléculas de senalizacion de la membrana de la célula NK. Estos
efectos son similares a los que se observan con CD16 por lo que podrian tener rutas de
sefalizacion comunes. De hecho, Deaglio et al. [100] confirmaron en un trabajo posterior, que
CD38 y CD16 son funcionalmente dependientes y estan fisicamente asociados en las células NK
humanas. La molécula CD16 es un requisito necesario y suficiente para que a través de CD38
pueda haber flujo de calcio, fosforilacion en tirosina de ZAP-70 y MAPK, secrecion de IFN-y y
respuesta citotoxica. Mediante microscopia FRET y experimentos de “co-capping”” demostraron
que CD38 y CD16 estaban proximos. Resumen su trabajo confirmando que CD38 no puede
sefalizar por si mismo pero su funcidon como receptor es rescatada mediante la asociacion fisica y
funcional con estructuras de sefalizacion profesionales que varian segtn la linea y el ambiente,

siendo CD16 en el caso de las células NK [100].
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2. ADP-ribosilacion de CD38

La mono-ADP-ribosilacion es una reaccion de modificacion post-traduccional en proteina. La
mono-ADP-ribosilacion de proteinas de superficie de células T por mono-ADP ribosiltransferasa
(ADPRT) anclada a membrana por GPI, resulta en la inhibicion de las funciones citotoxicas de la
célula T, tales como proliferacion, citotoxicidad y secrecion de citoquinas [101]. Esta descrito que
la ADP-ribosilacion de CD38 por ADPRT en células T activadas resulta en apoptosis, asi como la
inactivacion de CD38, sugiriendo que la ADP-ribosilaciéon de CD38 juega un papel importante en
la regulacion inmune [102].

Durante la exposicion de las células T al NAD", el CD38 es modificado por ecto-mono-ADP-
ribosiltransferasas (ecto-mono-ADPRTSs) especificas para residuos de cisteina y arginina [103]. La
ADP-ribosilacion en arginina resulta en la inactivacion de las actividades ciclasa e hidrolasa de CD38,
en cambio, la ADP-ribosilacion en cisteina resulta solo en la inhibicidn de la actividad hidrolasa. La
ADP-ribosilacion en arginina causa un descenso en el ADPRc intracelular con lo que hay una bajada
del flujo de Ca?*, resultando en la apoptosis de las células T activadas [103]. Ademas se ha visto que
la ADP-ribosilacion en células B s6lo ocurre en el residuo de cisteina y no se ha detectado apoptosis o
inhibicion de la proliferacion cuando son incubadas con NAD".

Todo esto sugiere que la ADP-ribosilacion de CD38 juega un importante papel en la regulacion
inmune y que la sefalizacion mediada por ADPRc es esencial para la supervivencia de las células T

activadas.

3. Mutaciones en residuos de CD38

Mediante mutagénesis dirigida de CD38 se han identificado 3 residuos criticos en el sitio
activo: Glu-226, Trp-125 y Trp-189 . El reemplazamiento del residuo Glu-226 resulta en la
completa pérdida de todas las actividades enzimaticas. Los 2 residuos de Trp parecen ser
responsables del posicionamiento del sustrato

Cuando se incuba CD38 con NAD', CD38 predominantemente lo hidroliza a ADPR (NAD-
glicohidrolasa), pero también se produce una pequeiia cantidad de ADPRc mediante la ciclacion
del sustrato. Se han hecho mutagénesis dirigidas para investigar los aminoacidos importantes para
el control de las reacciones de ciclacion e hidrolisis. El residuo Glu-146 es un residuo conservado
presente en el sitio activo de CD38. Su reemplazamiento por Phe aumenta fuertemente la

actividad ciclasa a un nivel similar al de la actividad NAD" hidrolasa [104]
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4. Internalizacion de CD38

Debido a la existencia de la paradoja del sistema CD38-ADPRc, se han usado anticuerpos

monoclonales frente a CD38 marcados con I'*°

para el estudio del proceso de internalizacion de
CD38 [105] en células T Jurkat y células B Raji. Los resultados mostraron que la internalizacion
de CD38 es un fenomeno reproducible tras la union de anticuerpos especificos para CD38
(agonista (IB4) y no-agonista (IB6)). Este proceso seria independiente de la transduccion de
sefales porque ambos tipos de anticuerpos son efectivos y la dindmica de internalizacion es
mucho mas lenta que la de sefalizacion celular. Es plausible que la endocitosis mediada por

anticuerpos simularia lo que ocurre in vivo tras la interaccion con su ligando fisiologico [105].

Fig. 14

Microscopia confocal para el analisis de la
internalizacion de CD38 en blastos humanos.
Las células son marcadas a 4° C con [B4 mas
2° anticuerpo (“‘crosslinking”) y luego
incubadas a 37° C a diferentes tiempos. La
escala del azul al rojo representa el

incremento en la sefial de fluorescencia.

Funaro, A. et al. The Journal of Immunology

1998 (160): 2238-2247

15 min. 30 min.

So-Young Rah et al. [106] han demostrado que el tratamiento de células LAK con IL8
induce la asociacion de MHCIIA (nonmuscle myosin heavy chain IIA) con CD38 y que
MHCIIA fosforilado por PKG est4 asociado a CD38 via dominio SH3 de Lck, siendo éste un

paso critico en la internalizacién y activacion de CD38 [106].

29



5. Funciones de CD38h

5.1 Ectoenzima

CD38 es una ectoenzima multifuncional que actia como NAD(P)" glicohidrolasa [107] y
juega un papel importante en la activacion del linfocito [32, 108]. Sin embargo, CD38 puede
también actuar como una ectociclasa que convierte NAD" en el ADPRc [109]. Ademas, el
CD38 intracelular puede catalizar la conversion de NAD" a ADPRc, el cual también est4
implicado en la regulacion del Ca®" citosélico [8] y puede controlar la quimiotaxis de
neutrofilos hacia quimioatrayentes bacterianos a través de su produccion de ADPRc [98]. Sin
embargo, CD38 es mas eficiente NAD" glicohidrolasa que ADP-ribosil ciclasa porque mas

del 97% del producto total producido por CD38 es ADPR [110].

La actividad enzimatica de CD38 es altamente dependiente del pH, por lo que esto

sugiere que la actividad in vivo de esta enzima puede cambiar en acorde al ambiente [111].

El NAADP es estructuralmente diferente del ADPRc y movilizan Ca** de diferentes
compartimentos de la célula: NAADP lo hace de orgdnulos acidicos (lisosomas) [112, 113]y
el ADPRc moviliza Ca** del reticulo endoplasmico modulando los receptores de rianodina
[114, 115]. Ambos, ADPRc y NAADP" son fuertes mobilizantes de Ca*" en diferentes tipos

celulares [116, 117], aunque las reacciones que implican al NAADP ocurren s6lo a pH acido.

Hay numerosas evidencias que indican que la sintesis de ADPRc por ADP-ribosil-ciclasas
es estimulada a través de proteina G heterotrimérica acoplada a receptor de sefalizacion . Los
receptores implicados en la activaciéon de ADP-ribosil-ciclasa incluyen a los receptores [3-
adrenérgicos [118, 119], angiotensina II [120] y muscarinicos [121]. Se ha descrito la
activacion de la ADP-ribosil-ciclasa CD38 por cGMP [122, 123] y la activacion dependiente

de AMPc en células musculares lisas arteriales [119] y cardiomiocitos [124].

Aunque la secuencia de aminoacidos de la ADP-ribosil ciclasa de Aplisia Californica
exhibe un alto grado de identidad con la secuencia de CD38, la enzima de Aplisia s6lo tiene
actividad ADP-ribosil ciclasa y no ADPRc hidrolasa. Las cisteinas 119 y 201 de CD38 tienen
un papel crucial en la sintesis e hidrélisis de ADPRc [125]. Cuando se incuba con NAD",
CD38 predominantemente lo hidroliza a ADP-ribosa (NAD glicohidrolasa), pero una cantidad
de ADPRc es también producida a través de la ciclacion del sustrato. Se han hecho

mutagénesis dirigidas para investigar la importancia de los aminoacidos en el control de las
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reacciones de hidrdlisis y ciclacion. El Glu-146 es un residuo conservado presente en el sitio
activo de CD38 y su cambio por Phe aumenta la actividad ciclasa a un nivel similar al de la
hidrolisis del NAD" [64].

CD38 cataliza, no solo la formacién de ADPRc a partir de NAD", sino ademés la hidrélisis
del ADPRc a ADPR y es el ATP quien inhibe esta hidrolisis [40]. La actividad ADPRc
hidrolasa de CD38 es inhibida por ATP de una forma competitiva con el ADPRc. La Lys-129
de CD38 la participa en la uniéon del ADPRc y el ATP compite con el ADPRc por el sitio de
union, resultando en la inhibicion de la actividad ADPRc hidrolasa de CD38 [39].

193 a actividad

Mediante mutagénesis dirigida se ha comprobado la importancia de la Ser
enzimatica es fuertemente reducida y ademas, este residuo es altamente conservado en

diferentes especies (desde invertebrados a humanos), apoyando asi su importante papel en el

sitio activo de CD38 [126].
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Fig. 15 Actividades enzimaticas de CD38

El ADPRc producido por CD38 controla la quimiotaxis de neutr6filos murinos
respondiendo a fMLF, un péptido agonista para 2 subtipos de receptores quimioatrayentes:

FPR y FPR-like 1.

Un componente sintético que se puede usar para alterar el producto formado por las ADP-
ribosil ciclasas es el analogo al NAD" N(8-Br-A)D" [127]. Las ADP-ribosil ciclasas, como
CD38, utilizan este analogo del NAD" como sustrato, pero en lugar de producir ADPRc, las
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células producen 8-Br-ADPRc, el antagonista del ADPRc. Usando este antagonista de
ADPRc se bloquea la quimiotaxis de monocitos humanos a ligandos de CXCR4, CCR1 y
CCR5 [128].

Se sabe que es ADPRc generado por CD38 juega un papel importante en la liberacion de
insulina inducida por Ca®" en las células B-pancreaticas [129, 130]. Los ratones deficientes en

CD38 manifiestan dafio en la tolerancia a la glucosa[131].

5.1.1 Paradoja del sistema CD38-ADPRc

Puesto que el producto de la actividad de CD38 se produce en el exterior de la célula y su
accion la realiza en el interior ;Como se puede explicar esta paradoja?

Muchos autores han intentado explicar el mecanismo de accidon pero atn hoy sigue el
debate. Existen variedad de hipotesis:

Una es que el NAD " unido a CD38 causa su internalizacion y que por tanto el ADPRc es
generado en el citosol (en células Namalwa (linfoma de células B) [132, 133]. Ademas, el
CD38 internalizado podria tener acceso al NAD" [133] e incluso se ha descrito la localizacion
nuclear de CD38 [134]. Otra hipdtesis es que el ADPRc es generado extracelularmente y
seria traslocado al interior por su enzima [109]. En cambio, otro grupo de investigacion no
observa internalizacion de CD38 tras la incubacién de células Jurkat con NAD" y afirman que
la actividad ADP-ribosil ciclasa de CD38 no esta implicada en la sintesis de ADPRc
intracelular en células Jurkat y HPB.ALL [135]. De esta forma, en células Jurkat, no jugaria
un papel importante en la sefializacion mediada por Ca*" regulada por ADPRc.

Sin embargo, CD38 puede jugar un papel en la regulacion de los niveles basales de
ADPRc a largo término. De hecho, Zocchi y colaboradores [136] muestran que la transfeccion
de CD38 cDNA seguido de la expresion de CD38 en células Hela y 3T3 CD38" resulta en un
incremento del ADPRc intracelular, acompaiiado de un modesto incremento basal del Ca**
intracelular. Takahashi y colaboradores [137] ademas muestran que la diferenciacion de las
células HL-60 con 4cido retinoico estaba acompanada por un aumento en la expresion de
CD38 y un incremento basal del ADPRc intracelular.

Otras investigaciones han identificado unos hemicanales de conexina 43 [138] que

permiten el paso del NAD" del interior de la célula al exterior.
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Se ha demostrado que CD38 es un transportador unidireccional activo de ADPRc a través
de la membrana, el cual entonces podria operar en los reservorios de calcio intracelular [133].
El NAD" intracelular se encuentra el concentraciones micromolares (comparado con las
concentraciones nanomolares que se encuentran en el exterior) y pueden bajar su gradiente de
concentracion a través de los canales de conexina 43 hacia el sitio activo (extracelular) de
CD38. CD38 puede entonces catalizar la formacion de ADPRc, el cudl pasa a través del canal

central formado por la estructura homodimérica de la proteina [139]

Ademas, esta descrito que CD38 se internaliza mediante vesiculas endociticas (derivadas
de la membrana plasmatica) rodeadas de clatrina tras la incubacion de células CD38+ con
NAD+ o componentes del thiol: estas vesiculas endociticas pueden convertir el NAD+
citosolico en ADPRc a pesar de la desfavorable orientacion asimétrica que hace intravesicular
el centro activo de CD38 [133]. De modo que hay un aumento del [Ca2+]i dependiente de la
internalizacion de CD38 [133].
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Fig. 16 Rutas de transporte del ADPRc en la célula
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5.1.2 Movilizacion de calcio

En linfocitos T humanos se ha demostrado la implicacion de los inositoles tri-fosfato
(InsP3) y el ADPRc en el aumento de Ca>* mediante la sefializacion a través del complejo
TCR/CD3. Jayaraman et al. [140] comprobaron que el knockout funcional del InsP; tipo 1
resulta en la completa inhibicién de la sefializaciéon de Ca*" y de la produccion de IL-2. En
células T, los InsP3 y el ADPRc parecen actuar temporalmente coordinados: los InsP; en la

fase inicial y el ADPRc en una segunda fase de sefializacion de Ca®" en linfocitos T [141].
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Fig. 17 Rutas de movilizacion de calcio en el linfocito T

Este modelo estd ademds en concordancia con la cinética de la formacion de los InsP;y
del ADPRc: los InsP; estan elevados principalmente en los primeros minutos [142, 143],
mientras que la concentracion de ADPRc aumenta despacio en los primeros minutos, pero

entonces permanece elevado durante unos 10 minutos [144].

5.2 Receptor [145]

CD38 esta localizado en areas criticas de la membrana plasmatica, cercano a receptores
“profesionales” de sefializacion [146] tales como el receptor de células T (TCR) en linfocitos

T [147], el complejo receptor de células B (BCR) [148, 149], CD16 en células NK [150],
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complejo principal de histocompatibilidad (MHC) de clase II y CD9 en monocitos [151, 152],
CD83 (receptor para la quimioquina CCR7) y CD11b en células dendriticas maduras [153].

Gran parte de esta tesis estd centrada en el papel de CD38 como receptor por lo que
desarrollaré este apartado para profundizar en lo que se conocia hasta la fecha en la que se

1niciod esta tesis.

CD38 tiene efectos estimuladores en linfocitos T y B [89, 108, 154, 155], pero inhibe el
crecimiento e induce apoptosis en células precursoras de linfocitos B[156] . Anticuerpos anti-
CD38 ademas inducen fosforilacion de algunas proteinas intracelulares de linfocitos B [84],
células B de bazo [157] y células HL-60 humanas que han sido diferenciadas con acido
retinoico [158], incluyendo PLC-y1, c-Cbl, p85-PI3K, Btk y Syk. En el trabajo de Zubiaur et
al. [159] se demuestra que la activacion a través de CD38 resulta en la activacion de las rutas
Raf-1/MAP cinasa y CD3-{/ZAP-70/PLC-y1, ambas dependientes de Lck. La estimulacion a
través de CD38 induce la fosforilacion en tirosina de diversos sustratos y la fosforilacion de
las proteinas citoplasmaticas PLC-y1, c-Cbl, ZAP-70, Shc, Erk-2 y la cadena C del CD3 [159].
Esta descrito que, tras estimulacion del TCR, hay un reclutamiento a través de Ras, de Raf-1 a
la membrana plasmatica, permitiendo asi la activacion de MAPK. La MAP cinasa
predominante en linfocitos T es Erk-2 [160]. Ademas, este trabajo [159] concluye diciendo
que TCR y CD38 comparten algunas propiedades para sefializar como son las rutas de
senalizacion Raf-1/Erk-2 y CD3-{/ZAP-70 y que la fosforilacion en tirosina de CD3-{
mediada por CD38 y el reclutamiento de ZAP-70 en la proximidad del complejo TCR/CD3

sugiere una relacion funcional entre las sefiales producidas a través de CD38 y el TCR.

Continuando con la posible relacion CD38-TCR/CD3, Morra et al. [147] analiza si la
sefializacién mediada por CD38 ocurre a través de una ruta independiente o estd unida a la
ruta de sefializacion del TCR/CD3. La estrategia que adoptaron fué el estudio de la capacidad
de CD38 de modular los niveles de Ca*" ¢ interferir en la via del TCR/CD3 y su coreceptor
CD28. Utilizan diferentes anticuerpos monoclonales anti-CD38 pero solo IB4 era capaz de
inducir aumento de los niveles de Ca®" citoplasmatico. Ademas inducia la fosforilacion de
PLC-y1 y el aumento de expresion de CD69. Tras estimular con anti-CD38 o anti-CD3 hay un
incremento en el nivel de Ca" intracelular. Cuando hay EGTA en el medio hay un rapido
descenso en los niveles de Ca®". La respuesta inicial de Ca®" tras la estimulacion a través de
CD38 derivaria inicialmente de compartimentos intracelulares mientras que el aumento mas

tardio y sostenido de Ca** vendria de un flujo de compartimentos extracelulares [147]. Los
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primeros indicios de la posible vinculacion entre la sefalizacion de CD38 y el complejo
TCR/CD3 se estudiaron mediante el uso de un clon de la linea celular Jurkat que no expresaba
CD3 en superficie porque no expresaba la cadena 3 del TCR. Cuando se trataban estas células
con anticuerpos anti-CD38 o anti-CD3 no habia induccion de la expresion de CD69 ni
movilizacion de Ca**. Por el contrario, cuando se restauraba el complejo TCR/CD3 en estas
células Jurkat (reconstituyendo la cadena B del TCR) se restauraba la movilizacion de Ca®" y

la expresion de CD69 en superficie inducida por CD38.

Estaba demostrado que, cuando se cultivaban linfocitos T Jurkat en presencia de IB4
durante 48h se inducia el aumento de expresion de CD28, similar al que se observaba tras la
estimulacion a través de CD3. La estimulacion a través de CD38 en linfocitos T Jurkat era
seguida de una muerte por apoptosis, la cual era especificamente inhibida mediante
ciclosporina A (CsA) y, paralelamente, habia un aumento de la expresion de la molécula
CD95 (Fas). Ademas observaron que habia un mayor niimero de células muertas cuando se
estimulaban simultdneamente CD38 y CD28. Dado que CD38 tiene un corto dominio
citoplasmatico sin motivos de activacion surgi6 la hipotesis de la posible existencia de
interacciones laterales con alguna de las cadenas del CD3 para explicar la capacidad de

sefializacion de CD38 [147].

Antes de seguir profundizando en la relacion CD38-complejo TCR/CD3 haré una breve

descripcion de los componentes de dicho complejo.

5.2.1 Componentes del complejo TCR/CD3

Inmunologiaonline. Universidad de Cérdoba y Sweden Diagnostics (Spain).

WWww.uco.es/grupos/inmunologia-molecular/inmunologia/.

L. M. Allende, A. Corell, A. Pacheco, J. R. Regueiro y A. Arnaiz-Villena.

El complejo TCR/CD3 consta de dos partes bien diferenciadas:

e TCR

Es un heterodimero con dos subunidades protéicas, denominadas alfa (o) y beta (),

unidas covalentemente por puentes disulfuro. Es la porcion especifica del receptor, por lo
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tanto polimorfica, y en ella se da la variacion clonotipica que va a permitir el
reconocimiento de los mas de 10® antigenos diferentes.

Existe una variante del TCR que se encuentra en unas pocas células T, y esta formada
por cadenas gamma (y) y delta (8) en lugar de las cadenas o y 3. Este heterodimero no se

asocia covalentemente.

« CD3

Es la porcién invariante del complejo y esta formado por al menos 3 mondémeros
unidos no covalentemente, denominados gamma (y), delta (8) y epsilon (g). Es el
encargado de transmitir la sefial del reconocimiento antigénico al interior celular. Al

complejo CD3 se le asocia un gran homodimero intracitoplasmatico CC.

Todos los componentes del receptor de la célula T son proteinas de membrana, y estan
formadas por una secuencia, dominio N-terminal extracelular, dominio transmembrana y

dominio citoplasmico C-terminal.

cDn3

Fig. 18 Estructura del complejo TCR/CD3

CD3 y TCR( son responsables de transmitir la sefial al interior celular mediante unos
motivos aminoacidicos conservados que estan presentes en sus dominios citoplasmaticos.
Estos motivos contienen residuos de tirosina y se denominan ITAM (motivos de activacion
basados en tirosina) [161-163]. Otros inmunoreceptores, tales como el receptor de células B

(BCR) y el receptor para inmunoglobulinas Fcy también usan ITAMs para sefializar [164]. La
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secuencia consenso de aminoacidos de este motivo es Y XX(L/1)X.sYXX(L/I) (donde Y es
tirosina, L leucina y X es cualquier aminoacido). La cadena C del TCR contiene 3 motivos
ITAMs en tindem mientras que cada cadena del CD3 tiene 1, resultando 10 ITAMs por cada
complejo receptor.

La sefializacion a través del TCR también facilitada por los coreceptores CD4 y CDS, los
cuales interaccionan con moléculas MHC expresadas en las células APC durante la

presentacion antigénica [165].
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Fig.19 Motivos de activacion en tirosina del complejo TCR/CD3

La fosforilacion en tirosina de estos ITAMs proporciona la interaccion de las proteinas
Syk y ZAP-70. Estas a su vez permiten el reclutamiento y la activacion de proteinas tales
como LAT, Vav y Slp-76. Esto permite la formacion de complejos multimoleculares que
activan algunas cascadas de sefalizacion como la de PLC-y1, la ruta de las MAP cinasas y la
del PI3-K [166-168]. Estas rutas de sefializacion convergen en el nicleo resultando en la

expresion de genes que caracterizan la activacion del linfocito T.

A continuacion del trabajo de Morra et al. [147], Zubiaur et al. [169] investigaron la
participacion de varios de los componentes del complejo TCR/CD3 en la sefializacion
mediada por CD38. Con sus experimentos demostraron que en células TCR" que expresan
todas las subunidades del CD3, la estimulacién a través de CD38 producia la completa
fosforilacion en tirosina de CD3-( y CD3-¢. Esta fosforilacion en tirosina, inducida por

CD38, de CD3-{ y CD3-¢ sugeria una relacion funcional entre las sefiales derivadas a través

38



de CD38 y TCR/CD3. Utilizaron la linea de linfocitos T Jurkat 31-13 [170] (CD38 TCR’
/CD3"), la cual no expresa el complejo TCR/CD3 porque tiene defecto en la expresion del gen
para la cadena 3 del TCR. En estas células, cuando se estimulaba a través de CD38 mediante
el anticuerpo anti-CD38 IB4, no habia incremento de proteinas fosforiladas en tirosina.
Cuando estas cé€lulas eran transfectadas con el cDNA que codificaba para la cadena 3 del
TCR, se recuperaba la expresion del TCR/CD3 en superficie, asi como la fosforilacion en
tirosina de Erk-2, Cbl, PLC-y1, ZAP-70 y Slp-76 mediada por CD38 [169].

Para averiguar cual de los componentes del complejo TCR/CD3 era el que requeria CD38
para sefializar, utilizaron una linea Jurkat 31-13 que tenia reconstituido TCR-f3 pero que tenia
mutacion puntual de una tirosina por una leucina en el dominio transmembrana (Y11L)
impidiendo asi la asociacion de CD3-C al TCR [171]. No obstante, TCR se expresaba en
superficie y estaba fuertemente unido al complejo CD3-yd¢ y cuando eran estimuladas con
anticuerpos anti-CD3 habia aumento en la fosforilacion en tirosina. En estas células, cuando
se activaba a través de CD38, seguia produciéndose la activacion de Erk-2 probando asi que
CD38 no requiere de la asociacion de CD3-{ al TCR. No obstante, no excluyen el papel
funcional que puede desarrollar CD3-, ya que la estimulacion a través de CD38 en linfocitos
T Jurkat conlleva a la fosforilacion en tirosina de CD3-C y la asociacion de ZAP-70 a CD3-C
[159], lo que puede reflejar un papel de CD3-C en la ruta de sefializacion de CD38.

Para estudiar el papel de CD3- en la transduccion de sefiales mediada por CD38, Zubiaur
et al. [172] utilizaron células de raton deficientes en CD3-C a las que reconstituyeron con la
cadena ( total o con la cadena C pero con los ITAMs delecionados y transfectaron el cDNA
que codifica para CD38 humano. Sus resultados mostraron que en ambas situaciones, la
estimulacion a través de CD38 da como resultado la fosforilacion en tirosina de diversos
sustratos, incluyendo CD3-¢, ZAP-70 y Shc y la activacion de las rutas de sefializacion P13-
K/Akt y Ras/Erk. Ademas demostraron que CD38 estaba constitutivamente asociado a los
rafts. Cuando deplecionaban el colesterol de la membrana (50-60% segun los trabajos de
otros grupos [173]) mediante la preincubacién de las células con metil-B-ciclodextrina
(MBCD) (desorganizacion de los rafis) y a continuacion eran estimuladas con anti-CD3 o
anti-CD38, observaron que el tratamiento con MBCD causaba una sustancial inhibicion de la
estimulacion de Akt mediada por CD3 o por CD38, mientras que Erk se activaba incluso mas.
Esta descrito [174] que el pretratamiento de linfocitos T con MBCD inhibe la movilizacion de

Ca”" y la fosforilacion en tirosina mediada por el TCR, por lo que estos datos evidencian el
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importante papel del colesterol en la funcion del complejo TCR/CD3. Por el contrario, el
aumento de la fosforilacion de Erk anteriormente comentado sugiere que los niveles normales
de colesterol pueden regular negativamente algunas rutas de sefializacion por debajo de ella.
Hay resultados de otros grupos que demuestran que el tratamiento de linfocitos T con MBCD

estimula la ruta Ras/Erk mediada por CD3 [175].

Dado que LAT es importante en la activacion la ruta Ras/Erk mediada por el TCR y que
la activacion a través de CD38 induce la fosforilacion en tirosina de LAT, estudiaron que
ocurria en estas células. Cuando estimulaban a través de CD38 apenas habia fosforilacion de
LAT, mientras que cuando estimulaban a través de CD3, las células con la cadena {
reconstituida presentaban LAT fosforilado pero no las que tenian esta cadena mutada (aunque
en ambas se detectaba Sos). Puesto que LAT fosforilado une Grb2 directamente [176] y no
contiene dominio SH3 para interaccionar con la region rica en prolinas de Sos, la interaccion
Grb2/Sos puede mediar la asociacion de LAT fosforilado-Sos.

Estaba demostrado que la estimulacion a través de CD38 conlleva a la fosforilacion en
tirosina de ZAP-70 [177] y en este trabajo comprobaron que la cadena CD3-C no ejercia
ningun efecto de amplificacion de la fosforilacion de ZAP-70 mediada por CD38. Ademas
demostraron que habia activacion de Erk cuando estimulaban a través de CD38 en células T

Jurkat LAT-deficientes y en células T Jurkat ZAP-70 negativas.

Debido al papel crucial que tienen los ITAMs dentro de las cadenas del CD3 para el
reclutamiento de protein tirosin cinasas y moléculas efectoras al TCR, Guirado et al [178]
llevaron a cabo el estudio de las tirosinas de los ITAMs del CD3. Para ello construyeron
moléculas quiméricas que contenian el dominio extracelular y el dominio transmembrana del
CD8a humano y el dominios citoplasmatico del CD3-¢ de raton (Ilamado CD8-¢). Ademas
realizaron estas construcciones pero haciendo mutaciones de una o dos tirosinas), Y170F,
Y181F y Y170F/Y181F. En su trabajo concluyen diciendo que, en células T humanas, la
fosforilacion de las tirosinas N-terminal y C-terminal del ITAM del CD3-¢ de raton esta
diferencialmente regulada: la sustitucion por phenilalanina de la tirosina N-terminal del ITAM
de CD3-¢ elimina las funciones de transduccion de la sefial de éste ITAM, incluyendo la
fosforilacion en la tirosina del ITAM C-terminal y su asociacion con ZAP-70. Por el
contrario, la mutacion en la tirosina C-terminal del ITAM de CD3-¢ no previene la

fosforilacion en la tirosina N-terminal, ni su asociacion con Lck o la subunidad reguladora
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p85 PI3-K [178]. La interaccion Lck/CD3-¢ es sensible al octil-glucésido, un detergente que
rompe a asociacion de Lck con los rafts de membrana [179]. La acumulacion de Lek y CD3-¢
en rafts puede aumentar la concentracion de ambas proteinas y estabilizar su asociacion.

170 181 de ser fosforilada

Guirado et al. postulan que la Y " tiene la ventaja adicional sobre la Y
por Lck ya que estd proxima a una region rica en prolinas, la cual puede interaccionar con el
dominio SH3 de Lck. Esta interaccion puede ayudar a Lck de la regulacion negativa de su
propio dominio SH3 [180, 181]. Para la formacién de un complejo estable y una extensiva
fosforilacién de CD3-¢ se requiere una segunda interaccion mas fuerte con el dominio SH2 de

Lck.

5.2.2 Reconocimiento del antigeno por el receptor del

linfocito T

Una vez en la periferia, el linfocito T tiene la capacidad de migrar a través del cuerpo,
adheriéndose tanto funcional como no funcionalmente a distintos tipos celulares, sobre los
que reconoce antigenos exdgenos. Por otro lado, una célula presentadora de antigeno que ha
procesado una proteina antigénica determinada expresara en su superficie celular un largo
numero de diferentes complejos MHC/antigeno. Los péptidos que son reconocidos por las
células T deben tener una estructura secundaria en a-hélice. Se ha visto que todos los
péptidos antigénicos son anfipaticos, con una cara hidrofilica y otra hidrofébica, pudiendo
interaccionar una de las caras con el complejo TCR/CD3 y la otra con la molécula de MHC,
respectivamente. Por esta razon, el reconocimiento de la asociacion MHC/péptido antigénico
es un proceso dinamico que incluye un primer paso de complejas interacciones célula-célula,

antes de que se produzca un contacto productivo que dé lugar a la activacion celular.
5.2.3 Reconocimiento de superantigenos bacterianos

Se denominan superantigenos a aquellos antigenos capaces de reaccionar con distintas
moléculas MHC de clase I y TCR de un mismo individuo. Pueden ser exdgenos (como las
toxinas de ciertos estafilococos (SEE, SEB...), si provienen del exterior, o enddégenos (como

el retrovirus MMTYV), si se reproducen en la linea germinal.

41



El reconocimiento del superantigeno se distingue del reconocimiento del péptido
antigénico convencional por tres caracteristicas fundamentales: la especificidad de la célula T
a los superantigenos esta determinada por la region variable de la cadena 3, siendo
independiente de otros componentes del receptor de la célula T; el superantigeno tiene dos
sitios de unidn, uno para la molécula MHC de clase II, fuera de la hendidura de
reconocimiento peptidico, y otro para el TCR, situado en la region Vg fuera del sitio clasico de
union al complejo MHC-antigeno (esta caracteristica hace posible que un mismo

superantigeno pueda interaccionar con distintas células del repertorio T).

Como consecuencia del reconocimiento de superantigenos exogenos en periferia, se
produce la activacion celular y fuerte expansion de las células T implicadas en el

reconocimiento.

Fig.20 Interaccion del superantigeno bacteriano presentado por la APC con el TCR
Hay descrita la existencia de complejos supramoleculares. Estos complejos residen en

areas de la membrana plasmatica enriquecidas en colesterol, los llamados microdominios de

membrana o rafts [21, 182].

6. Microdominios de membrana (Raf?s)

6.1 Descripcion

En la membrana plasmatica de las células eucariotas podemos encontrar microdominios

de membrana (también llamadas balsas lipidicas, rafts o dominios de membrana resistentes a
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detergente (DRM). Estas zonas de la membrana estan enriquecidas en glicoesfingolipidos y
colesterol. Aparecen proteinas, las cuales estan miristoiladas o palmitoiladas para asi poder
estar asociadas a la membrana. Un ejemplo de proteinas que sufren estas modificaciones son
las quinasas de la familia Src. Hay proteinas que estan ancladas a la membrana mediante GPI
(en células T por ejemplo estan CD48, CD52, CD55, CD59, CD90 (Thy-1), CD108, CD230 y
Ly-6).
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Ilangumaran, S., et al. 2000.Immunology Today 21: 2-7

Fig.21 Composicion de los microdominios de membrana (rafts)

Hay receptores y moléculas de sefializacién implicadas en la activacion de la célula T que
estan localizadas en las balsas lipidicas incluyendo CDS8 [183], CD4 [184], Lck, Fyn [185],
LAT [186, 187], Cbl/PAG [188], Syk, Ras [185] y PKC-0 [189]. Otras moléculas son
traslocadas a los rafts solo tras la estimulacion del TCR, incluyendo el TCR fosforilado [174,
185, 190], ZAP-70 [185, 190], PLCy1, Vav, Grb2 y PI3K [185, 186]. La depleccion del
colesterol disocia estas proteinas de los DRM e inactiva la cascada de sefializacion,

previniendo la completa activacion del linfocito T [175, 185].
Se ha propuesto que los rafis actian como compartimentos de sefializacion en membranas

celulares [191]. Esta hipotesis ha sido corroborada por estudios que muestran que la

sefalizacion del linfocito es inhibida cuando se elimina el colesterol de los rafts [185]. Estos
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dominios tienen también un papel muy importante en endocitosis de moléculas y patégenos, e
incluso hay trabajos que han demostrado que estos microdominios de membrana estan
involucrados en el funcionamiento de algunos canales i6nicos.

Son complejas estructuras cuyo tamafio va desde pocos nandmetros hasta macrodominios
que tienen micrometros de diametro [192-196]. Un ejemplo importante de macrodominios de
rafts es la sinapsis inmunologica que se forma cuando linfocitos estimulados entran en
contacto con una célula adyacente [195, 197, 198] asi como entre un linfocito T y una célula
presentadora de antigeno (APC) [199]. El hecho de que los rafts de membrana estan
ensamblados para formar una sinapsis inmunolédgica es importante para los inmundlogos
porque se requiere una sinapsis estable para una eficiente activacion de la célula inmune

[200].
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Fig.22 Funciones de los rafts
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6.2 Propiedades basicas de los rafts

Debido a su composicion lipidica, los lipid-rafts son relativamente resistentes a la
solubilizacion en determinados detergentes a bajas temperaturas, tales como Triton X-100,
detergentes de la serie Brij, NP-40 o CHAPS [201]. Estas propiedades hacen posible
separarlos, mediante ultracentrifugacion de gradiente de densidad, de otros componentes de

membranas completamente solubilizados.
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Fig. 23 M¢todo para el aislamiento de microdominios de membrana mediante gradiente de
sacarosa. El lisado de células (con inhibidores de fosfatasas y proteasas) se mezcla con
sacarosa al 80% y a continuacion se aiade sacarosa al 30% y 5%. Tras la centrifugacion los

rafts se localizan en las primeras fracciones del gradiente [172].
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Fig. 24 Distribucion de las proteinas en el gradiente de sacarosa
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6.2 Aspectos problemadticos de los rafts [201].

Mediante técnicas de microscopia es dificil detectarlos debido a su pequefio tamafio, por
lo que la mayoria de los datos que se obtienen acerca de las balsas lipidicas es a partir del
analisis de preparaciones obtenidas mediante la ultracentrifugacion, en gradiente de densidad,
de lisados en detergentes a bajas temperaturas. Esto por supuesto es un problema: no esta
claro hasta que punto la composicion y las propiedades de los rafts originales de la membrana
corresponden con aquellos obtenidos mediante la extraccion a baja temperatura. Seria posible
que algunos componentes presentes en los rafts lipidicos “in vivo” se pierdan por la
extraccion mediante el detergente, mientras que la presencia de un detergente a baja
temperatura puede inducir artificialmente asociaciones, e incluso transiciones entre fases
lipidicas. Este problema es atin mas complicado ya que la composicion de los rafts aislados
depende de la naturaleza y la concentracion del detergente utilizado. Detergentes suaves como
el Brij-98 o el Brij-58 producen rafts flotantes que contienen la mayoria de las proteinas
totales ancladas a GPI, adaptadores transmembrana como LAT o PAG/Cbp y quinasas de la
familia Src.

Los rafts lipidicos pueden ser aislados a 37° C usando el detergente Brij-98, el cual
excluye la objecion de que la solubilizacion a baja temperatura induce transiciones de fase
lipidica, creando artificialmente los complejos lipido-proteina resistentes a detergente. De
hecho, fragmentos de membrana muy similares a los rafts lipidicos pueden obtenerse
mediante desintegracion de la membrana en ausencia de detergente (aunque a baja

temperatura).

6.3 Los rafts en la senalizacion a través del TCR

Estudios bioquimicos en mastocitos, células T y B revelan que la activacion a través de
sus respectivos inmunoreceptores (FceRI, TCR y BCR) resulta en una agregacion de
receptores con los rafts-lipidicos resistentes a detergente. Como resultado, los motivos ITAM
(motivos de activacion en tirosina) de las cadenas citoplasmaticas de los complejos

inmunoreceptores (CD3, cadena C, Iga/P, cadena y del receptor Fc) estan expuestos a las
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quinasas de la familia Src presentes en los rafts. Los ITAMs fosforilados sirven de sitios de
unién a dominios SH2 de quinasas de la familia Syk (ZAP70 o Syk). ZAP70 activado en
células T fosforila otro componente de los rafts, el adaptador transmembrana LAT. Aunque
Lck esta constitutivamente presente en los rafts cambia su interaccion con los microdominios
de membrana dependiendo de la activacion del TCR. Se ha visto que esta quinasa esta
presente en las balsas lipidicas enana estructura cerrada (o inactiva) y que LAT es esencial

para el mantenimiento de esta conformacion [202].
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Tahir M. Razzagq. et al. Immunology 2004 113, 413-426

Fig. 25 Regulacion de Lck en la membrana plasmatica.

En células T, Lck se localiza principalmente en las fracciones rafis de la membrana.
Lck asociado a los rafts es fosforilado en la tirosina reguladora C-terminal, la cual
interacciona con el domino SH2 promoviendo una estructura de baja actividad. Esta
fosforilacion estd mediada por el complejo proteico PAG/Cbp-Csk y puede mantenerse en
las balsas lipidicas porque hay una exclusion de la fosfatasa CD45. Por el contrario, el

pool de Lck presente en la membrana plasmatica preferencialmente adopta una
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conformacién “abierta” con alta actividad catalitica debido a la accién positiva de CD45,

la cual desfosforila la tirosina inhibidora C-terminal.
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Fig. 26 Modelo de agregacion de microdominios de membrana en la sefializacion a través del

TCR

Bajo la activacion fisiologica de la célula T, la forma activa de Lck se acumula en los
DRM [203], sugiriendo que el signalosoma del TCR esta organizado en rafts lipidicos. Por el
contrario, después de la estimulacion de los linfocitos T mediante anticuerpos anti-CD3, Lck
activo y proteinas fosforiladas en tirosina aparecen en la fraccion soluble (no raft) [203].
LAT es una proteina transmembrana de tipo II que se localiza en la membrana plasmatica
por adicién de grupos palmiticos a sus 2 residuos de cisteina. LAT fosforilado une moléculas
citoplasmaticas que contienen SH2, tales como los adaptadores Grb2 y Gads (y a través de

ellos, indirectamente, otras moléculas de sefializacion como Sosl, SLP-76, Vav y Itk), asi
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como la enzima fosfolipasa Cy. SLP-76 y Vav permiten la activacion de la serin-treonin-
quinasa PKC-0 (isoforma de la PKC presente selectivamente en células T e independiente de
Ca®") y el reclutamiento de esta cinasa a los lipid-rafis de la membrana plasmatica. De
acuerdo con el modelo [204], PKC-0 activaria a IKK a través de proteinas adicionales
incluyendo CARMAL (también llamada CARD11), BCL10 y MALT], lo cual forma un
complejo. Cada componente de este complejo es esencial para la activacion de NF-kB en
células T [205]. La importancia de PKC-6 en la activacion del linfocito T fue confirmada por
estudios en ratones PKC-0 knockout, los cuales muestran un defecto selectivo en la activacion
del linfocito T a nivel de la induccion de AP-1, NF-xB e IL2 [206].

La interaccion TCR-raft parece estar regulada negativamente por una proteina adaptadora
citoplasmatica, Cbl-b. La proteina CD45 quedaria excluida de los rafts para permitir asi la
activacion de Lck, aunque una pequeiia cantidad de CD45 aparentemente esta presente en los
rafts y activa las Src quinasas por desfosforilacion de la fosfotirosina reguladora del C-
terminal [207, 208]. Hay interpretaciones que dicen que el papel de CD45 es el de mantener el

balance de la activacion de Lck por la interaccion con la quinasa Csk [207, 208].

v' CD28 no esta basalmente presente en los rafts después de la estimulacion se
redistribuye a las balsas lipidicas, pudiendo ser esto importante para su actividad
co-estimuladora [209].

v' PKC6, después de ser fosforilado en tirosina, se asocia fisicamente con Lck y se
trasloca a los rafts lipidicos asociados con la sinapsis inmunolégica [210].

v Los microdominios de membrana estan implicados en el funcionamiento de
algunos receptores para quimioquinas, tales como los receptores para IL-2 e
IFNy [211, 212].

v" Ambos tipos de receptores para HIV (CD4 y receptores de quimioquinas) residen
en las balsas lipidicas y el particular ambiente lipidico es necesario para la
infectividad del HIV asi como para la liberacion de particulas viricas [213].

v Una fraccion importante funcionalmente de las proteinas del MHC-II se
encuentran en los rafts lipidicos de la superficie de la célula APC [214]. Este
ambiente lipidico especifico puede ayudar a mantener las uniones entre antigeno y
molécula presentadora en unas condiciones dptimas para el reconocimiento por el
TCR. Asi, las balsas lipidicas son importantes en ambos lados de la zona de

contacto célula T- APC.
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v’ Alteraciones en la composicion de los rafis lipidicos y dindmica aparentemente
pueden contribuir a respuestas anormales de las células T en el lupus eritematoso
sistémico (LES). Ademas, la localizacion de CD45 (regulador positivo de la
actividad de Lck) en las balsas lipidicas esta aumentada en las células T de

pacientes con LES [215].

CD3-( fosforilado es reclutado a las balsas lipidicas y debido a la localizacion de Lck en
los rafts, se supone que la fosforilaciéon de CD3 ocurre sélo dentro de los rafts, aunque aun
estan por saber qué mecanismos pueden mediar la induccion de la traslocacion de los
componentes del TCR a los rafts. Una posible solucion para este problema puede ser el hecho
de que pueden recuperarse constitutivamente de los rafts componentes del TCR e
independientemente de la actividad de las cinasas de la familia Src donde los rafts fueron

aislados a temperatura fisioldgica usando Brij-98 como detergente [216]. CD38 esta presente

en los rafts y, tras su estimulacion, permite la activacion de Akt/PKB y Erk en ausencia de los

motivos ITAM del CD3-C [172].
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Tahir M. Razzaq et al. Immunology 2004 113, 413-426

Fig. 27 Cascadas de sefializacion estimuladas por TCR.
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Otra funcion de los rafts es la amplificacion y estabilizacion de sefiales permitido por la
agregacion de rafts en grandes complejos acompafiados por el reclutamiento de mediadores
de sefiales tales como LAT y moléculas asociadas [217] asi como componentes de TCR [218].
Estos complejos de rafis se denominaron con el término “plataformas de sefializacion” [219].
Se encontrd que las balsas lipidicas y los filamentos de actina (F-actina) estdn co-localizando
[220] y el citoesqueleto de actina conduce la agregacion de rafts lipidicos [194, 218, 221].
Ademas, el movimiento dirigido por la actina de las moléculas de membrana permite un
incremento de la duracidn de la sefializacion de la célula T [222].

Estos movimientos inducen a la acumulacion de moléculas en la interfaz de la célula T 'y

la célula presentadora del antigeno (APC) [222] (sinapsis inmunoldgica).

Receptor-ligand interactions Raft migration Signal amplification

—_— _—

@ F-actin
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TRENDS in Immunology

Rodgers,W. et al. Trends in Immunology Vol. 26 N°2 February 2005

Fig. 28 Modelo de ensamblaje de macrodominos rafts mediada por citoesqueleto: Union de
los receptores con sus ligandos, cascada de sefializacion intracelular que permitiria la
polimerizacion de actina y la aproximacion de los dominios discretos que conducen a una
amplificacion de la senal. La cascada continuaria hasta la aparicion de sefales de stop, lo cual
incluiria a protein tirosin fosfatasas. El cese de la acumulacion de rafis probablemente

coincida con la formacidn de la sinapsis inmunoldgica madura en células T y B.
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7. Sinapsis inmunoldgica

La interaccion antigeno-especifica de las células T
con las células presentadoras del antigeno (APC) es
lo que se denomina sinapsis inmunologica (SI).

En la SI madura hay una agregacion de receptores de

superficie y componentes de sefializacion [223].
En esta interaccion célula T- APC hay una movilizacion Fig. 29 Conjugado células T:B
de Ca", lo cual es requerido para la activacion de

la produccién de citoquinas y proliferacion [224, 225].

En un primer paso, la célula T migra hacia la célula APC y el contacto de adhesion inicial
permite la redistribucion de la molécula de adhesion intercelular ICAM-3 sobre la célula T
[226]. La interaccion de ICAM-3 con el antigeno asociado a la funcién del leucocito (LFA)-1
y DC-SIGN parece proveer de la fuerza adhesiva necesaria para el reconocimiento de la
superficie de la APC por el linfocito T [227]. Este paso es presumiblemente seguido de la
union de CD-2 y LFA-3 (CDS58), lo cual permite el acercamiento necesario para que el TCR
de la célula T interaccione con el péptido unido al MHC en la célula presentadora. La union
TCR/CD3, ICAM-3 y CD2 aumenta la adhesion LFA-1/ICAM-1 [228-230], lo que
incrementa la fuerza de la unién célula T-APC. Tras la union del TCR con el péptido
antigénico, otros mecanismos adicionales parecen contribuir a la estabilizacion del conjugado
linfocito T-APC, con lo que ambas células estarian cercanas durante su activacion. Un
elemento importante durante la interaccion es el citoesqueleto, el cual juega un papel crucial
en la segregacion de la membrana y de proteinas sefializadoras intracelulares.

A continuacion de la sefializacion inicial a través del TCR se forma un area central de
union de integrinas en la zona de contacto de la célula T, rodeado de una region cercana con
el TCR [231]. Pocos minutos mas tarde, el TCR unido al péptido se mueve al centro del area
de contacto, formando un complejo central supramolecular de activacion (¢cSMAC) y las
integrinas son forzadas a ir a un anillo que rodea a este cSMAC (pSMAC) [199, 231] . Los
correceptores de la célula T como CD4 o CD8 [199, 231, 232], moléculas coestimuladoras
como CD28 (el cual interacciona con CD80/86 expresado en la APC) [233] y moléculas de
sefializacion intracelular como PKC-0, Lck, Fyny ZAP-70 [199, 231, 232] son también

localizados en el cSMAC, en la cara interna de la membrana plasmatica de la célula T.
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Moléculas como LFA-1 e ICAM-1 se acumulan en una region periférica al cSSMAC,
denominado pSMAC.

Muchos autores describen la presencia de una region aun mas periférica llamada dASMAC.
La proteina CD43 se ha visto que es excluida del cSSMAC y que se trasloca al _ISMAC tras la
estimulacion a través del TCR [234, 235]. La proteina CD45 es tempranamente reclutada al
cSMAC pero después se mueve al AISMAC probablemente debido a su funcion de activar Lck
en la SI en estado temprano de activacion [236, 237]. Otras moléculas que se acumulan en la
SI son PAK1 [238], Akt [239], HIP-55 [240], CD26 [241] y el receptor de transferrina [242].

La activacion del linfocito T antigeno-dependiente también implica la traslocacion del
centro organizador de microtubulos (MTOC) y la asociacion del aparato de Golgi a la zona de
contacto con la célula APC [243].

Esta es una estructura dinamica cuya funcion exacta aunque atin es desconocida, no hay
duda que es el sitio de reconocimiento del antigeno y sefalizacion. Se piensa que esta
asociada con el mantenimiento de la activacion del linfocito T, promoviendo sefales positivas

o negativas en la proliferacion celular [244, 245].

Vicente-Manzanares M., et al. M. Nature Reviews. (2004) Vol. 4

Fig. 30 Sinapsis inmunologica entre una célula T célula presentadora de antigeno (APC).
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Se ha descrito la formacion de pequefios “ctimulos” de TCR (“clusters”) previos a la
formacion de la SI [246]. Krummel et [247] al fueron los primeros en observar pequefios
cumulos dispersos de CD3-( y CD4 usando proteinas fusionadas a GFP, los cuales aparecian al
mismo tiempo que la respuesta inicial de Ca®" tras el contacto célula-célula entre clones de
células T y células presentadoras del antigeno (APC). Microclusters similares fueron observados
y estudiados usando células T Jurkat estimuladas con anticuerpo anti-CD3 unido a placa [248,
249] y mediante microscopia de fluorescencia de refleccion total interna (TIRF). Segundos
después del contacto con la placa, las células T desarrollaban clusters, los cuales eran
dindmicamente regulados. Estos microclusters (MC) contenian TCR, ZAP-70, LAT, Grb2,
Gads, SLP-76, y fosfotirosina. Mientras que LAT y Gads eran temporalmente traslocados a los
clusters con TCR, los clusters que contenian ZAP-70 eran mas estables. Por el contrario, SLP-
76 era dindmicamente traslocado a la region perinuclear tras la formacion del cluster. Ademas,
estos MC estaban asociados a WASP y fueron unidos a regulacion por citoesqueleto de actina
[250]. Estos analisis indican que la estimulacion a través del TCR induce cambios dindmicos en
los clusters de receptores y moléculas de sefalizacion y sugiere que los clusters inician las

sefiales de activacion.
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Fig. 31 Proceso dinamico de reconocimiento del antigeno y activacion de la célula T por

formacion de microclusters y sinapsis inmunolédgica. En rojo est4 representada la cinasa, en azul

oscuro el receptor y en azul claro el adaptador.
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Aunque la activacion inicial de las sefiales en linfocitos T incluyendo fosforilacion en
. . . + . . . . . ,
tirosina, flujo de Ca>" y movimiento de PI son inducidos en unos minutos, las células T
requieren la estimulacion continua durante al menos algunas horas para la final induccion de la

activacion, tal como la produccion de citoquinas y proliferacion [246].
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Justificacion y objetivos

Dada la gran implicacion de CD38 en enfermedades tales como la leucemia linfocitica
cronica, SIDA, LES... nos planteamos el estudio de la localizacion de la proteina CD38 en
microdominios de membrana del linfocito T y su funcion en la sinapsis inmunologica.

Los objetivos que nos planteamos para esta tesis son los siguientes:

1. Estudiar la distribucién de CD38 en la membrana plasmatica del linfocito T.

2. Analizar la composicion proteica de los microdominios de membrana (rafts)
en los que se localiza CD38 y su posible asociacidn a otras proteinas
sefializadotas.

3. Identificar las proteinas que son fosforiladas y traslocadas a los rafts cuando se
estimula el linfocito T a través de CD38.

4. Estudiar donde se localiza CD38 en la sinapsis inmunolégica (linfocito T:APC).

5. Papel funcional de CD38 en la sinapsis inmunologica.
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Discusion

En trabajos anteriores de nuestro laboratorio hemos demostrado que CD38 est4 asociado a
los rafts en células T. Sin embargo se conoce poco sobre la composicion en proteinas de estas
balsas lipidicas que contienen CD38 y si existen interacciones especificas entre CD38 y las
proteinas sefializadoras asociadas a los rafts. Mediante el uso de anticuerpos especificos unidos
a proteina G y bolitas magnéticas (WMACS), hemos analizado el patron de distribucion de
CD38, Lck, LAT, CD3-C y CD3-¢ en rafis de células T Jurkat. En este estudio demostramos que
CD38 esta concentrado en un tipo de raft con relativos altos niveles de Lck y CD3-C, mientras
que CD3-¢ y LAT son débilmente detectados. Ademas, las subunidades CD3-C y CD3-¢
parecen estar concentradas en un tipo de rafts enriquecido en Lck y menor contenido de LAT.
Asi, el patron de distribucion de estas moléculas en los CD3-¢ rafts es muy similar al de los
inmunoaislados realizados en una linea T murina [251].

Por otra parte, los Lck rafis recuperan todas las moléculas analizadas, mientras que los LAT
rafts estan altamente enriquecidos en Lck, mostrando niveles intermedios de CD3-C y CD3-¢y
bajos niveles de CD38.

Datos recientes sugieren que LAT y Lck pueden residir en rafts separados en linfoblastos T
humanos [252]. En este articulo se describe que la estimulacion a través del TCR induce la
colocalizacion de LAT y Lck en microdominios de 50-100 nm lo cual sugiere que en estas
células, la coalescencia de rafts que contienen Lck y LAT requiere de la activacion de la célula
T. En cambio, los resultados presentados en esta tesis demuestran que, en células T Jurkat sin
estimular, existen tipos de rafts que contienen Lck, LAT y el complejo TCR-CD3. Ademas,
otros estudios [202] muestran la selectiva interacciéon de LAT con la forma activa (abierta) de
Lck en los rafis lipidicos de las células T Jurkat, mientras que tal interaccion en la fraccion
soluble es minima. Todos estos datos juntos sugieren que en células T normales, la asociacion
de LAT con los rafts que contienen Lck esta regulada por la sefalizacion del TCR, mientras que
en c¢lulas T Jurkat hay una asociacion constitutiva de estas proteinas en el mismo tipo de rafis,
lo cual puede explicar por qué en estas células, las sefiales generadas por el TCR son
amplificadas mas rapidamente que en células T en reposo.

Dentro de estas unidades, algunos de estos complejos proteicos son muy sensibles a la

disgregacion de los rafts, lo cual sugiere unas interacciones débiles y muy dinamicas,
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implicando interacciones proteina-proteina y proteina-lipido. Asi el tratamiento de las vesiculas
de rafts de membrana con octil-glucosido (ODG) causa la disociacion de LAT de los
inmunoprecipitados de CD3-C y CD3-¢. Ademas el ODG causa la disociacion de Lck de los
inmunoprecipitados de CD38 y la completa pérdida de CD38 de los inmunoprecipitados de Lck.
Estos resultados pueden explicar la disociacion selectiva de LAT y CD38 de las vesiculas de
rafts de membrana por el ODG, mientras que Lck, CD3-C, y CD3-¢ permanecen asociadas a
ellas. En este sentido se ha publicado un articulo en células T de ratén en el que CD38 y Lck
pueden interaccionar directamente a través del dominio citoplasmatico de CD38 y el dominio
SH2 de Lck [253]. Interesantemente, tal interaccion tiene lugar en células solubilizadas en un
buffer de lisis que contiene 1% de digitonina, el cual es un detergente que preserva las
interacciones proteina-lipid raft [254].

Otros complejos proteicos se mantienen bien, incluso utilizando el ODG para solubilizar los
rafts, lo cual sugiere que primeramente ocurre una interaccion via proteina-proteina. Asi, las
asociaciones de Lck con CD3-C o CD3-¢ son relativamente mantenidas en presencia de ODG y
se detectan independientemente del anticuerpo usado para la inmunoprecipitacion (por ejemplo:
anti-Lck, anti-CD3-C, anti-CD3-¢).

Otras proteinas ensambladas, lo cual probablemente tenga lugar via interacciones proteina-
proteina, es la asociacion de CD38 con CD3-C. Asi, en los inmunoprecipitados con anti-CD38
de fracciones rafts hay una proporcion similar de CD3-C que permanece asociado a CD38
independientemente de la presencia o ausencia de ODG. Ademas, la asociacion de CD38 con
CD3-C es encontrada en ambas fracciones rafts y soluble de células deficientes en Lck, lo cual
demuestra que las interacciones CD38-CD3-{ pueden ocurrir independientemente de otros
componentes que haya en los rafts. Sin embargo, en células T Jurkat hay claras diferencias en la
expresion en superficie de CD38 y de las subunidades CD3, ademas de diferencias en la
proporcion de cada molécula que participa en los rafts, lo cual influye en la estequiometria de
los complejos CD38-CD3-C dentro de los rafts o fuera de ellos. El resultado indica que los
cambios de expresion en superficie de CD38, CD3-£ o ambas pueden afectar al nimero de
complejos CD38-CD3-C, lo cual puede afectar al umbral que es requerido para iniciar la

sefializacion transmembrana a través de CD38.

La estimulacion a través de CD38 induce la fosforilacion de Lck, LAT, ZAP-70 y p55PI3K
dentro de los rafts. Ademas, la completa fosforilacion de CD3- y CD3-¢ ocurre solo en los

rafts de membrana, a juzgar por el aparente peso molecular de las diferentes formas de CD3-(
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fosforilado (23 y 21 kDa) y las formas de CD3-¢ detectadas en inmunoprecipitados con anti-
fosfotirosina (pTyr). Las formas de 21 y 23 kDa de CD3-C pueden contribuir a la supervivencia
de la célula T y a la respuesta de la célula T frente a patégenos tales como bacterias y virus
[255]. Estos datos sugieren que la activacion de la sefializacion iniciada en los CD38 rafts es
rapidamente propagada a otros compartimentos rafts, donde la maquinaria de amplificacion de

la sefial est4 presente (por ejemplo rafis enriquecidos en LAT).

La fosforilacion en tirosina mediada por CD38 de CD3-{, CD3-¢, ZAP-70 y LAT puede
relacionarse funcionalmente con la traslocacion de Sos y la subsiguiente activacion de N-Ras en
los rafts. En la sefializacion a través del TCR, la fosforilacion en tirosina de LAT (asociada a
raft) por ZAP-70 puede resultar en un intercambio de Sos entre los complejos ZAP-70-Grb2-
Sos y LAT-Grb2-Sos [256]. Un modelo similar es compatible con nuestras observaciones en
células T Jurkat, donde la estimulacion a través de CD38 induce la fosforilacion en tirosina de
ZAP-70 y LAT, el reclutamiento de Sos por fosfo-LAT (Fig. 6A, Paper JBC 2003) y la unién de
Sos a los rafts (Fig. 5 Paper JBC 2003). De esta forma, la ruta que conduce desde CD38 (a
través de Ras) hasta Erk requiere de la formacion de un complejo de sefializacion formado por
TCR-CD3 [169], Lck [177], ZAP-70 [172, 177] y LAT. En este modelo, la fosforilacion en
tirosina de ZAP-70 y LAT parece ser esencial para la traslocacion de Sos a los rafts que
contienen Ras, tras la estimulacion a través de CD38. Asi, la formacion de complejos
sefalizadores funcionales es estabilizada por interacciones proteina-lipid raft pero también

requiere interacciones dependientes de fosforilacion en tirosina [178, 249, 257].

En células T de raton, donde la fosforilacion en tirosina de LAT mediada por CD38 es mas
débil que en células T Jurkat, pensamos que el adaptador Shc puede jugar un papel crucial
[172]. En este sentido, Shc aparece en los rafts tras la activacion a través de TCR [185], y la
unidn de She a los rafts permite una activacion constitutiva de la ruta de senalizacion Ras/Erk y

un aumento en la senalizacion del TCR [258].

La diferente microlocalizacion de las distintas isoformas de Ras tiene importantes
consecuencias en las interacciones y activacion de rutas por debajo de Ras [259]. En membranas
de células preparadas bajo condiciones libres de detergente, H-Ras doblemente palmitoilado se
localiza en ambos microdominios (rafts y soluble), mientras que K-Ras estd presente

predominantemente en la fraccion soluble [259-261]. La estimulacién a través de CD38 con un
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anticuerpo anti-CD38 causa la activacion de N-Ras dentro de los rafts resistentes a Brij 98 (Fig.
7 Paper JBC 2003) y no en las fracciones solubles. Sin embargo, la mayor parte de la activacion
de Erk ocurre en las fracciones no-raft (Fig. 4 Paper JBC 2003) y la disrupcion de las
interacciones mediante tratamiento con metil-B-ciclodextrina estimula fuertemente la activacion
de Erk mediada por CD38 [172]. Asi, la asociacion con rafts de membrana puede estar
implicada en los primeros pasos que permiten la activacion de Ras/Erk, pero los rafis no
constituyen el sitio final de activacion de esta ruta de sefializacion.

En células T Jurkat, la subunidad reguladora p85a de la PI3K es traslocada a los rafts
después de la estimulacion a través de CD38, mientras que la isoforma p85f3 esta presente en los
rafts constitutivamente. Ademas, la fosforilacion en tirosina de la isoforma p55a estaba
presente en los rafts y llegaba a incrementarse la fosforilacion en tirosina bajo la ligacion de
CD38. Como CD3-C y CD3-¢ son fosforilados en tirosina tras la estimulacion a través de CD38
[169, 172] y estas proteinas pueden interaccionar de forma fosforilacion-dependiente con p85a
PI3K [172, 262, 263], pueden unir PI3K a los rafts. Incluso, la union de PI3K al TCR/CD3 per
se puede up regular la actividad PI3K [262, 263], probablemente por cambio conformacional
como se describid previamente para otras proteinas que se unen a p85 [264, 265].

Otras moléculas candidatas son LAT, She y Cbl. Estas moléculas se unen a p85 [266] y son
fosforiladas en tirosina tras la estimulacion a través de CD38 (Figs. 4y 6) [169, 172, 177]. Un
proceso inicial puede ocurrir con moléculas tales como CD3-{ y CD3-¢g, mientras que LAT o
Shc pueden ser responsables de mantener o amplificar la activacion de PI3K. Ambos eventos
son muy importantes para la generacion de PI(3,4,5)P; después de la ligacion de CD38. Estas
interacciones con los rafis lipidicos parecen ser funcionalmente significativos, porque en un
estudio previo demostramos que la disrupcion de los dominios rafts con metil-p-ciclodextrina
previene la activacion de PI3K/Akt mediada por CD38 [172].

Por el contrario, c-Cbl, el cual en células B esta relacionado con la inhibicion del crecimiento
celular mediado por CD38 [267], llega a ser fosforilado en tirosina exclusivamente en los
compartimentos no-raft. La parcial fosforilacion de CD3-C, el cual ha sido correlacionado con
una parcial sefializacion del TCR [268], es ademas encontrada en la fraccidon no-raft de la
membrana plasmatica. En la fraccion no-raft, la pequefia cantidad de Lck detectada no esta
asociada a CD38, lo cual puede explicar por qué la completa fosforilacion de CD3-C no puede
ocurrir tras la estimulacion a través de CD38.

De esta forma, el CD38 presente en la fraccion soluble (no-raft) puede estar implicado en la

iniciacion de sefiales inhibidoras como la fosforilacion en tirosina de c-Cbl y la parcial
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fosforilacion en tirosina de CD3-C, aunque no podemos descartar que la ligacion de CD38
dentro de los rafts pueda regular la segregacion lateral de moléculas inhibidoras de la
sefalizacion desde los rafts a los compartimentos no-raft. De cualquier forma, la segregacion
lateral de moléculas activadoras de la sefializacion desde los rafis a sitios no-raft parece que
ocurre mas tarde, porque la activacion de Erk es detectada en cualquier sitio fuera de los rafis
lipidicos.

En resumen, este estudio nos da nuevos conocimientos sobre los mecanismos a través de los
cuales CD38 puede transducir sefiales dentro de la célula, demostrando que hay 2 pooles de
CD38, los cuales difieren en su localizacion en microdominios, proteinas asociadas y diferente
rendimiento.

Dentro del trabajo realizado para estudiar CD38 en la sinapsis inmunolédgica observamos
que, en cé¢lulas T, CD38 aparece en 2 pooles celulares diferentes, uno en la membrana
plasmatica y otro en compartimentos intracelulares y que ambos se redistribuyen hacia la
sinapsis inmunolégica (SI) tras la estimulacion del TCR. CD38-GFP intracelular tiene una
distribucion similar al de CD3-E, o CD71 enddgeno intracelular, los cuales estan presentes en
endosomas de reciclamiento y son reclutados hacia la SI formada entre la célula B y la célula
presentadora del antigeno (APC) (SEE). Esta descrito el reclutamiento a la SI madura de los
endosomas de reciclamiento que contienen CD3-C, Lck, LAT, y el receptor de transferrina [269-

272].

El reclutamiento del contenido de endosomas de reciclamiento hacia la SI madura ha
sido previamente descrito [269-272]. En este sentido, en células T humanas estimuladas con
anticuerpos anti-CD38 se induce la internalizacion de CD38 y por tanto su localizacion en
endosomas tempranos y tardios [105], procesos que pueden ser ligados al incremento de la
fosforilacion en tirosina de c-Cbl tras la estimulacion a través de CD38 [177, 273]. Ademas, esta
descrito, en monocitos humanos, que anticuerpos monoclonales anti-CD38 inducen la
internalizacion, shedding y nueva expresion de CD38 en la superficie de la célula [274]. Este
CD38 nuevo deriva del CD38 preformado en el pool intracelular o del CD38 de superficie que
ha sido internalizado y devuelto de nuevo a la membrana de la célula [274]. Asi, al igual que
ocurre con CD3-C [270], es como si el CD38 intracelular debiera reciclarse de nuevo a la

membrana plasmatica, suministrando una fuente adicional de esta proteina a la sinapsis madura.
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La presencia de vesiculas intracelulares que contienen CD38 cerca de la SI puede tener
consecuencias funcionales debido a la intrinseca actividad enzimatica de CD38, el cual cataliza
la formacion de ADPRc a partir de NAD'. El ADPRc abre canales de Ca”", activando receptores
de ryanodina tipo 2 y 3 y ademads induce la entrada de Ca’" extracelular via activacién de la
capacidad de entrada del Ca*" y/o la activacion de un canal catiénico TRPM2 en conjuncién con
ADPRc [275]. TRPM2 es un canal permeable a cationes Ca®" expresado en la membrana
plasmatica de diferentes tipos celulares tales como linfocitos T, neutréfilos, granulocitos,
monocitos y células microgliales. TRPM2 es activado por la uniéon de ADPR redistribucion de
CD38 de membrana en la SI, con el dominio extracelular hacia la APC, abre la posibilidad de la
produccion de ADPRc (mediada por CD38) fuera de la célula y que pueda concentrarse en una
pequefia 4rea en la superficie de la célula T. La liberacion de NAD" del citosol al espacio
extracelular (revisado en [139]) y la siguiente produccion de ADPRc catalizado por el CD38
acumulado en la SI podria establecer una relativa alta concentracion de este metabolito en el
espacio sinaptico. La traslocacion del ADPRc (generado in situ) al interior de la célula, via
CD38 o por transportadores de nucledsidos [139] puede permitir la estimulacion preferencial de
la APC o de la propia célula T. Sin embargo, nuestros resultados sugieren que hay un aumento
de la actividad de CD38 tras el contacto célula T:APC, independiente de antigeno. Asi, este
efecto fue solamente estabilizado cuando las células T expresaban altos niveles de CD38 en su
superficie (por ejemplo J77 CD38-GFP", CD38"¢") y no en células T con baja expresion de
CD38 (J77 pEGFP-C1, CD38™™), a pesar de que el nimero de moléculas expresado en la
superficie de las células B (Raji) era claramente superior a las expresadas en las células T
transfectadas. Ademas, la introduccion del paso de centrifugacion a favor de la formacion de los
conjugados, parecia ser crucial para ver las diferencias en la actividad enzimatica de CD38,
sugiriendo que el contacto célula-célula era requerido para este proceso.

Esta sin demostrar si el incremento de la actividad ectoenzimatica tiene algtn efecto en la
activacion de la célula T, sin embargo, la sobreexpresion de CD38 (CD3 8"eM) tenja mayor nivel
basal de Ca”" citosélico que su homologo CD38"™, 1o cual parecia deberse al incremento del

ADPRCc intracelular como ocurre en fibroblastos 3T3 murinos transfectados con CD38 [136].

Ademas, en células T CD38"€" habia un incremento més potente y mantenido de Ca®* citosélico
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| .
8" También

en respuesta a estimulacion por superantigeno que en células T Jurkat CD3
observamos un incremento en la fosforilacion en tirosina de PLC-y1. Asi, hay una relacion entre
el incremento de la expresion de CD38 y la sefializacion mantenida de calcio de células T
estimuladas con antigeno. Sin embargo, la sobreexpresion de CD38 tenia un poco efecto en la
produccion de IL-2 tras estimulacion con superantigeno, al menos a las concentraciones de SEE
usadas en este estudio. Es importante destacar que Bueno y colaboradores [276] han descrito
recientemente que los superantigenos de bacterias pueden activar células T por rutas
alternativas, evitando asi los eventos de fosforilacion dependientes de la tirosina quinasa Lck,
activando en su lugar una ruta mediada por PLC-3 dependiente de Ga11, la cual no ha sido
estudiada en nuestro laboratorio.

Otro punto estudiado fue si la sobreexpresion de CD38 podia modular otros procesos en
células T como son proliferacion, apoptosis o supervivencia celular. En este sentido, se ha
observado, en otros tipos celulares, un incremento potencial en la supervivencia de las células
CD38" comparadas con sus homoélogas CD38" [83, 97]. Ademas, el ADPRc afadido
ex6genamente o producido por células CD38", inducen movilizacion intracelular de calcio,
proliferacion de progenitores hematopoyéticos humanos [277], y la expansion in vivo de células
stem hematopoyéticas [277]. Es importante sefializar que, ademas de la actividad ciclasa de
membrana debida a CD38, se ha descrito una ADP-ribosil ciclasa citosolica (aun sin identificar)
en células T Jurkat y linfocitos T de sangre periférica [144, 278]. Esta ciclasa citosdlica, o el
CD38 intracelular localizado en endosomas de reciclamiento, el cual se acumula en la SI,
podrian ser también candidatos de inducir el aumento de la cantidad de ADPRc en respuesta de
las células T a la interaccion con el antigeno presentado por las APC. En este ultimo caso, los
mecanismos para el transporte del NAD " hacia el interior de los endosomas y la consiguiente
liberacion de ADPRc al citosol deberia estar completamente en funcionamiento [139]. En este
sentido, se ha descrito la produccion polarizada de NO en la SI, con un papel modulador basado
en la sefalizacion dirigida por TCR [279]. La liberacion de NO en la SI requiere del aumento de
Ca*" intracelular [279] y aunque no ha sido objeto de este estudio, es muy probable que este
incremento del Ca*" intracelular dirigido por antigeno y la siguiente respuesta del NO, esté

principalmente mediada por ADPRc como asi ocurre en otros tipos de células [280].
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Para resolver la cuestion de como CD38 puede contribuir a la sefalizacion en la célula T en
células T estimuladas con antigeno, investigamos el impacto de bloquear CD38 con un
anticuerpo monoclonal anti-CD38, 1B6, el cual actiia como un no-agonista en la mayoria de los
ensayos funcionales probados [77]. Nuestro datos muestran que el bloqueo de CD38 afecta a la
cinética de fosforilacion, inducida por antigeno, de LAT en el residuo Tyr'' | resulta en la
inhibicién de la fosforilacion de PKC en la Thr™*® a niveles basales y parcial aunque
significativa inhibicion de la produccion de IFN-y. Sin embargo, la fosforilacion de Erk en la
Thr*®* y Tyr*™ no se afectaba. Usando otro anticuerpo monoclonal no-agonista anti-CD38,
HB136, también se afectaba la produccion de IFN-y inducida por antigeno. Puesto que las
c¢lulas APC usadas en estos experimentos (Raji) eran CD31 practicamente negativas, es
improbable que el anticuerpo anti-CD38 usado pudiera afectar la interaccion CD38/CD31,
aunque podrian afectar a la interaccion de CD38 con otro ligando, atin no conocido, expresado
por las APC.

CD38 se acumula primeramente en toda la zona de contacto entre la célula Ty la APC y
mas tarde se sitlia en la zona mas periférica, colocalizando con moléculas de adhesion como
ICAM-3 (Fig.1 Paper J. Immunol.) [226]. Este patron de acumulacién es también parecido al de
Lck, el cual aparece también en la periferia de la sinapsis (pSMAC) tras una acumulacion inicial
en el cCSMAC [272]. En este sentido, usando la linea celular JCaM 1.6, la cual tiene Lck no
funcional, hemos visto que la proporcion de conjugados que muestran sinapsis madura y/o
CD38 traslocado a la interfaz entre la célula T y la APC, es muy reducido si se compara con las
células T Jurkat. Otra caracteristica de las células JCaM 1.6 es que la sefializacion mediada por
CD38 es defectuosa [177]. Comprobamos que las tirosin-quinasas de la familia Src eran
requeridas para la relocalizacion de CD38 ya que células T Jurkat tratadas con el inhibidor de la
familia Src PP2 mostraban menor acumulacién de CD38 en la SI. Estos resultado estan en
acuerdo con trabajos previos [281] que muestran defectos en la formacioén de conjugados de las
células JCaM1.6, o células T Jurkat tratadas con PP2 y fallo en el reclutamiento de F-actina 'y
LFA-1 al sitio de contacto célula T:APC. Ademas, las células T Jurkat presentan alta cantidad
de ezrina, un miembro de la familia ezrina-radixina-moesina, en las protusiones de membrana

(altamente enriquecidas en F-actina) en el pPSMAC, mientras que las células JCaM 1.6 muestran
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poca acumulacion [282]. Por lo tanto, nuestros resultados sugieren que la redistribucion de
CD38 hacia la SI depende fuertemente de los eventos tempranos de sefializacion mediados por
Lck que permiten la polimerizacion de actina y remodelacion.

La formacion de dominios de membrana condensados, lo cual biofisicamente refleja
acumulacién de rafts de membrana, es detectado primero en la region central y més tarde en la
periferia de la SI productiva [283]. Asi, la redistribucion de CD38 y Lck, los cuales son
proteinas asociadas a rafts, a sitios periféricos de la SI puede ademads estar unido a la dinamica
de condensacion de la membrana plasmatica que muestra la célula T en el sitio de activacion,
mientras que CD3-{ permanece en el cSMAC. Esté estudiado [272] que diferentes patrones de
acumulacion de CD3-{ y Lck no reflejan necesariamente una absoluta segregacion molecular,
mas bien cambios en la distribucion relativa de estas moléculas, lo cual podria tener un efecto
sustancial en las sefiales transducidas por ellas. En apoyo a este concepto, nuestros datos
muestran que, en células T Jurkat , donde CD38, Lck y CD3-( estan asociados en un tipo de
rafts, la estimulacion a través de CD38 resulta en la activacion de sefiales tales como la
completa fosforilacion de los ITAM de CD3-C y CD3-¢, activacion de Ras y traslocacion a los
rafts de los componentes de sefnalizacion Sos y p85 PI-3 quinasa (1? parte de esta tesis). Por el
contrario, en los microdominios no-raft (fraccion soluble), donde CD38 estd asociado con CD3-
€ pero no con Lck, la estimulacion a través de CD38 resulta en sefiales inhibidoras tales como la
parcial fosforilacion de CD3-{ y CD3-¢ y una fuerte fosforilacion de c-Cbl. Es como si la
reorganizacion de CD38 y Lck a sitios mas periféricos de la sinapsis madura, lejos de CD3-C,
pudiera generar diferentes o reducidas sefnales que aquellas que se observan inmediatamente
después de la union del linfocito T con la APC, justo cuando las tres moléculas estan asociadas
en el mismo tipo de raft y los eventos de sefializacion temprana estan tomando lugar [272] por
la formacion activa de microclusters que contienen TCR [284, 285]. Interesantemente, las
sefiales proximas al TCR son mantenidas en microclusters periféricos y terminadas en el
cSMAC [286], asi la localizacién de CD38 en la periferia de la SI podria estar relacionada con
estas capacidades de sefializacion. Ademas, el efecto del bloqueo con anticuerpos anti-CD38
estaria ejerciendo en contra de eventos de sefializacion que ocurren antes de la maduracion de la

sinapsis. Asi mismo, la principal funcidon observada en células T en las que CD38 esta
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sobreexpresado tiene que ver con la movilizacion de calcio que es iniciada inmediatamente
después de la formacion del conjugado linfocito T:APC.

En una pequefia, pero significativa, proporcion de conjugados célula T/APC formados
con células B Raji transfectadas con CD38-GFP y preincubadas con SEE, el CD38-GFP de las
células Raji se acumula a lo largo de la zona de contacto entre la célula T/APC. En muchos de
estos conjugados se observo también la traslocacion de CD31, sugiriendo un reclutamiento
activo causado por la interaccion ligando-receptor. CD31 contiene ITIMs funcionales dentro de
su dominio citoplasmatico y la co-ligacion de CD31 con el TCR resulta en una fosforilacion en
las tirosinas de los ITIMs dependiente de Lck, reclutamiento de SHP-2 (protein-tirosin-fosfatasa
que contiene dominio SH2) y atenuacion de la sefializacion celular mediada por TCR [287].
Nuestros datos son la primera evidencia fisiologica de que CD31 podria estar en la proximidad
del TCR tras activacion del linfocito T mediada por antigeno sin forzar artificialmente tal
interaccion con anticuerpos monoclonales especificos.

La regulacion negativa que ejerce Lck en la activacion de la célula T inducida por SEE
[276] es consistente con el requerimiento de Lck para la fosforilacion en tirosina de CD31 en
respuesta a la activacion del TCR [287]. Esto parece probable ya que la proximidad de CD31 al
TCR y Lck en la SI podria favorecer la funcion inhibitoria que CD31 juega en la activacion del
linfocito T. Si CD38 en las APCs esta implicado en el reclutamiento de CD31 a la SI requiere
mas investigacion.

La relocalizacion, en las APCs, de las moléculas MHC-II en balsas lipidicas o en
microdominios que contienen tetraspaninas hacia la SI ha sido implicada en una optima
presentacion del péptido y en activacion del linfocito T [288, 289]. Cambios dindmicos en estas
asociaciones moleculares, tales como el reclutamiento de otras moléculas de superficie y/o de
sefializacion, pueden ocurrir durante la formacion y establecimiento de sinapsis. Asi, la unién de
ICAM-3, e ICAM-1 en menor grado, a LFA-1 expresado por células dendriticas (DCs) maduras,
induce relocalizacion de MHC-II hacia la SI [290].

Se ha descrito, en monocitos, la asociacion de CD38 con moléculas MHC de clase Il y la
tetraspanina CD9 en rafts lipidicos [291], asi como con la tetraspanina CD81 en DCs maduras

[97]. CDS81 esta presente en células B Raji y es activamente reclutado a la SI tras la
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estimulacion con antigeno [223]. Por otro lado, en células B Raji hay una gran proporcion de
CD38 localizado en rafts (datos del laboratorio). La presencia simultanea de los complejos
MHC clase II con antigeno, tetraspaninas y moléculas moduladoras asi como CD38, en
microdominios fisicamente distinguibles en la superficie de la APC es probable que influya en
la capacidad de las APCs de estimular células T antigeno especificas.

En este sentido, CD38 expresado en monocitos parece tener un papel en la transduccion
de sefales implicadas en la activacion del linfocito T inducida por antigeno, operando en
sinergia con MHC clase I [292]. Ademas, la sefializacion mediada por CD38 y su localizacion
en rafts lipidicos es requerida para la migracion, supervivencia y polarizacion hacia respuestas
Th1 de las DCs maduras [97]. De esta forma, la relocalizacion de CD38 a la SI y la contribucioén
de ambas, célula T y APC, a este fendmeno suguiere que CD38 puede jugar un papel importante

durante la presentacion antigénica.
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1.

Conclusiones

El aislamiento y caracterizacion de los microdominios de membrana insolubles en Brij-
98 que contienen CD38 de linfocitos T Jurkat nos ha llevado a distinguir 3 tipos de rafts:
Rafts CD38: enriquecidos en CD38, CD3-C y Lck.

Rafts TCR/CD3: enriquecidos en CD3-(, CD3-¢ y Lck.

Rafts LAT: enriquecidos principalmente en Lck.

CD38 en los rafts es capaz de iniciar y propagar algunas rutas de sefializacion
activadoras, posiblemente para facilitar las asociaciones criticas dentro de otros tipos de
rafts, por ejemplo, los LAT raft a través de su capacidad de interaccionar con Lck y

CD3-C.

La estimulacion de linfocitos T Jurkat a través de CD38 conlleva a la fosforilacion en
tirosina de Lck, LAT y la completa fosforilacion de CD3-{ y CD3-¢ y esto ocurre
exclusivamente en los rafts. Ademas también se induce la activacion de Ras en los
microdominios de membrana. Por el contrario, la fosforilacion en tirosina de c-Cbl

ocurre exclusivamente en la fraccion soluble.

Tras la estimulacion de linfocitos T a través de CD38 hay un reclutamiento de Sos y la
subunidad reguladora p85a de la PI3K a los rafts de membrana. La proteina Sos es
reclutada para la fosforilacion en tirosina de LAT y la proteina SLP-76 también es

reclutada para dicho fin.

CD38 se localiza en la sinapsis inmunoldgica madura en conjugados célula T:célula B.
En estos conjugados, CD38 se distribuye en toda la zona de contacto T:B, lo cual difiere
claramente de la distribucion de CD3-C, el cual tipicamente se localiza en el cSMAC de
la sinapsis. En linfocitos T y B transfectados con la construccion CD38-GFP hemos
observado que, son los linfocitos T las células que mas contribuyen a que CD38 se
localice en la sinapsis inmunoldgica madura. Ademas, para el reclutamiento de CD38 en

la sinapsis serian necesarios eventos de sefializacion en los que estaria implicado Lck.

68



5. Encélulas T y B transfectadas con la construccion CD38-GFP, CD38 se distribuye en la
membrana plasmatica del linfocito y en compartimentos intracelulares, comportandose
como CD3-C. El CD38 que se localiza en estos compartimentos intracelulares
(endosomas de reciclamiento y aparato de Golgi) se redistribuye hacia la zona de

contacto célula T:célulaB.

6. Al sobreexpresar CD38 en linfocitos T Jurkat y ponerlos en presencia de linfocitos B
(mediante un spin se favorece este contacto T:B), se observa un aumento en la actividad
ciclasa en los primeros 20 minutos de contacto. A partir de este tiempo no se observan

cambios notables.

7. Al sobreexpresar CD38 en linfocitos T Jurkat no se observa movilizacion intracelular de
calcio. La sobreexpresion de CD38 en linfocitos T Jurkat aumenta la movilizacion de
calcio dependiente de TCR de una forma dependiente de célula presentadora y de
antigeno si la formacion de los conjugados entre célula T y célula B esta favorecida por

una breve centrifugacion.

8. El bloqueo de CD38 mediante el uso del anticuerpo monoclonal anti-CD38, 1B6,
modifica la cinética de fosforilacion de sustratos como LAT y PKC-0, mientras que Erk
apenas se altera. Ademas, hay una parcial, pero significativa, inhibicion de la

produccion de IFN-y.
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Perspectivas

Este trabajo resuelve algunos aspectos muy interesantes de CD38 pero como suele suceder,
cuanto mas se conoce algo, mas puertas a nuevas cuestiones se abren. Ya sabemos que CD38 se
localiza en rafts de la membrana plasmatica del linfocito T y que estd asociado a diversas
proteinas por lo que es posible estimular a través de CD38, pero atin desconocemos qué
mecanismos estan implicados en la movilizacion de las proteinas a los rafts, como son los
mecanismos de regulacion... Ensamblar todas las piezas para conocer como es la ruta de
sefalizacion de CD38 como receptor es el objetivo final.

Ademas, esta tesis abre camino a la investigacion de CD38 en la sinapsis inmunoldgica. La
tarea no es facil porque esta proteina tiene doble funcidon: como enzima y como receptor, ambas
independientes una de la otra, por lo que su funcion en la sinapsis debe investigarse en

profundidad.

“No basta dar pasos que puedan conducir hasta la meta, sino que

cada paso sea una meta, sin dejar de ser un paso”

Johann Meter Eckerman
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In this study we present data supporting that most
CD38 is pre-assembled in a subset of Brij 98-resistant
raft vesicles, which were stable at 37 °C, and have rela-
tively high levels of Lck and the CD3-{ subunit of T cell
antigen receptor-CD3 complex in contrast with a Brij
98-soluble pool, where CD38 is associated with CD3-¢,
and Lck is not detected. Our data further indicate that
following CD38 engagement, LAT and Lck are tyrosine-
phosphorylated exclusively in Brij 98-resistant rafts,
and some key signaling components translocate into
rafts (i.e. Sos and p85-phosphatidylinositol 3-kinase).
Moreover, N-Ras results activated within rafts immedi-
ately upon CD38 ligation, whereas activated Erk was
mainly found in soluble fractions with delayed kinetics
respective to Ras activation. Furthermore, full phospho-
rylation of CD3-{ and CD3-€ only occurs in rafts, whereas
partial CD3-{ tyrosine phosphorylation occurs exclu-
sively in the soluble pool, which correlated with in-
creased levels of c-Cbl tyrosine phosphorylation in the
non-raft fractions. Taken together, these results suggest
that, unlike the non-raft pool, CD38 in rafts is able to
initiate and propagate several activating signaling path-
ways, possibly by facilitating critical associations
within other raft subsets, for example, LAT rafts via its
capacity to interact with Lck and CD3-{. Overall, these
findings provide the first evidence that CD38 operates
in two functionally distinct microdomains of the plasma
membrane.

Human CD38 antigen is a 45-kDa type II transmembrane
glycoprotein with a short N-terminal cytoplasmic domain and a
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long C-terminal extracellular domain (1, 2). It is widely ex-
pressed in different cell types including thymocytes, activated
T cells, and terminally differentiated B cells (plasma cells)
(8-6). Other reactive cells include NK cells, monocytes, macro-
phages, dendritic cells, and some epithelial cells. The CD38
antigen acts mainly as a NAD(P)* glycohydrolase (7) and plays
a role in lymphocyte activation (3, 8). However, CD38 may also
act as an ectocyclase that converts NAD™" to the Ca®*-releasing
second messenger cyclic ADP-ribose (9). Moreover, intracellu-
larly expressed CD38 may catalyze NAD*/cyclic ADP-ribose
conversion to cause cytosolic Ca®" release (10), and CD38 may
control neutrophil chemotaxis to bacterial chemoattractants
through its production of cyclic ADP-ribose (11).

Plasma membranes of many cell types, including T cells,
contain specialized microdomains, or lipid rafts, enriched in
sphingolipids, cholesterol, sphingomyelin, and glycosylphos-
phatidylinositol-anchored proteins. These membrane domains
are characterized by detergent insolubility at low temperatures
and low buoyant density. Based on these biochemical proper-
ties, they are often referred to as glycosphingolipid-enriched
membranes or detergent-insoluble glycolipid fractions (12, 13).
Several signaling proteins are enriched in lipid rafts. Src fam-
ily kinases and the adaptor protein LAT,! both of which require
acylation for raft targeting, are constitutively present in rafts.
The densely packed, liquid-ordered environment of rafts ex-
cludes most integral membrane proteins. However, antibody-
mediated clustering can recruit receptors on several cell types
to rafts. These include some components of the TCR-CD3 com-
plex (14-17), BCR (18-20), FceRI (21), CD20 (22), and human
CD2 (23). Other transmembrane proteins seem to be constitu-
tively associated with rafts as CD44, CD5, CD9, and murine
CD2 (24-26).

Recent data, however, demonstrate that in resting T cells
10—-20% of the TCR-CD3 complex partitions into rafts that are
resistant to solubilization in 1% Brij 98 at 37 °C (27), which
suggests that part of the TCR-CD3 complex is constitutively
associated with lipid rafts. Our previous data led to the prop-
osition that in T cells CD38 requires the TCR-CD3 complex for
signaling (28, 29). In addition, we have demonstrated that Lck,

1 The abbreviations used are: LAT, linker for activation of T cells;
TCR, T cell antigen receptor; PI, phosphatidylinositol; ZAP-70, {-asso-
ciated protein-70; Erk, extracellular signal-regulated protein kinase;
Tyr(P), phosphotyrosine; mAb, monoclonal antibody; PVDF, polyvinyli-
dene difluoride; ODG, octyl D-glucoside or n-octyl B-D-glucopyranoside;
ECL, enhanced chemiluminescence; HRP, horseradish peroxidase;
FITC, fluorescein isothiocyanate-conjugated; amo, F(ab’), Goat anti-
mouse IgG; GM1, Galpl-3GalNacp1-4Gal(3—2aNeuAc)B1-4GlcB1-1-
Cer; Sos, Son of Sevenless; RBD, Ras-binding domain; GST, glutathione
S-transferase.
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which partitions into rafts, is required for CD38-mediated sig-
naling (30), and CD38 itself is constitutively associated with
lipid rafts resistant to solubilization in 1% Nonidet P-40 at 4 °C
(381). Moreover, upon CD38 cross-linking, a number of proteins
are tyrosine-phosphorylated including ZAP-70 and LAT (30,
31). These studies suggested that rafts and the proteins asso-
ciated or targeted to them as the TCR-CD3, Lck, ZAP-70, and
LAT could be involved in CD38 signaling. However, a key issue
remained unclear: how is CD38 ligation coupled to activation
events in rafts? Does CD38 ligation induce coalescence of mem-
brane rafts, and does such aggregation facilitate the trans-
activation of the raft-associated Lck, thereby initiating the
intracellular cascades, or is CD38 and a fraction of the TCR-
CD3 complex constitutively present in a subset of rafts where
they co-localize and physically interact?

A major concern about rafts isolated by 1% Triton X-100 or
1% Nonidet P-40 at 4 °C is that they are large vesicles of 0.5
and 1 um in diameter, which probably results from the coales-
cence of segregated raft units (32). Therefore, it is difficult to
interpret data on protein composition of raft subsets. However,
the size of 1% Brij 98-resistant vesicles isolated at 37 °C is
rather small (67 = 39 nm) (27), which is quite close to the size
(~50 nm in diameter) of circular raft patches estimated by
photonic force microscopy in living fibroblasts (33) or to the size
of glycosylphosphatidylinositol-anchored protein domains (less
than 70 nm in diameter) measured by fluorescence resonance
energy transfer microscopy in living Chinese hamster ovary
cells (34). Moreover, Brij 98 vesicles are very stable, and once
isolated from different cell membranes they do not coalesce
(27). If a circular raft patch has a radius of about 30 nm and
thus occupies 2827 nm?, it follows that a Brij 98 vesicle on
average should harbor about 1 separate raft unit, which theo-
retically would allow it to immunoisolate homogeneous raft
subsets. Indeed, raft subsets with different protein composi-
tions from the same membrane could actually be isolated (27).

In the present study, using 1% Brij 98 at 37 °C to isolate raft
from Jurkat T cells, we have demonstrated the existence of at
least three types of Brij 98-resistant raft subsets: CD38 rafts,
which are enriched in CD38, CD3-{, and Lck; TCR/CD3
rafts, which are enriched in CD3-{, CD3-¢, and Lck; and LAT
rafts, which are primarily enriched in Lck. Indeed, immunoiso-
lated Lck rafts retrieve all the above proteins, which is in
agreement with its presence in all raft subsets studied so far.
Our results further indicated that following stimulation of
CD38, LAT and Lck are tyrosine-phosphorylated exclusively in
Brij 98-resistant rafts, and many key components of signaling
pathways that are regulated by CD38 translocate into rafts (i.e.
Sos and p85 PI 3-kinase). Moreover, N-Ras is found in its
activated state within rafts upon CD38 stimulation. Further-
more, full phosphorylation of CD3-{ and CD3-¢ only occurs in
rafts, whereas c-Cbl tyrosine phosphorylation occurs exclusively
in non-raft fractions. Taken together, these data provide new
insights in how rafts take part in CD38 signal transduction.

EXPERIMENTAL PROCEDURES

Cell Lines—dJurkat D8 cells, which constitutively express CD38, were
obtained from wild-type Jurkat cells (subclone E6-1, American Tissue
Culture Collection (ATCC), Manassas, VA) by the limiting dilution
technique (35). The Lck-deficient Jurkat T cell variant JCaM1.6 (36)
was kindly provided by Dr. Arthur Weiss (University of California,
San Francisco).

Antibodies and Reagents—Anti-human CD3-e mAb OKT3 (IgG2a) or
the CD38 mAbs HB136 (IgG1) and OKT10 (IgG1) were prepared and
purified by affinity chromatography on HiTrap protein A or HiTrap
protein G HP column, respectively, using the AKTA explorer system
(Amersham Biosciences) as described (28). Anti-human CD38 mAb IB4
(IgG2a) was prepared and purified by affinity chromatography on pro-
tein A-Sepharose and high pressure liquid chromatography on hydroxy-
apatite columns, as described (37). Anti-human CD3-{ mAb 1D4.1 is

Initial CD38-mediated Signaling Occurs within Rafts

directed against the C-terminal portion of CD3-{, and it has been
described previously (38). Affinity-purified, fluorescein isothiocyanate-
conjugated (FITC) F(ab’), fraction of rabbit antibody to mouse immu-
noglobulins (F(ab’), FITC-RamlIg) was purchased from Dako (Glostrup,
Denmark). Affinity-purified F(ab'), fraction of goat antibody to mouse
IgG (whole molecule) (F(ab’), Gamlg) was purchased from Cappel (ICN
Pharmaceuticals, Inc., Costa Mesa, CA). Recombinant anti-Tyr(P) an-
tibody coupled to horseradish peroxidase (RC20-HRP), anti-Sos1 mAb,
and anti-p85 PI 3-kinase mAb were obtained from BD Biosciences. The
anti-phospho-p44/42 mitogen-activated protein kinase (Thr-202/Tyr-
204) E10 mouse mAb was purchased from Cell Signaling Technology
(New England Biolabs, Beverly, MA). The following affinity-purified
rabbit polyclonal antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA): anti-Erk-2, anti-ZAP-70, anti-Vav, anti-Sos,
anti-Cbl, anti-p85a PI 3-kinase, and the affinity-purified mouse mono-
clonal antibody anti-Lck 3A5 mAb. An affinity-purified rabbit antibody
to CD3-e was purchased from Dako (Denmark). Polyclonal antibodies
anti-LAT and anti-Lck (N-terminal) were from Upstate Biotechnology,
Inc. Anti-Zap-70 (Zap-4) rabbit antiserum was a kind gift from Dr. S. C.
Ley (Medical Research Council, London, UK) (30). Anti-CD3-{ anti-
serum 448 was a gift from Dr. B. Alarcon (Centro de Biologia Molecular,
CSIC, Madrid, Spain). Affinity-purified goat anti-rabbit IgG (Fc) HRP
conjugate and goat anti-mouse IgG (H+L) HRP conjugate were from
Promega (Madison, WI). Prestained SDS-PAGE standards (broad and
precision range), and ImmunoStart reagents were from Bio-Rad. The
cholera toxin HRP-conjugated and the anti-actin mAb, AC40, were
purchased from Sigma. Protein G-Sepharose 4 Fast Flow and ECL
reagents were from Amersham Biosciences. Raf-1 Ras-binding domain
agarose conjugate, anti-Ras (clone RAS 10, mouse monoclonal IgG2a-«),
was purchased from Upstate Biotechnology, Inc. uMACS protein G
Microbeads, uMACS Separator, and pwColumns were purchased from
Miltenyi Biotec (Germany).

Fluorescence-activated Cell Sorter Analysis—Cells were analyzed for
surface expression of CD3 and CD38 by flow cytometry as described
previously by using saturating concentrations of the unlabeled primary
mouse mAbs and of the F(ab’), FITC-RamIg secondary antibody (30).
Samples were analyzed in a FACScan flow cytometer (BD Biosciences),
using the CellQuest Software. Under these conditions the primary
antibody binds to the cell surface antigen monovalently; therefore, the
number of bound antibody molecules corresponds to the number of
antigenic sites (39). In experiments on peripheral blood binding of
anti-CD38 mAbs tend to be exclusively monovalent when CD38 antigen
density is low but partially bivalent at higher CD38 densities (40).
Therefore, these estimates may be incorrect by as much as a factor of 2.
However, the ratio between the median fluorescence intensities of CD3
and CD38 was constant from experiment to experiment, because the
same Jurkat line was used throughout the study, and because saturat-
ing concentrations of the mAbs were used.

Detergent Solubilization of Cells at 37 °C—Cells (7-9 X 107) were
washed twice in ice-cold RPMI/HEPES, resuspended in 0.45 ml of
ice-cold 1X lysis buffer (20 mm HEPES, pH 7.6, 150 mMm NaCl, 1 mm
EGTA, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 20 um
phenylarsine oxide, 1 mM phenylmethylsulfonyl fluoride, 10 mm iodoac-
etamide, and a mixture of small peptide protease inhibitors at 1 ug/ml
each) without detergent to disrupt the cells (30), quick-frozen on dry ice,
and then thawed on ice. Broken cells were homogenized by shearing
through a 25-gauge needle with a 1-ml syringe, 10 times, on ice (41).
The particulate suspension was preincubated for 4 min at 37 °C. 50 ul
of a 10% Brij 98 (Sigma) stock solution in 20 mm HEPES, pH 7.4, was
then added to bring a final concentration of 1% Brij 98. After 5 min of
solubilization at 37 °C, the lysate was quick-frozen on dry ice and kept
at —80 °C until use. Before the sucrose gradient centrifugation, lysates
were thawed on ice and then diluted with 0.5 ml of lysis buffer contain-
ing 80% sucrose (final sucrose concentration 40%; final Brij 98 concen-
tration 0.5%) and incubated on ice for 50 min (27). Samples were then
placed at the bottom of a discontinuous sucrose gradient and fraction-
ated as described below.

Fractionation of Detergent-insoluble and -soluble Fractions by Su-
crose Gradient Ultracentrifugation—Detergent-insoluble and -soluble
fractions were separated as described (31) with some modifications. Cell
lysates were mixed with an equal volume of 80% sucrose and trans-
ferred to Sorvall ultracentrifuge tubes. Two ml of 30% sucrose, followed
by 1 ml of 5% sucrose in 1X lysis buffer without detergent, were
overlaid. All the sucrose solutions were prepared in 1X lysis buffer
without detergent and in the presence of small peptide protease inhib-
itors at 1 ug/ml each, (30). Samples were centrifuged for 18—20 h at
200,000 X g in a Sorvall AH-650 rotor. Eight fractions of 0.5 ml each
were collected on ice, from the top to the bottom of the gradients. 18-ul
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aliquots of each fraction of the gradient was diluted with 9 ul of 3%
Laemmli sample buffer and resolved on 12.5% SDS-PAGE under non-
reducing conditions, transferred to PVDF, and immunoblotted with
specific antibodies. Ganglioside GM1, which migrated with the dye
front on a 12.5% SDS-PAGE gel, was detected by blotting with cholera
toxin-HRP conjugated following by the ECL system.

In indicated experiments two pools of the sucrose gradient fractions
were then collected. First was the low density fractions corresponding to
the 5/30% interface (fractions 2 and 3, along fraction 4) and referred to
as rafts. Second was the high density soluble material corresponding
to fractions 7 and 8 of the gradient and referred to as soluble. Except
where otherwise indicated, 18 ul of each pool were diluted with 9 ul of
3X Laemmli sample buffer and loaded onto gels. In indicated experi-
ments proteins of each fraction of the gradient were concentrated by
methanol/chloroform precipitation as described (31).

Immaunoisolation of Raft Subsets under Non-solubilizing Condi-
tions—Pooled sucrose gradient fractions 2—4 (rafts) or fractions 7-8
(soluble) were diluted with lysis buffer containing 1% Brij 98 to less
than 20% sucrose. To avoid variability inherent to each sucrose gradi-
ent centrifugation, the rafts or soluble fractions from six different
sucrose gradients were pooled and then divided into 6 aliquots for the
immunoisolation experiments with anti-CD38, anti-Lck, anti-CD3-¢,
anti-CD3-¢, anti-LAT, or isotype-matching antibodies. After 1 h of in-
cubation on ice with specific mAbs, 50—-100 ul of protein G superpara-
magnetic microbeads (Miltenyi Biotec S. L. (Spain)) were added and
mixed well, and the mixture was incubated for an additional 45 min on
ice. Subsequently, the magnetically labeled raft subsets were passed
over pColumns placed in the magnetic field of the uMACS separator
following the manufacturer’s specifications. The columns were then
rinsed twice with 200 ul of 1% Brij 98 lysis buffer, followed 2 times by
200 pl of Solution A (0.5% Brij 98 lysis buffer), 1 time by 200 ul of
Solution B (0.01% Brij 98 lysis buffer), and 1 time by 200 ul of low salt
wash buffer (20 mMm Tris-HCI, pH 7.5). The immunoisolated raft subsets
were then eluted with 20 + 50 ul of pre-heated 95 °C hot 1X SDS gel
sample buffer and the collected second eluate (50 ul) was analyzed by
SDS-PAGE and Western blotting. The data shown are representative of
three independent experiments.

Immunoprecipitation under Solubilizing Conditions—Pooled rafts
and soluble sucrose gradient fractions were diluted with lysis buffer
containing 1% Brij 98 + 60 mM ODG to less than 20% sucrose. ODG is
a gentle non-ionic detergent that is very efficient in solubilizing pro-
teins associated with rafts (42—45). Immunoprecipitation of protein
assemblies was performed by incubation of these fractions with specific
antibodies followed by capture of the immune complexes on protein G
superparamagnetic microbeads as described above or on protein G-
Sepharose 4 Fast Flow beads (Amersham Biosciences) as described
elsewhere (30).

Cell Stimulation and Western Blotting—Cells were grown up to a
density of 0.5-1 X 10%ml, centrifuged, and serum-starved in RPMI/
HEPES + 0.1% fetal bovine serum 1520 h. The cells were then washed
twice in RPMI/HEPES without serum and resuspended at 4-9 X 107
cells per sample, or as otherwise indicated, in serum-free RPMI/HEPES
medium at 4 °C. Stimulation with anti-CD38 mAbs, lysis, and Western
blotting analyses were performed as described in detail elsewhere (30).
Densitometric analysis was performed on a MacIntosh computer using
the public domain NIH Image program version 1.62 (developed at the
National Institutes of Health and available at rsb.info.nih.gov/nih-
image/) or on a personal computer using the Quantity One—dimensional
Analysis Software version 4.4 (Bio-Rad).

Affinity Assay for Ras Activation in Postnuclear Supernatants—D8
Jurkat T cells were grown and stimulated as described. Cells were then
lysed in ice-cold 2x Mg?* lysis buffer (50 mm HEPES, pH 7.5, 300 mM
NaCl, 2% Igepal CA-630, 20 mm MgCl,, 2 mm EDTA, 4% glycerol, 20
ug/ml aprotinin, 20 ug/ml leupeptin, 50 mMm sodium fluoride, and 2 mm
sodium orthovanadate) for 30 min. Postnuclear supernatants were ob-
tained by centrifugation at 13,000 X g for 15 min at 4 °C. Activated Ras
was assayed on equivalent amounts of lysates from unstimulated or
anti-CD38-stimulated cells. The lysates were incubated with GST-Raf1-
RBD (Ras-binding domain) as specified by the manufacturer (Upstate
Biotechnology, Lake Placid, NY). Proteins were eluted with 3X Laemmli
reduced sample buffer and applied to either a 12.5 or a 15% SDS-PAGE
under reducing conditions. Proteins were transferred to a PVDF mem-
brane, blocked at room temperature for 1 h in 5% milk, and probed with
anti-Ras antibody overnight at 4 °C (clone RAS 10) (46). Total Ras was
measured by anti-Ras immunoblot analysis of an aliquot of the post-
nuclear lysate followed by an HRP-conjugated anti-mouse secondary.
Proteins were detected using enhanced chemiluminescence (ECL System,
Amersham Biosciences, or ImmunoStart System from Bio-Rad).
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Affinity Assay for Ras Activation in Raft and Soluble Fractions—
Pooled raft and soluble fractions from 4 to 5 X 10° unstimulated or
anti-CD38-stimulated Jurkat T cells were diluted with 1x Mg?* lysis
buffer to bring the sucrose concentration to less than 20%. Samples
were then incubated with GST-RBD and processed as above.

Statistical Analysis—Statistical analysis were performed using the
Student’s ¢ test parametric) to compare sample groups. p values less
than 0.05 were considered significant.

RESULTS

Isolation and Characterization of CD38-containing Brij 98-
insoluble Raft Microdomains—In this study we used Jurkat T
cells, which constitutively express CD38 (30) (Fig. 1A), to test
whether CD38-mediated signaling is initiated within rafts. We
first investigated whether CD38 is associated with the mem-
brane raft vesicles that are recovered as detergent-insoluble
complexes upon solubilization of cells in Brij 98 at 37 °C. This
detergent has a hydrophilic-lipophilic balance of 15.3 mm, and
it has been successfully used to selectively isolate detergent-
insoluble microdomains at 37 °C exhibiting the expected bio-
chemical characteristics of rafts (27). Jurkat T cells were lysed
in 1% Brij 98 at 37 °C as described under “Experimental Pro-
cedures,” and the lysates were fractionated into supernatant
and pellet after centrifugation at 13,000 X g for 15 min. As
shown in Fig. 1B, only about 42% of CD38 was found in the
supernatant (lane 1), and therefore, most CD38 was found
precipitated in the pellet (lane 3). These results demonstrated
that a large fraction of CD38 was insoluble in Brij 98 at 37 °C
and strongly suggested that CD38 was associated with Brij
98-resistant lipid rafts. However, insolubility of a membrane
protein in a non-ionic detergent could be due to its association
with detergent-resistant lipid rafts and/or its anchoring to cy-
toskeletal elements. To distinguish between these two possibil-
ities, we used ODG, which is a gentle non-ionic detergent that
is very efficient in solubilizing proteins associated with glyco-
lipid-enriched membranes, and it does not disrupt the cytoskel-
eton (42—-45). As shown in Fig. 1B, lane 2, in cells lysed in 1%
Brij 98 in the presence of 60 mm ODG about 98% of CD38 was
recovered in the supernatant upon centrifugation at 13,000 X g
for 15 min, which indicated that CD38 was almost entirely
solubilized by ODG. Therefore, the efficiency of ODG to solu-
bilize CD38 supports the conclusion that its insolubility in Brij
98 is due to raft association and not to cytoskeleton
interactions.

To confirm this, raft membranes were isolated from Jurkat T
cells by using a flotation assay based on resistance to solubili-
zation by Brij 98 at 37 °C (27), and buoyancy at low density
fractions of a bottom-loaded discontinuous sucrose gradient,
with steps of 5, 30, and 40% sucrose (31). As shown in Fig. 1C,
most of the transmembrane proteins CD38 and LAT, the intra-
cellular membrane-bound Lck, and the ganglioside GM1 par-
titioned into low density fractions 2—4, which is consistent with
its residency in floating lipid rafts or glycolipid-enriched mem-
branes. Thus, densitometric analysis showed that the CD38
present in rafts was composed of 62.2 * 3.7% of the total CD38,
whereas the CD38 present in soluble fractions 7-8 was 35.0 =
3.9% of total CD38 (p < 0.006, n = 10, Table I). Likewise,
73.9 = 4.7% of total GM1 localized to rafts, whereas only 13.1 =
2.5% was in soluble fractions (p < 0.00001, n = 10, Table D).
Moreover, about 84% of Lck, 75% of LAT, and less than 30% of
CD3-¢ and CD3-€ were enriched in floating rafts. In contrast,
about 10% of ZAP-70 and none of actin or Cbl were detected in
those fractions (Fig. 1C, and data not shown). These low den-
sity fractions contained only about 2% of total proteins found in
the whole sucrose gradient (Fig. 1D); therefore they were
highly enriched in proteins associated with lipid rafts.

We next examined how ODG affected the recovery of CD38,
CD3-¢, CD3-¢, LAT, Lck, and the ganglioside GM1 in floating
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Fic. 1. Isolation and characterization of CD38-containing de-
tergent-insoluble membrane microdomains using Brij 98 at
37 °C. A, the surface expression of CD3 and CD38 was analyzed by
indirect immunofluorescence staining with saturating concentrations of
both primary and secondary antibodies. Thus, Jurkat D8 cells were
incubated with the anti-human CD3-e mAb OKT3 (open histogram,
continuous line) or with the anti-human CD38 mAb HB136 mAb (filled
histogram), followed by incubation with F(ab'), FITC-anti-mouse IgG
secondary antibody. Representative flow cytometric profiles are shown.
Negative controls were obtained after staining with an isotype-match-
ing unrelated mAb plus a secondary antibody (open histogram, dotted
line). Flow cytometric data are presented as the logarithm of fluores-
cence intensity. Median fluorescence intensity after subtraction of the
fluorescence detected with an isotype-matched control was 38.02 and
7.74 for CD3 and CD38, respectively. The data shown are representa-
tive of more than 20 independent experiments. B, Jurkat T cells were
lysed in 1% Brij 98-containing lysis buffer at 37 °C for 5 min (—) or with
1% Brij 98 in the presence of 60 mm ODG (+). Cell lysates were
fractionated into a supernatant of soluble proteins (S) and a pellet (P) of
insoluble proteins by centrifugation at 13,000 X g for 15 min at 4 °C, as
described under “Experimental Procedures.” Proteins were separated
on 11% SDS-PAGE under non-reducing conditions, and upon transfer-
ence to PVDF membranes were immunoblotted with the anti-CD38
mAb HB136. Blot in B was scanned, and CD38 bands were quantified
using the NIH Image program 1.62 version. CD38 in either the super-
natant or in the pellet was expressed as percentage of total (sum of
supernatant plus pellet). The numbers are as follows: 42% (lane 1), 98%
(lane 2), 58% (lane 3), and 2% (lane 4). The data shown are represent-
ative of three independent experiments. C, Jurkat T cells were lysed in
1% Brij 98-containing lysis buffer at 37 °C for 5 min and fractionated on
a sucrose gradient as described under “Experimental Procedures.”
Eight fractions of 0.5 ml were collected from the top to the bottom of the
gradient. 18-ul aliquots of each fraction of the gradient were diluted
with 9 ul of 3X Laemmli non-reducing sample buffer, and the resulting
27 wul were resolved on 12.5% SDS-PAGE under non-reducing condi-
tions, transferred to PVDF, and blotted with specific antibodies against
the indicated proteins to the right of each panel. Ganglioside GM1,
which migrated with the dye front of the 12.5% SDS-PAGE gel, was

Initial CD38-mediated Signaling Occurs within Rafts

rafts by treating the Brij 98 lysates with 60 mMm ODG before
gradient centrifugation. As shown in Table I, ODG dissociated
>50% of CD38, LAT, and GM1 from the top fractions, whereas
Lck was less affected (about 28% of Lck moved out of the raft
fractions). Note, however, that only 43% of CD38 migrated to
high density fractions 7—8 upon ODG treatment, despite the
fact that same treatment yielded little pelletable CD38 upon
centrifugation at 13,000 X g (Fig. 1B). Likewise, ODG seemed
not to affect the recovery of CD3-{ or CD3-€ in the low density
fractions, although there was a small but highly reproducible
reduction in the percentage of these proteins found in the high
density fractions 7—8 (Table I). These apparent contradictions
were caused by the appearance in fractions 5-6 of CD38,
CD3-¢, and CD3-€ forms of greater buoyant density than those
floating to fractions 2—4 but with lower densities than those
remaining in fractions 7—8 (data not shown). These data sug-
gest that ODG caused partial solubilization with the appear-
ance of less buoyant CD38, CD3-{, and CD3-e complexed with
sphingolipid and other lipids in non-vesicular form (47), or
forming vesicles of smaller size (nanovesicles) with a distinct
cholesterol/lipid environment than that in fractions 2—4 (48).
Therefore, ODG altered the buoyant properties of CD38, CD3-¢,
and CD3-e shifting to intermediate densities.

Lck and the TCR-CD3 Complexes Are Specifically Concen-
trated in Anti-CD38 Immunoisolated Rafts—We next examined
whether the CD3 subunits and Lck are located within the same
raft subset as CD38. To this end, CD38-containing rafts were
immunoisolated from the total pool of Brij 98-resistant raft
fractions with uMACS protein G Microbeads as described un-
der “Experimental Procedures.” Then the immunoisolated rafts
bound to the anti-CD38-coated magnetic beads were analyzed
biochemically. Western blot analysis showed that nonspecific
binding of CD38 to an irrelevant isotype-matching mouse mAb
(IgG1) was about 1% of the total amount of CD38 in the pooled
raft fractions 2—4, whereas its specific binding to the anti-
CD38 mAb OKT10 was about 38%, which suggested a substan-
tial enrichment over the amount in the pooled raft fraction
(data not shown), despite the fact that these experiments were
done in antigen excess according to the manufacturer’s speci-
fications. Similar analysis showed that Lck, CD3-¢, CD3-¢, and
LAT were also detected in rafts immunoisolated with the anti-
CD38 mAb, OKT10 (Fig. 24, lane 1), although there was a
hierarchy of binding, Lck > CD3-{ >> CD3-e = LAT. Binding of
CD3-€ and LAT to OKT10 was considered nonspecific because
it was in the range of that bound to the irrelevant isotype-
matching mAb (0.2-0.8%). Then, we examined the protein
composition of the rafts immunoisolated with anti-Lck, anti-
CD3-¢{, anti-CD3-¢, or anti-LAT antibodies. The data showed
that Lck, CD38, and CD3-{ were readily detected in rafts im-
munoisolated with the anti-Lck mAb 3A5 (Fig. 24, lane 2).
Likewise, CD3-{, CD38, and Lck were clearly present in rafts
immunoisolated with the anti-CD3-{ mAb 1D4.1 (Fig. 24, lane
3). Moreover, significantly higher amounts of LAT were de-
tected in Lck- than in CD3-{-immunoisolated rafts (Fig. 24,
lanes 2 and 3, respectively). Regarding CD3-e rafts immunoiso-

detected by blotting with cholera toxin-HRP conjugated by following the
ECL system. A representative experiment is shown from more than 10
independent experiments. Blots in C were scanned, and protein bands
were quantified using the NIH Image program 1.62 version. The per-
centage of each protein that migrated to low and high density fractions
is shown in Table I. D, an 18-ul aliquot of each gradient fraction was
resolved on SDS-PAGE as above and stained with Coomassie Blue. The
gel was scanned and protein bands were quantified using the NIH
Image version 1.62 software system. A representative experiment is
shown from five independent experiments. The results were confirmed
by analyzing the same fractions in solution with the Bio-Rad colorimet-
ric protein assay (data not shown).
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TABLE 1
Effects of detergents Brij 98 or ODG on the floatability of cell surface and intracellular membrane-associated molecules
Jurkat T cells were lysed in 1% Brij 98 or in 1% Brij 98 + 60 mm ODG before sucrose gradient centrifugation as described under “Experimental
Procedures.” 0.5-ml fractions were collected, and aliquots of each fraction were analyzed by Western blot for the indicated proteins or ganglioside
GM1. Densitometric data on rafts (fractions 2—4) and soluble (fractions 7—8) pools are presented as percentage of the sum of all sucrose gradient
fractions (fractions 1-8).

Rafts Soluble

Brij 98 Brij 98 + ODG Brij 98 Brij 98 + ODG
CD38 62.2 + 3.7¢ 28.7 + 0.2° 35.0 = 3.9¢ 43.2 * 1.7°
Lck 83.7 £ 4.0° 59.8 = 9.4° 6.2 = 3.2¢ 20.7 + 14.4°
LAT 75.1 = 13.6° 25.5 + 5.0° 20.3 = 11.4° 54.3 + 2.0°
CD3-¢ 22.6 £ 2.0° 23.4 + 2.4° 61.9 £ 1.4° 49.9 + 2.1°
CD3-¢ 26.8 = 6.5° 31.3 = 6.4° 54.6 = 7.8° 40.5 + 6.1°
GM1 73.9 £ 4.7¢ 36.6 + 3.2° 13.1 = 2.5¢ 37.3 +5.7°

“ The data are the means *+ S.E. of 10 independent experiments.
® The data are the means = S.E. of 2 independent experiments.
¢ The data are the means = S.E. of 3 independent experiments.

RAFTS

A

Ab:CD38 Lck CD3-( CD3-e LAT Ab CDSB Lck CD3-( CD3-e LAT
0ODG + + +

HEEMEe NN

cHEeSE -® - =
o BB Sl B
CD3-¢ | - e - - -
LAT . -9 N B Ry

1 2 3 4 5 1 2 3 4 5

SOLUBLE
C Ab C38 Lok CDIL CD3¢
+ ODG

cmsnl R
cns-c. -8 s

CD3-c 4 - -
LAT

1 2 3 4

Fic. 2. Leck and CD3-{ are associated with CD38 in membrane rafts. A, Jurkat T cells were lysed in 1% Brij 98 at 37 °C for 5 min. Rafts
were isolated by sucrose gradient ultracentrifugation, and pooled fractions 2—4 were resuspended in 1% Brij 98 lysis buffer. The raft subsets
enriched in CD38 (lane 1), Lck (lane 2), CD3-¢ (lane 3), CD3-€ (lane 4), or LAT (lane 5) were immunoisolated with specific antibodies (Ab) and
MMACS protein G microbeads as described under “Experimental Procedures.” Immunoisolates were separated on 11% SDS-PAGE gels under
non-reducing conditions and blotted with the indicated antibodies. The amount of CD38, Lck, CD3-{, CD3-¢, or LAT in the corresponding
immunoisolates was estimated by comparison with the total amount of each protein recovered in the pooled raft fractions 2-3, and ranged from
22% for Lck up to 51% for CD3-e. Nonspecific binding to an isotype-matched mouse immunoglobulin (IgG1) ranged from 0.1 to 1%. WB, Western
blot. B, pooled raft fractions isolated as in A were prepared and treated for raft solubilization with 1% Brij 98 + 60 mm ODG lysis buffer before
being subjected to immunoprecipitation with anti-CD38 (lane 1), anti-Lck (lane 2), anti-CD3-¢ (lane 3), anti-CD3-¢ (lane 4), or anti-LAT (lane 5)
mAbs bound to uMACS protein G microbeads. Immunoprecipitates were blotted with the indicated antibodies. C, soluble fractions were prepared
and treated as in B with 1% Brij 98 + 60 mMm ODG before being subjected to immunoprecipitation with anti-CD38 (lane 1), anti-Lck (lane 2),
anti-CD3-¢{ (lane 3), or anti-CD3-e (lane 4) mAbs bound to uMACS protein G microbeads. Immunoprecipitates were blotted with the indicated
antibodies. The data shown are representative of at least three independent experiments.

lated with the anti-CD3-e mAb OKT3, CD3-¢{ was the major
protein co-isolated, following by Lck, with relatively weaker
detection of LAT and CD38 (Fig. 24, lane 4). This correlated
with the fact that CD3-e was readily detected in both Lck-
and CD3-{-immunoisolated rafts (Fig. 24, lanes 2 and 3)
showed intermediate levels in LAT rafts and was weakly
detected in CD38-immunoisolated ones (Fig. 24, lanes 1 and 5,
respectively).

The higher level of Lck relative to LAT in CD3-{- and CD3-

e-immunoisolated rafts indicated that TCR-CD3 raft distribu-
tion in Jurkat T cells was very similar to that in the murine T
cell line 3A9 lysed in Brij 98 (27). Of note is that LAT was
readily detected in Lck rafts and vice versa Lck was clearly
present in LAT rafts, whereas the amount of the other proteins
was significantly higher in Lck rafts than in LAT rafts (Fig. 24,
lanes 2 and 5), which is in agreement with the strong presence
of Lck in all raft subsets studied so far and suggesting that Lck
is the linker that keeps most of these proteins together.
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ODG Extraction Reveals Distinct Protein Assemblies within
Rafts, Which Differ in Their Requirements for Stable Associa-
tion—To examine whether the protein assemblies detected in
immunoisolated rafts correspond to protein-protein interac-
tions or whether they are dependent on the raft integrity,
pooled low density Brij 98-resistant raft vesicles were resus-
pended in a buffer containing 1% Brij 98 + 60 mm ODG, which
efficiently disrupts many lipid raft-protein associations (see
Table I). Then either CD38, Lck, CD3-Z, CD3-¢, or LAT was
immunoprecipitated with specific antibodies bound to uMACS
protein G microbeads as described above, and the retrieved
proteins were detected by Western blot analysis (Fig. 2B).
Because ODG did not affect much the interaction of Lck with
lipid rafts, although greatly affecting the CD38-raft interaction
(Table 1), it was expected that in ODG-treated raft vesicles the
ratio Lck/CD38 would be significantly higher than that in Brij
98-resistant ones. In this sense, CD38 was no longer detectable
in the Lck immunoprecipitates from ODG-treated raft vesicles
(Fig. 2B, lane 2), whereas Lck was still detectable in the CD38
immunoprecipitates (Fig. 2B, lane 1). Note, however, that the
relative amount of Lck co-immunoprecipitated with CD38 was
significantly reduced as compared with that in the intact raft
vesicles (Fig. 2, B and A, lane 1). These data were in accordance
with the reduced amount of CD38 that still remained associ-
ated with raft fractions upon ODG treatment (Table I) and
therefore susceptible to interact with Lck, or being part of the
same raft subset. Likewise, in the presence of ODG LAT was no
longer detected in CD3-{ or CD3-e immunoprecipitates (Fig.
2B, lanes 3 and 4, respectively), and vice versa, low amounts of
CD3-¢{ and CD3-e were co-immunoprecipitated with LAT (Fig.
2B, lane 5). Again, these data correlated with the ability of
ODG to selectively disrupt raft-LAT association, whereas the
association of either CD3-{ or CD3-e with lipid rafts was less
affected (Table D).

Other protein assemblies were affected by the presence of
ODG but not completely disrupted. Thus, lower amounts of
LAT was co-immunoprecipitated with Lck as compared with
that in Brij 98 alone (Fig. 2, B versus A, lane 2), and vice versa
a lower amount of Lck was detected in LAT immunoprecipi-
tates than that in Brij 98 (Fig. 2, B versus A, lane 5), which is
in agreement with a recent report (49) showing that in Jurkat
cells solubilized in 1% Triton X-100 LAT preferentially inter-
acts with the open active form of Lck and weakly with the
closed non-active Lck in lipid rafts, the latter being the pre-
dominant form in unstimulated Jurkat cells.

On the other hand, in the presence of ODG the associations
of Lck with CD3-¢ or with CD3-e were readily detectable, al-
though the relative amounts of CD3-{ and CD3-€ co-immuno-
precipitated with Lck were significantly reduced (Fig. 2B, lane
2) as compared with that in Brij 98 alone (Fig. 24, lane 2).
Moreover, CD3-{-Lck and CD3-e-Lck interactions were detect-
able despite much less Lck was co-immunoprecipitated with
both CD3 subunits (Fig. 2, B versus A, lanes 3 and 4).

CD38 Associates with CD3-{ in Both Raft and Soluble Frac-
tions—Because both the TCR-CD3 complex and CD38 were
present in raft and soluble fractions, it was of interest to know
whether they could interact in both compartments. The data
clearly showed that the presence of ODG did not significantly
affect the amount of CD3-{ co-immunoprecipitated with CD38
in low density fractions (Fig. 2B, lane 1) as compared with that
retrieved in Brij 98-resistant CD38-containing raft vesicles
(Fig. 24, lane 1). Moreover, CD3-{ was readily detected in CD38
immunoprecipitates from the non-raft fraction either in the
presence of ODG (Fig. 2C, lane 1) or in Brij 98 alone (data not
shown). It is worth noting that although CD3-e was also de-
tected in the CD38 immunoprecipitates from soluble fractions

Initial CD38-mediated Signaling Occurs within Rafts

D8 JCAM16

Fic. 3. CD38 is associated with CD3-{ in the absence of Lck.
Pooled raft fractions from sucrose gradient from Brij 98 lysates from
Jurkat D8 (lanes 1 and 2) or JCaM 1.6 cells (lane 3) were immunopre-
cipitated with the anti-CD38 mAb OKT10 in the presence of 1% Brij 98
alone (lane 1) or in the presence of 1% Brij 98 + 60 mm ODG (lanes 2
and 3) using protein G-bound-Sepharose beads as described previously
(30). Immunoprecipitates were separated on 11% SDS-PAGE gels un-
der non-reducing conditions and blotted with the indicated antibodies
to the left of each panel. The data shown are representative of at least
three independent experiments. WB, Western blot.

(Fig. 2C, lane 1), its concentration in CD38 raft fractions was
significantly lower than that of CD3-{ (Fig. 2, A and B, lane 1),
which suggested that, at least in rafts, CD38-CD3-{ interaction
could occur independently of the presence of the other subunits
of the TCR-CD3 complex or at other CD3-{/CD3-¢ ratios than
that of the TCR-CD3 complex. Moreover, CD38-CD3-{ associa-
tion also occurred in soluble fractions were Lck did not co-
immunoprecipitate with CD38 (Fig. 2C, lane 1), and in ODG-
solubilized rafts from the Lck-deficient Jurkat variant JCaM
1.6 (Fig. 3, lane 3), which strongly suggests that Lck is not
required for CD38-CD3-{ interaction. Together, these results
emphasize that the association of CD38 with CD3-{ can occur
outside of raft membrane vesicles and that CD38-CD3-{ com-
plexes are not artifacts of incomplete solubilization but in-
stead represent discrete units that are capable of being fully
solubilized.

However, CD38 was not detected in CD3-{ immunoprecipi-
tates from either ODG-solubilized rafts or non-raft compart-
ments (Fig. 2, B and C, lane 3), which was a clear discrepancy
from the data in intact raft vesicles where CD38 is readily
retrieved by CD3-{ immunoisolates (Fig. 24, lane 3), and sug-
gested an interaction of either low affinity or low stoichiometry.
Against the low affinity of the CD38-CD3-{ interaction is the
fact that upon extraction with ODG, CD3-{ is still readily
detectable in CD38 immunoprecipitates (Fig. 2B, lane 1, and
Fig. 3, lane 2), while almost undetectable in the CD3-e¢ immu-
noprecipitates (Fig. 2B, lane 4). Likewise, relatively lower
amounts of CD3-e were co-immunoprecipitated with CD3-{ in
the ODG-treated raft compartment (Fig. 2B, lane 3), as com-
pared with those in Brij 98 alone (Fig. 2A, lane 3), which
suggests that CD38-CD3-{ interaction has a relatively higher
affinity than that of the well established CD3-e-CD3-{
association (50).

Moreover, it is worth noting that in Jurkat T cells TCR-CD3
surface expression was significantly higher than that of CD38,
with a CD3/CD38 ratio of about 5:1 at saturating concentra-
tions of both the anti-CD3-e and anti-CD38 mAbs (Fig. 14),
which is indicative of a higher number of surface CD3 mole-
cules than that of CD38. However, because these proteins are
not equally distributed in the different cell surface microdo-
mains, the real number of CD3 and CD38 molecules in each
microdomain may vary significantly. One might expect that in
Brij 98-resistant rafts CD38 and CD3-¢ will be constrained to
be close together at a more balanced concentration, and hence
they were readily co-isolated independently of the antibody
used for immunoisolation (Fig. 24, lanes 1 and 3). In contrast,
in Brij 98- or ODG-soluble fractions the number of CD3 mole-
cules clearly exceeds those of CD38; therefore, it is expected
that a large proportion of CD3-{ will be associated with recep-
tors other than CD38 (i.e. the TCR-CD3 complex), or it will be
remain free. Under conditions of large antigen excess, as occurs
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Fic. 4. Upon CD38 engagement LAT, Lck, CD3-, and CD3-€ tyrosine phosphorylation occurs in rafts, whereas c-Cbl tyrosine
phosphorylation occurs in non-raft soluble fractions. A, serum-starved Jurkat D8 T cells were stimulated (+) or not (—) with the anti-CD38
mAb IB4 at 5 pg/107 cells, followed by cross-linking with the F(ab’), fragment of a secondary antibody for 3 min at 37 °C. Cells were then lysed
in 1% Brij 98 at 37 °C, and rafts and soluble fractions were isolated by sucrose gradient centrifugation as described under “Experimental
Procedures.” 60 mm ODG + 1% Brij 98-containing lysis buffer was then added to these fractions, and they were subjected to immunoprecipitation
(IP) with an anti-Tyr-(P) mAb bound to agarose beads. Tyrosine-phosphorylated proteins were eluted from the beads with 40 mm phenyl phosphate.
Proteins were separated on 11% SDS-PAGE under reducing conditions and blotted with the anti-Tyr(P) mAb RC20-HRP. The position of molecular
mass markers is indicated to the left. B, blots in A were scanned, and tyrosine-phosphorylated CD3-e and CD3-{ bands were quantified using the
NIH Image program 1.62 version. Open bars represent the amount of each phosphoprotein expressed in densitometric units before stimulation.
Closed bars represent that upon IB4 stimulation. C, filter from A was subsequently stripped and reprobed with specific antibodies against the
indicated proteins. The data shown are representative of three independent experiments. D, Jurkat T cells were stimulated (+) or not (—) with
IB4+amo for 5 min at 37 °C. Then rafts and soluble fractions were isolated. Tyrosine-phosphorylated proteins were immunoprecipitated and
immunoblotted with anti-Tyr(P) mAb as above, except that 1% Brij 98-containing lysis buffer without ODG was added before the immunopre-
cipitation. The position of molecular mass markers is indicated to the left. E, filter from D was stripped and reprobed with antibodies against the
indicated proteins. Fold increase in the densitometric units (corrected by area) relative to unstimulated cells is indicated at the bottom of each lane.
The data are representative of three independent experiments.

in our immunoprecipitation experiments, it is likely that the cells were treated with 1% Brij 98 + 60 mm ODG before im-
anti-CD3-¢{ mAb would bind much more the CD3-{ molecules munoprecipitation with an anti-Tyr(P) mAb bound to agarose
that remain free or associated with other receptors (Fig. 2, B beads. This was followed by elution of tyrosine-phosphorylated
and C, lane 3), rather than associated with CD38, which would proteins with 40 mm phenyl phosphate, Western blot with
be preferentially captured by the anti-CD38 mAb (Fig. 2, Band anti-Tyr(P) mAb, and subsequent re-blotting with specific an-
C, lane 1). Therefore, these findings support the idea that the tibodies as described (30). As shown in Fig. 4, A and C, Lck and
CD38 raft subset represents a significant fraction of CD3-¢- LAT were readily detected in the anti-Tyr(P) immunoprecipi-
containing rafts, whereas CD38 in the disordered plasma mem- tates from rafts with a significant increase upon CD38 ligation
brane represents a very minor fraction of CD3-i-associated for 3 min (in Fig. 4C, compare lane I with lane 2). Neither Lck
complexes. nor LAT was detected in the anti-Tyr(P) immunoprecipitates
Tyrosine Phosphorylation of Lck, LAT, and Fully Phospho- from the soluble fraction (Fig. 4, A, and C, lanes 3 and 4). In
rylation of CD3-{ and CD3-€ Occurs Exclusively in Rafts upon  contrast, tyrosine-phosphorylated Erk was mainly detected in
CD38 Engagement—The first signaling events following CD38 the soluble fraction (lane 4). Tyrosine phosphorylation of Erk
engagement involve increased tyrosine phosphorylation of a correlates with increased Erk catalytic activity (30).
number of cellular proteins, including ZAP-70, Lck, LAT, and Tyrosine phosphorylation of CD3-e and CD3-{ occurred in
the CD3 subunits, CD3-{ and CD3-€ (28, 30, 31). To analyze both raft and soluble fractions upon CD38 ligation (Fig. 4, A
whether these events occur in rafts, pooled Brij 98-resistant and C). However, in rafts CD3-e tyrosine phosphorylation in-
raft and soluble fractions from unstimulated or IB4-stimulated creased 4-fold relative to that in unstimulated cells, whereas in
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the soluble fraction such an increase was only 1.7-fold (for
quantification see Fig. 4B). Likewise, the increases in CD3-¢
tyrosine phosphorylation were more prominent in rafts than in
soluble fractions (3—5-fold in rafts versus 2-fold in soluble frac-
tions, Fig. 4B). It is worth noting that in the raft fraction
tyrosine-phosphorylated CD3-e exhibited a slower migration on
SDS-PAGE than its counterpart in the soluble fraction (Fig. 4,
A and C, lanes 1 and 2 versus lanes 3 and 4). Its apparent
molecular weight coincided with that of the upper band of the
fully tyrosine-phosphorylated CD3-¢, which runs as a 24-25-
kDa doublet on high resolution SDS-PAGE (38). Likewise, the
23-kDa form of tyrosine-phosphorylated CD3-{, which corre-
sponds to that of fully phosphorylated CD3-{ species (51), was
only detected in rafts and not in the soluble fraction. In con-
trast, in the soluble fraction from IB4-stimulated cells 81% of
tyrosine-phosphorylated CD3-¢ migrated with an apparent mo-
lecular mass of 18 kDa (Fig. 4, A, lane 4, and B). Moreover, in
rafts from IB4-stimulated cells the 23-kDa form was predomi-
nant over the 21-kDa form (Fig. 4, A, lane 2, and B). Both the
21- and 18-kDa forms correspond to partially phosphorylated
CD3-¢ species (51). The appearance of fully phosphorylated
CD3-{ and a 23:21-kDa ratio near 1 has been correlated with
the activation of ZAP-70 and T cell activation, whereas altered
CD3-{ phosphorylation and a 23:21 ratio of much less than 1
has been associated with partial TCR signaling (51-54).

¢-Cbl Tyrosine Phosphorylation Occurs Exclusively in the
Soluble Fraction upon CD38 Engagement—c-Cbl is a cytosolic
protein that becomes tyrosine-phosphorylated upon CD38 en-
gagement although with slower kinetics than those of LAT,
CD3-¢, and CD3-¢ (28, 30). Because in Jurkat T cells anti-CD3
stimulation induces the association of a highly tyrosine-phos-
phorylated pool of ¢c-Cbl with lymphocyte membranes and with
a detergent-insoluble particulate fraction (55), it was of inter-
est to examine whether this phenomenon occurred upon CD38
ligation. To this end, cells were stimulated for 5 min with the
anti-CD38 mAb IB4 followed by cross-linking with the F(ab’),
fraction of a secondary antibody. Then pooled Brij 98-resistant
raft and soluble sucrose gradient fractions from unstimulated
or IB4-stimulated cells were immunoprecipitated with an anti-
Tyr(P) mAb bound to agarose beads as described above. As
shown in Fig. 4E, c-Cbl was exclusively detected in the anti-
Tyr(P) immunoprecipitates from the soluble fraction, with a
significant increase upon CD38 engagement (Fig. 4E, upper
panel, lanes 3 and 4). In contrast, tyrosine phosphorylation of
p55 PI 3-kinase was exclusively detected in raft fractions (Fig.
4E, lower panel, lanes 1 and 2), whereas phospho-ZAP-70 was
detected in both raft and soluble fractions, although after CD38
stimulation the increase in ZAP-70 tyrosine phosphorylation
was seen better in the raft fraction (Fig. 4E, middle panel).
Increased ZAP-70 tyrosine phosphorylation has been corre-
lated with augmentation of its catalytic activity (56), whereas
c-Cbl has been associated with the negative regulation of im-
mune receptor signaling (57). Note that in both raft and soluble
fraction from cells stimulated with anti-CD38 mAb for 5 min,
several tyrosine-phosphorylated proteins were detected, with
apparent molecular masses above 50 kDa. However, in the
soluble fraction the relative abundance of tyrosine-phosphory-
lated proteins was higher than in rafts, which correlated with
its higher protein content. Overall, these findings strongly cor-
roborate our initial suggestion that raft microdomains play an
important role in the activation of the earliest CD38 signaling
events (31), in which Lck, CD3-Z, CD3-¢, ZAP-70, and LAT
become tyrosine-phosphorylated. In contrast, potentially inhib-
itory signals involving altered CD3-{ tyrosine phosphorylation
and fully c¢-Cbl tyrosine phosphorylation could be initiated si-
multaneously, or a few minutes later in the bulk of non-raft
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Fic. 5. Recruitment of Sos and p85 PI 3-kinase to membrane
rafts upon CD38 ligation. A, overnight serum-starved Jurkat T cells
(JK D8) were left unstimulated (—) or they were stimulated (+) with the
anti-CD38 mAb antibody IB4 (5 ug/107 cells), followed by cross-linking
with the F(ab’), fragment of a secondary antibody (amo) for 3 min at
37 °C. Cells were then lysed in 1% Brij 98-containing lysis buffer at
37 °C for 5 min. Rafts were isolated and concentrated as described
under “Experimental Procedures.” 25-ul aliquots (in sample buffer) of
rafts fractions were resolved on 11% SDS-PAGE under non-reducing
conditions and transferred to PVDF. The membranes were then immu-
noblotted with the indicated specific antibodies. B, serum-starved Jur-
kat T cells were left unstimulated (lane 1) or stimulated either with the
anti-CD38 mAb antibody, OKT10 (lane 2), or with IB4 (lane 3), followed
by cross-linking with the amo for 5 min at 37 °C. Rafts were isolated as
in A. 25-ul aliquots (in sample buffer) of rafts fractions were resolved on
11% SDS-PAGE under non-reducing conditions and transferred to
PVDF. Separated proteins were immunoblotted with anti-Sos (upper
panel), anti-p85a subunit of the PI 3-kinase (middle panel), or anti-LAT
(lower panel) antibodies. Blots from A and B were scanned, and protein
bands were quantified using the NIH Image program 1.62 version. Fold
increase in the densitometric units (corrected by area) relative to un-
stimulated cells is indicated at the bottom of each lane. The data are
representative of three independent experiments.

plasma membrane and/or the cytosol.

Recruitment of Sos and the p85a Regulatory Subunit of the
PI 3-Kinase to Membrane Rafts upon CD38 Ligation—To ex-
amine whether additional signaling molecules were recruited
to rafts upon CD38 engagement, despite the fact that they do
not become tyrosine-phosphorylated, Jurkat T cells were stim-
ulated with the anti-CD38 mAb, IB4, followed by cross-linking
with the F(ab’), fraction of a secondary antibody for 3 min.
Cells were then lysed in 1% Brij 98 at 37 °C and subjected to
sucrose gradient fractionation. The low density raft fractions
2—4 were pooled and concentrated, and proteins were sepa-
rated by SDS-PAGE under non-reducing conditions and ana-
lyzed by Western blot with various specific antibodies. As
shown in Fig. 5A, we observed that upon CD38 ligation for 3
min the amount of Sos and p85 PI 3-kinase in rafts increased 2-
and 14-fold, respectively (Fig. 5A, lane 2 versus lane 1). These
increments appeared to be specific because the relative
amounts of Vav and LAT remained unchanged following CD38
engagement, whereas ZAP-70, Lck, CD3-{, and CD3-¢ incre-
ments ranged from 1.2- to 1.6-fold over unstimulated cells.
Furthermore, a more patent translocation of Sos, and particu-
larly of p85 PI 3-kinase, to rafts was observed at 5 min follow-
ing CD38 ligation with IB4 (Fig. 5B, lane 3, upper and middle
panels, respectively). When another anti-CD38 mAb, OKT10,
was used to stimulate cells, the translocation of Sos and p85«a
to rafts also occurred but less efficiently (Fig. 5B, upper and
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FiG. 6. A, recruitment of Sos and SLP-76 by tyrosine-phosphorylated
LAT upon CD38 ligation. Jurkat T cells serum-starved overnight (4 X
107 per point) were prepared and stimulated with the anti-CD38 mAb
IB4 + amo for 5 min at 37 °C as described above. Cells were lysed in 1%
Nonidet P-40 lysis buffer on ice. Post-nuclear supernatants were sub-
jected to immunoprecipitation (IP) of LAT as described under “Experi-
mental Procedures.” Immunoprecipitates were separated on 11% SDS-
PAGE under reducing conditions and subjected to immunoblotting with
an anti-Tyr(P) mAb (upper panel). Membrane was then striped and
reblotted with antibodies to the indicated proteins (to the right of each
panel). Fold increase in the densitometric units (corrected by area)
relative to unstimulated cells is indicated at the bottom of each lane. B,
CD38-mediated Erk activation. Jurkat cells were left unstimulated
(lane 1), stimulated with the anti-CD38 mAb antibodies IB4 (lane 2), or
OKT10 (lane 3), followed by cross-linking with the amo for 5 min at
37 °C. After stimulation cells were immediately lysed in ice-cold 1%
Nonidet P-40 lysis buffer. Post-nuclear supernatants were separated on
10% SDS-PAGE under reducing conditions and subjected to immuno-
blotting with an anti-diphospho-Erk mAb (upper panel). Then the filter
was stripped and reprobed with an anti-Erk polyclonal antibody (lower
panel). Fold increase in the densitometric units (corrected by area)
relative to unstimulated cells is indicated at the bottom of the upper
panel. The data are representative of three independent experiments.

middle panels, lane 2), which correlated with its relatively
lower capability of inducing Erk activation (Fig. 6B). Note that
the anti-p85a mAb used for immunoblotting detected a doublet
in CD38-stimulated cells (Fig. 5B, middle panel, lanes 2 and 3).
The upper band, which is also present in unstimulated cells
(lane 1), may correspond to the p85p3 isoform, which is consti-
tutively associated with lipid rafts in Jurkat T cells (14). Be-
cause neither Sos nor p85 PI 3-kinase become tyrosine-phos-
phorylated upon CD38 engagement (Ref. 30 and data not
shown), the data suggested that the recruitment of Sos and p85
PI 3-kinase to raft membranes may reflect the specific interac-
tion of these proteins with raft components, which in turn may
facilitate the CD38-mediated activation of the Raf-Erk and PI
3-kinase/Akt signaling pathways.

Recruitment of Sos and SLP-76 to Tyrosine-phosphorylated
LAT upon CD38 Engagement—LAT tyrosine phosphorylation
and recruitment of Grb2-Sos are important steps for TCR-
mediated Ras activation (58). Given that LAT is located in
rafts, and Sos is translocated to rafts upon CD38 cross-linking,
we addressed the question whether cross-linking of CD38 leads
to LAT tyrosine phosphorylation and subsequent recruitment
of Sos in Jurkat T cells. To this end, anti-LAT immunoprecipi-
tates from unstimulated or anti-CD38-stimulated cells lysed in
1% Nonidet P-40 were immunoblotted with an anti-Tyr(P)
mAb. As shown in Fig. 64, CD38 ligation induced a significant
increase in LAT tyrosine phosphorylation (upper panel, lane 2
versus lane 1). Sos was readily detected in LAT immunopre-
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cipitates from CD38-stimulated cells, and not from unstimu-
lated cells (Fig. 6A, 3rd panel, lanes 2 and 1, respectively).
Therefore, this result suggests that CD38-mediated tyrosine
phosphorylation of LAT promotes the recruitment of Grb2-Sos
complexes to rafts. Because another critical role of LAT is to
bring SLP-76-Gads complexes, and its associated proteins, to
the membrane in a tyrosine phosphorylation manner (59), we
next tested whether SLP-76 was recruited to LAT upon CD38
ligation. As shown in Fig. 64, SLP-76 was detected in LAT
immunoprecipitates from CD38-stimulated cells (lower panel,
lane 2) and not from unstimulated cells (lower panel, lane 1),
which is in agreement with an active recruitment of SLP-76-
Gads to tyrosine-phosphorylated LAT.

Because translocation of Sos to rafts was better induced by
the anti-CD38 mAb IB4 than with OKT10, the relative potency
of these mAbs to induce Erk activation was studied. As shown
in Fig. 6B, IB4 mAb induced a higher increase in Erk phospho-
rylation than OKT10, as expected.

CD38 Ligation Induces Ras Activation Within Rafts—Al-
though translocation of Grb2-Sos complexes into rafts leads to
Ras activation upon TCR stimulation (60), and we have dem-
onstrated that CD38 ligation leads to Raf/Erk activation (28,
30, 31), it is not known whether Ras is activated upon CD38
engagement. To determine this possibility, serum-starved
Jurkat T cells were stimulated with the anti-CD38 mAb IB4 for
2 and 5 min. Activated GTP-bound Ras was extracted from
lysates with a GST fusion protein containing the N-terminal
Ras binding domain of Raf (see “Experimental Procedures”).
The amount of activated Ras in the pull-outs was determined
by immunoblotting with an anti-Ras antibody that recognizes
the three main Ras isoforms (H-Ras, N-Ras, and K-Ras). As
shown in Fig. 7A, CD38 ligation induced a time-dependent
activation of Ras, which was stronger at 2 min following stim-
ulation than at 5 min.

In Jurkat T cells the only Ras isoform expressed is N-Ras
(61), which potentially could be targeted to lipid rafts via
palmitoylation at cysteine 181 (62). To examine whether N-Ras
present within rafts become activated upon CD38 engagement,
the GTP-Ras pull-down assay was performed in pooled raft
fractions from either unstimulated or CD38-stimulated Jurkat
T cells. As shown in Fig. 7B, CD38 ligation induced activation
of Ras within rafts at 2 min following stimulation, as judged by
the increase in the amount of GTP-bound Ras recovered in the
pull-outs (lane 2 versus lane 1). In contrast, not such increase
was observed in the non-raft-soluble fraction at this time point
(data not shown).

DISCUSSION

In a previous paper (31), we have demonstrated that in T
cells CD38 is associated with lipid rafts. However, little is
known about the protein composition of CD38-containing rafts
and whether specific interactions exist between CD38 and
other well characterized raft-associated signaling proteins. By
using specific antibodies bound to protein G superparamag-
netic microbeads, we have analyzed the distribution pattern of
CD38, Lck, CD3-£, CD3-¢, and LAT in immunoisolated rafts
from Jurkat T cells. This study indicates that CD38 is concen-
trated in a subset of rafts that have relatively high levels of Lck
and CD3-{, whereas CD3-e and LAT are weakly detected.
Moreover, the CD3-{ and CD3-€ subunits seem to be concen-
trated in a subset highly enriched in Lck and to a lesser extent
with LAT. Thus, the distribution pattern of these molecules in
CD3-€ rafts is very similar to that in Brij 98-resistant immu-
noisolated CD3-¢ rafts from a murine T cell line (27). On the
other hand, Lck rafts retrieve all the molecules analyzed,
whereas LAT rafts are highly enriched in Lck, show interme-
diate levels of CD3-{ and CD3-¢, and low levels of CD38. There-
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Fic. 7. CD38 ligation induces Ras activation within rafts. A,
2—4 X 107 Jurkat T cells, which were starved overnight in 0.1% serum
RPMI/HEPES, were left unstimulated (—) or stimulated with the anti-
CD38 mAb antibody, IB4, at 5 ug/10” cells, followed by cross-linking
with the F(ab’), fragment of a secondary antibody (amo), for the indi-
cated periods of time, at 37 °C. After stimulation cells were immediately
lysed in ice-cold Mg?" lysis buffer (see “Experimental Procedures”).
Active GTP-bound Ras was extracted from post-nuclear supernatants
with the GST-Raf-Ras-binding domain (RBD), coupled to glutathione-
agarose, and analyzed by immunoblotting with anti-Ras antibody (clone
RAS 10) (upper panel). Total Ras was measured by anti-Ras immuno-
blot analysis of the post-nuclear supernatants (400,000 cell equivalents
per lane) (lower panel). Fold increase in the GTP-bound Ras relative to
unstimulated cells is indicated at the bottom of the upper panel. The
data were previously corrected by dividing the amount of GTP-bound
Ras by the amount of total Ras protein detected in the immunoblots. B,
pooled Brij 98-resistant raft sucrose gradient fractions from unstimu-
lated (lane 1) or IB4-stimulated (lane 2) Jurkat cells were solubilized in
ice-cold Mg?" lysis buffer and processed as above. Fold increase in the
GTP-bound Ras (corrected by total Ras content) relative to unstimu-
lated cells is indicated at the bottom of the upper panel. The data are
representative of at least three independent experiments.

fore, there are quantitative and qualitative differences in the
protein content of the raft subsets so far studied, although
there is also some degree of overlapping, presumably because
most of these molecules are part of pre-formed signaling
complexes.

Recent evidence suggests that LAT and Lck could reside in
separate raft domains in human T lymphoblasts (63). Interest-
ingly, in the same report TCR stimulation induced the co-
localization of LAT and Lck to 50-100 nm microdomains,
which suggested that in these cells the coalescence of LAT- and
Lck-containing rafts requires T cell activation. In contrast, the
results presented in this report demonstrate that in unstimu-
lated Jurkat T cells raft subsets exist containing Lck, LAT, and
the TCR-CD3 complex. Moreover, recent data by Kabouridis
(49) show the selective interaction of LAT with the open active
form of Lck in lipid rafts from Jurkat T cells, whereas such
interaction in the soluble non-raft fraction is minimal. Alto-
gether, these data suggest that in normal T cells the associa-
tion of LAT with Lck-containing rafts is regulated by TCR
signaling, whereas in Jurkat T cells there is a constitutive
association of these proteins in the same raft subsets, which
may explain why in these cells the TCR-generated signals are
amplified more rapidly than in resting T cells.

Within these pre-assembled signaling units, some of these
protein complexes are very sensitive to raft disruption, which
suggest weak and very likely dynamic interactions, involving
protein-protein and protein-lipid interactions. Thus, treatment
of the raft membrane vesicles with ODG causes the dissociation
of LAT from CD3-{ and CD3-e immunoprecipitates. Likewise,
ODG causes a significant dissociation of Lck from CD38 immu-
noprecipitates and the complete lost of CD38 from Lck immu-
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noprecipitates. These results could be explained by the selec-
tive dissociation of LAT and CD38 from raft membrane vesicles
by ODG, whereas Lck, CD3-{, and CD3-e remain associated to
them (Table I). In this sense, it has been reported in murine T
cells that CD38 and Lck could interact directly through the
CD38 cytoplasmic tail and the Lck Src homology 2 domain (64).
Interestingly, such interaction takes place in cells solubilized
in a lysis buffer containing 1% digitonin, which is a mild de-
tergent known to preserve lipid raft-protein interactions (65).

In contrast, other protein complexes are well maintained
regardless of using ODG detergent to solubilize rafts, which
suggest that they occur primarily via protein-protein interac-
tions. Thus, the associations of Lck with either CD3-¢ or CD3-€
are relatively well maintained in the presence of ODG and are
detected independently of the antibody used for immunopre-
cipitation (i.e. anti-Lck, anti-CD3-¢, or anti-CD3-¢). These data
further support that Lck and the TCR-CD3 complex are tightly
associated within the Lck and/or the TCR raft subsets. Since in
rafts a small fraction of both CD3-{ and CD3-e seems to be
constitutively phosphorylated (Fig. 4), it is likely that Lck-CD3
association takes place through phosphotyrosine-dependent
interactions.

Another protein ensemble, which probably takes place via
protein-protein interactions, is the association of CD38 with
CD3-¢{. Thus, in the anti-CD38 immunoprecipitates from raft
fractions a similar proportion of CD3-{ remains associated with
CD38 independently of the presence or absence of ODG. More-
over, the association of CD38 with CD3-{ is found in both raft
and soluble fractions and in rafts from Lck-deficient cells,
which demonstrates that CD38-CD3-{ interactions can occur
independently of raft partitioning of their components, do not
require Lck, and are not artifacts of incomplete solubilization.
However, in Jurkat T cells there are clear differences in the
surface expression of the CD3 subunits and CD38, along with
differences in the proportion of each molecule partitioning into
rafts, which may dramatically influence the stoichiometry of
CD38-CD3-¢ complexes within rafts, or outside them. The re-
sults indicate that changes in the surface expression of CD38,
CD3-¢, or both may greatly affect the number of available
CD38-CD3-{ complexes, which in turn may affect the threshold
level required to initiate transmembrane signaling through
CDa3s.

Other protein associations, which are stable in 1% Brij 98
but not in 60 mm ODG, are direct, however. Perhaps the best
example is the CD3-{-CD3-e complexes, which are detected in
both raft and soluble fractions. Our data are consistent with
the evidence that CD3-{ is loosely associated to the other TCR-
CD3 subunits (66), and therefore its interaction with the other
CD3 polypeptide chains is more sensitive to non-ionic deter-
gents than the more tightly associated TCR-aB-CD3-ye or TCR-
afB-CD3-8e subcomplexes (50, 67, 68).

CD38 clustering induces tyrosine phosphorylation of Lck,
LAT, ZAP-70, and p55 PI 3-kinase within rafts. Moreover, full
phosphorylation of CD3-{ and CD3-€ only occurs in raft mem-
branes, as judged by the apparent molecular weight of the
different tyrosine-phosphorylated CD3-{ (23- and 21-kDa forms
with a ratio 23:21 higher than 1) and CD3-¢ forms detected in
the anti-Tyr(P) immunoprecipitates. The 21- and/or 23-kDa
forms of CD3-¢ may contribute to T cell survival and to T cell
responses against pathogens such as bacteria and viruses (69).
These data suggest that activation signals initiated in CD38
rafts are rapidly propagated to other raft compartments, where
the amplification signaling machinery is present (i.e. LAT-
enriched rafts, etc.).

CD38-mediated tyrosine phosphorylation of CD3-{, CD3-¢,
ZAP-70, and LAT may be functionally related to the recruit-
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ment of Sos and subsequent activation of N-Ras within rafts. In
TCR-mediated signaling tyrosine phosphorylation of raft-asso-
ciated LAT by ZAP-70 may result in an exchange of Sos be-
tween the ZAP-70-Grb2-Sos and LAT-Grb2-Sos complexes (60).
A similar model is compatible with our observations in Jurkat
T cells, where CD38 ligation induces tyrosine phosphorylation
of both ZAP-70 and LAT, recruitment of Sos to phospho-LAT
(Fig. 6A), and targeting of Sos into rafts as well (Fig. 5). There-
fore, a pathway leading from CD38 through Ras to Erk requires
the formation of a signaling complex made up of the TCR-CD3
(28), Lck (30), ZAP-70 (30, 31), and its downstream effector
LAT. In this model, tyrosine phosphorylation of ZAP-70 and
LAT are likely to be essential for CD38-induced targeting of Sos
into rafts containing Ras. Therefore, as it is pointed out else-
where, the formation of functional signaling complexes is un-
likely to be stabilized solely through interactions with lipid
rafts but does require phosphotyrosine-dependent interactions
(70-72). In murine T cells, where CD38-mediated LAT tyrosine
phosphorylation is weaker than in Jurkat T cells, we favor a
model in which the adaptor She might have a crucial role (31).
In this sense, She partitions into rafts following TCR engage-
ment (14), and targeting of Shc to rafts leads to constitutive
activation of the Ras/Erk signaling pathway and enhanced
TCR signaling (73).

The distinct membrane microlocalization of the different Ras
isoforms clearly has important potential consequences for ef-
fector interactions and activation of downstream pathways
(74). In cell membranes prepared under detergent-free condi-
tions, doubly palmitoylated H-Ras localizes in both lipid raft
microdomains and bulk plasma membrane, whereas K-Ras is
predominantly present in the bulk disordered membrane (74—
76). On the other hand, 75-80% of unipalmitoylated N-Ras is
found in non-caveolar lipid raft fractions from N-Ras-trans-
fected COS-7 cells lysed in 0.25% Triton X-100 (77), and in
unstimulated Jurkat T cells extracted with 1% Brij 98 at 37 °C,
about 13% of N-Ras migrates with lipid rafts (data not shown).
Because Ras interaction with lipid rafts is highly sensitive to
detergent extraction (74, 75), it is likely that we are underes-
timating the amount of N-Ras present in lipid rafts. In any
case, CD38 ligation with an agonist anti-CD38 mAb causes
N-Ras activation within Brij 98-resistant rafts (Fig. 7) and not
in soluble fractions. However, the bulk of the Erk activation
occurs in the non-raft fractions (Fig. 4), and disruption of raft
interactions by treatment with methyl-g-cyclodextrin strongly
stimulates CD38-mediated Erk activation (31). Thus, associa-
tion with raft domains may be involved in the first steps lead-
ing to Ras/Erk activation, but rafts do not constitute the final
site of activation of this signaling pathway. These data are
consistent with the concept that N-Ras may exist in a dynamic
equilibrium between lipid rafts and the disordered plasma
membrane, as has been demonstrated for doubly palmitoylated
H-Ras (74, 76, 78).

In Jurkat T cells the regulatory p85a subunit of the PI
3-kinase is recruited to rafts after CD38 cross-linking, whereas
the p85p isoform is constitutively present in rafts. Moreover, a
tyrosine-phosphorylated p55« isoform was also present in rafts
and became increasingly tyrosine-phosphorylated upon CD38
ligation. Because CD3-{ and CD3-e are tyrosine-phosphory-
lated upon CD38 cross-linking (Zubiaur et al. (28, 31) and this
paper), and these proteins could interact in a phosphorylation-
dependent manner with the p85a PI 3-kinase (31, 79, 80), they
could target PI 3-kinase to rafts. In addition, binding of PI
3-kinase to the TCR-CD3 per se could up-regulate the PI 3-ki-
nase activity (79, 80), presumably by a conformational change
as reported previously for other p85-binding proteins (81, 82).
Other candidate molecules are LAT, She, and Cbl, as these
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molecules bind p85 (83), and are tyrosine-phosphorylated upon
CD38 stimulation (Figs. 4 and 6) (28, 30, 31). An initiating
process could occur with molecules such as CD3-¢ and CD3-¢,
whereas LAT or Shc may responsible for maintaining or am-
plifying PI 3-kinase activation. Both events are likely impor-
tant for PI(3,4,5)P; generation after CD38 cross-linking. These
interactions with lipid rafts are likely to be functionally signif-
icant, because in one earlier study we demonstrated that dis-
ruption of raft domains by treatment with methyl-gB-cyclodex-
trin prevents the PI 3-kinase/Akt activation mediated by
CD38 (31).

In contrast, c-Cbl, which in B cells is related to inhibition of
CD38-mediated cell growth (84), becomes tyrosine-phosphory-
lated exclusively in the non-raft compartment with delayed
kinetics in respect to other signaling molecules. Partial tyro-
sine phosphorylation of CD3-{, which has been correlated with
partial TCR signaling (52), is also found in the non-raft plasma
membrane. Note that in the non-raft fraction the small amount
of Lck detected is not associated with CD38, which could ex-
plain why full phosphorylation of CD3-{ does not occur upon
CD38 ligation. Therefore, the CD38 present in the disordered,
non-raft plasma membrane might be involved in the initiation
of inhibitory signals as c-Cbl tyrosine phosphorylation and
partial CD3-{ tyrosine phosphorylation, although we cannot
rule out that CD38 ligation within rafts may regulate lateral
segregation of inhibitory signaling molecules from rafts to the
non-raft compartment. Likewise, lateral segregation of activat-
ing signaling molecules from raft to non-raft sites is likely to
occur later on, because the bulk of Erk activation is detected
somewhere outside the lipid rafts. In summary, this study
provides new insights into the mechanisms by which CD38
transduces signals inside the cell, demonstrating that there are
two pools of CD38, which differ in their microdomain localiza-
tion, associated proteins, and distinct signaling outputs.
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ABSTRACT

The behavior of CD38 during immune synapse formation has not been elucidated. We
determined herein that human CD38 redistributed to the contact area of T cell-APC
conjugates in Ag-dependent manner, and occured with either B cells, or monocyte-
derived dendritic cells (DCs)® as APC. Confocal microscopy studies showed that CD38
preferentially accumulated along the contact zone, whereas CD3-( redistributed toward
the central zone of the immunological synapse (IS). Studies of T-APC conjugates with
either human T cells, or B cells transiently expressing CD38-green fluorescent protein
(GFP) revealed the presence of two pools of CD38, one at the cell-membrane and
another in recycling endosomes. The recruitment of both pools to the T cell: APC
contact site requires Ag-pulsed APC. In T cells CD38 recruitment to the synapse is Lck-
dependent. Moreover, in T cells overexpressing CD38 there was an Ag-independent T
cell-driven increase in CD38 ectoenzymatic activity upon T cell: APC contact, and an
APC- and Ag-dependent increase in [Ca?']; that was more potent and sustained than that
in CD38™™ T cells. Preincubation of influenza HA-specific T cells with non-agonist
anti-CD38 mAbs affected the kinetics of Ag-induced early signaling events such as
phoshorylation of LAT at Tyr'"', or phosphorylation of PKC at the regulatory site
Thr***, impairment of IFN-y production without affecting the kinetics of
phosphorylation of Erk at the activation sites Thr**%/Tyr***. These results reveal a new
role for CD38 in Ag-mediated T cell responses during or before synapse formation
leading to increased [Ca®"];, phosphorylation of LAT, PKCO activation, and IFN-y

production.



INTRODUCTION

The IS is the specialized contact surface that is formed between the T cell and
the APC (1). Although it was originally coined to describe the contact area between a
helper T cell and B cell, the term IS is today generically used to describe the contact
surface between any lymphoid effector cell (T, B, or NK cell) and APC or target cell.
This cell-cell contact area has two spatially segregated regions: The central
supramolecular activation complex (c-SMAC) containing the TCR, costimulatory
molecules, and signaling molecules, surrounded by the peripheral SMAC, which is
enriched in adhesion molecules.

Human CD38 is a 45-kDa type II transmembrane glycoprotein with a short
amino-terminal cytoplasmic domain and a long carboxy-terminal extracellular domain
(2). CD38 expression is correlated with differentiation or activation of human T and B
cells, and CD38 may serve as an adhesion and signal transduction molecule (3). Thus, a
variety of cellular functions can be elicited by ligation of CD38 with specific mAbs
including proliferation, lymphopoiesis, apoptosis, adhesion, cytokine production and
tyrosine phosphorylation of proteins (4-8).

Human, mouse and rat CD38 extracellular domains display amino acid
sequences similar to that of Aplysia ADP ribosyl cyclase, an enzyme that catalyzes the
formation of cyclic ADP ribose (cADPR) from NAD" (9). CD38 not also catalyzes the
formation of cADPR but also the formation of adenosine diphosphate ribose and
nicotinic acid adenine dinucleotide phosphate, which are potent mediators of
intracellular calcium release and/or influx of extracellular calcium by distinct
mechanisms (10, 11). A long recognized paradox of the NAD/cADPR system is the
compartmentalization in several mammalian cell types (for a review see De Flora et al.,
(12). Although most of cADPR produced by CD38 likely acts in the extracellular space,
expression of CD38 in CD38" 3T3 fibroblasts increases basal levels of intracellular
calcium and cADPR concentration (13), as well as the intracellular calcium ([Ca2+]i)
mobilization in response to ATP (14). Moreover, decreased cADPR and increased

NAD" has been observed in the CD38”" mice (15). Whether this phenomenon could be



extended to other cell types, it remains to be seen. Elegant studies by Guse et al., have
shown that there is a causal relation between increased cADPR concentrations,
sustained calcium signaling and activation of T cells, (16), which correlated with
increased ADP ribosyl cyclase detected in the cytosolic fractions, and not in particulate
fractions (membrane-bound) from anti-CD3 stimulated T cells. This soluble enzyme
found in the cytosolic fraction of Jurkat T cells is distinguishable from the plasma-
membrane-bound ectoenzyme CD38 in terms of substrate usage (16, 17). However, in
these studies the anti-CD3 mAb OKT3 was used to stimulate T cells and not antigen-
pulsed APC, which did not allow examining the effect of cell to cell contact on the
membrane-bound CD38-associated enzymatic activity in a more physiological context
(intact cells vs cell fractions). Moreover, CD38 is highly enriched in membrane rafts
(18, 19), which are only a relatively small proportion of the total membrane fractions
used to measure ADP-ribosyl cyclases (16, 17).

CD38 signaling in T cells is functionally dependent on the TCR/CD3 complex
(20, 21), and it is initiated in a subset of membrane rafts containing CD38, Lck and the
CD3- chain of the TCR (18, 19). On the other hand, it is likely that in monocytes
CD38 and MHC Class II share a common activation pathway (22), and that in these
cells CD38, HLA-DR, and CD9 are pre-associated without any interaction with T cells
(23). Moreover, MHC class II molecules present in lipid rafts of APCs are concentrated
at the synapse to facilitate antigen presentation (24, 25), tetraspanins as CD81 are also
dynamically redistributed during synapse formation (26), and CD38 is laterally
associated with CD81 in mature dendritic cells as judged by the simultaneous
translocation of these molecules to a pole of the cells in co-capping experiments (4).
Because Lck and CD3-£ molecules are recruited to the IS upon successful T cell-APC
conjugate formation, we hypothesized that accumulation of CD38 at the T cell: APC
contact might occur. In this study we show that CD38 is recruited to the T cell-APC
interface, and that T cells and, to a lesser extent APCs, contribute to the clustering of

this molecule to the IS. The results also indicate that CD38 expression may contribute in



T cells to antigen-mediated Ca®" responses, and to modulate the phosphorylation status

of some intracellular signaling molecules as LAT and PKC6.



MATERIAL AND METHODS
Cells

The Jurkat-derived human T cell line J77¢120 (TCR VB8") and the
lymphoblastoid B cell line Raji (HLA-DR3/DR10) have been previously described (27).
The Jurkat-derived clone D8 (TCR VB8") was obtained from wild-type Jurkat E6-1 by
limiting dilution technique to get a variant with a relative high CD38 surface expression
(7). The Jurkat-derived Lck-deficient JCaM 1.6 was provided by Dr. A. Weiss (UCSF,
San Francisco, CA) (28). Human monocyte derived-DCs were obtained as described
(29). At day 6, maturation of DCs was induced by LPS (10 ng/ml, Sigma Chemical Co.,
St. Louis, MO). SEB specific polyclonal CD4" T lymphocytes were generated by
incubating irradiated LG2 cells and peripheral blood monocytes with peripheral blood
lymphocytes in medium supplemented with 0.5 pg/ml of SEB. Cells were restimulated
every 2 weeks as described (27). CH7C17 cells derive from a TCR™ Jurkat T cell clone
permanently transfected with the cDNAs encoding the TCRa and the TCRJ chains
from the DR1-HA-responsive human T cell clone HA1.7 (30). CH7C17 cells were
grown in RPMI medium containing 10% FBS + Hygromycin B (0.44 mg/ml) +
Puromicin (4.4pg/ml). The EBV-transformed B cell line HOM2 is homozygous for
HLA-DR1 (DRB1*0101-positive) (31) was a gift of Dr. D. Jaraquemada (Instituto de
Biotecnologia y Biomedicina (IBB), Barcelona, Spain).
Antibodies and reagents

The following mAbs were used: FITC-conjugated OKT3 (anti-CD3),
unconjugated or FITC-conjugated HB136 (anti-CD38), TP1/15.1 (anti-CD31), TP1/24
and HP2/19 (anti-ICAM-3), 448 (anti-CD3-C, a gift of Dr. B. Alarcon, (CBM-CSIC,
Madrid, Spain), D3/9 (anti-CD45), AE-6 (anti-Golgi) was purchased from Calbiochem,
DF 1513 (anti-CD71), and AC-40 (anti-o-actin) from Sigma-Aldrich, biotin-conjugated
mouse anti-human VB8TCR, and anti-human CD19 from BD Pharmingen, anti-
phospho-LAT (Tyr'""), anti-phospho-Erk E10 mAb (Thr***/Tyr***), anti-phospho-PKCO
(Thr’*®), and anti-PKC6 from Cell Signaling, anti-phospho-Tyrosine (RC20-HRP) from

BD Transduction Laboratories, secondary Alexa 488- and Rodamine Red X-labeled



Abs, streptavidin, and fluorescent trackers chloromethyl derivative of aminocoumarin
(CMAC), chloromethyl-benzoylamino-tetramethylrhodamine (CM-TMR), and 4',6-
diamidino-2-phenylindole, dihydrochloride were obtained from Molecular Probes
(Eugene, OR). NGD", and Poly-L-lysine (PLL) were purchased from Sigma-Aldrich.
Superantigens SEE, or SEB were obtained from Toxin Technology (Sarasota, FL). The
influenza hemagglutinin (HA) peptide (HA 307-319, PKYVKQNTLKLAT) was
synthesized and purified by HPLC by Genosphere Biotechnologies (Paris, France). The
human CD38 cDNA and the anti-CD38 mAb IB6 was a gift from Dr. Fabio Malavasi
(Torino University Medical Center, Torino, Italy).

CD38-GFP construct and transient transfections

CD38-GFP was obtained by PCR amplification of the human CD38 ¢cDNA and cloned
in the pEGFP-C1 vector (Clontech Laboratories, Palo Alto, CA). Raji B cells or J77
Jurkat T cells were resuspended at 1 x 107 cells in 400 pl of Optimem-1 (Life
Technologies, Grand Island, NY) with 10 pg of pPEGFP-C1-CD38 and electroporated at
975 uF/270 V/186Q in a Electro Cell Manipulator 600 (BTX, Harvard Apparatus Inc.,
Holliston, MA). The pEGFP-C1 vector was used as a transfection control. Cells were
used at 48 h after transfection. For CD38 overexpression experiments J77 Jurkat T cells
were transfected with the pEGFP-C1-CD38, or pEGFP-C1 vectors using the human
Cell line Nucleofector Kit V (Amaxa) according with manufacturer’s specifications at
the proportion of 2 x 10°cells/5ug cDNA. Cells were used 24 h after transfection.
Conjugate formation and immunofluorescence microscopy

To distinguish APCs from T lymphocytes, the APCs were loaded with the fluorescent
trackers CMAC, or CM-TMR (10 uM) (Molecular Probes). The APCs were then
incubated for 20 min at 37°C with 1 pg/ml SEE (Raji). Jurkat (0.5 x 10° cells) were
mixed with Raji cells (0.5 x 10° cells), centrifuged at 1,100 rpm for 5 min, and then
incubated for 5 min at 37°C. Cells were plated onto PLL (50 pg/ml)-coated slides,
incubated for 20 min at 37°C, and fixed in 2% p-formaldehyde. SEB specific polyclonal
T cells were loaded with the blue fluorescent cell tracker CMAC (5 uM for 30 min at

37° C), washed and resuspended in HBSS-2% FBS. Human monocyte-derived mature



DCs (5x10%), preloaded with SEB (1 pg/ml for 30 min, 37° C), were mixed with
Polyclonal SEB-specific T cells (1.5x10°), centrifuged and incubated for 15 min at 37°
C. Then, cells were allowed to settle on coverslips for 30 min at 37° C. Cell conjugates
were fixed for 5 min in 2% formaldehyde-PBS. After blocking with human y-globulin
(Sigma), immunofluorescence staining of cell surface molecules was performed with
the appropriate primary mAb. Intracellular proteins were detected by permeabilizing
cells in 0.5% Triton-X-100 prior staining with the specific antibody as described
elsewhere (26, 27). Samples were then examined with either a DMR photomicroscope
(Leica, Mannheim, Germany) using Leica QFISH 1.0 software, or an Olympus Cell R
IX81 motorized system inverted microscope equipped with MT20 illumination system,
a CCD camera (Hamamatsu), and Cell® imaging software.

Confocal microscopy

Confocal images were acquired using a Leica TCS-SP confocal scanning laser
microscope equipped with Ar and He-Ne laser beams and attached to a Leica DMIRBE
inverted epi-fluorescence microscope. Serial fluorescence and DIC images were
obtained simultaneously as previously described (26). Image analysis and subcellular
colocalization fluorograms were generated and analyzed using the Leica confocal
software package. Positive image masks of significant colocalization of two
fluorophores were generated from the image fluorogram data sets by defining the
specific regions of interest with a bounding box of the fluorogram.

Antigen-induced T cell activation, FACS and Western-blot analysis

For antigen-specific stimulation, HOM-2 were incubated at 37°C for 2.5 h with the HA
peptide (307-319) (67uM), or were left unpulsed. Then, HOM-2 cells were mixed with
CH7C17 T cells at a ratio of 1:1, centrifuged for 1 min at 4,000 rpm in a microfuge, and
incubated at 37°C for various periods of time (1, 5, 20 and 40 min). Cells were then
lysed and analyzed by Western blot as described in detail elsewhere (7, 18, 19).

Cells were analyzed for surface expression of TCR V8, CD3, CD38, ICAM-3, CD31,
and CD19 by flow cytometry as previously described (7). Samples were analyzed in a

FACScalibur flow cytometer (Becton Dickinson, San Jose, CA), using the CellQuest



Software. The CELLQUANT Calibrator kit (BIOCYTEX, France) was used for
leukocyte surface antigen quantification.

ADP-ribosyl cyclase activity

Ectocellular GDP-ribosyl cyclase activity was continuously measured in intact cells at
37°C using 100 uM NGD" as a surrogate substrate for NAD" (32).

The production of the fluorescent cGDPR was measured fluorimetrically (excitation
wavelength, 300 nm (BW 20 nm); emission wavelength, 430 nm (BW 35 nm) using a
fluorescence plate reader Infinite F200 (TECAN, Switzerland). Cells were spun-down
for 1 min at 4,000 rpm immediately prior to the assay to favor conjugate formation, and
cells were placed in a 96-well black plate (Ref: 265301, NUNC). The reaction was
measured over 90 min at 37°C. The rates of cGDPR production were determined from
the slopes of fluorescence increase.

Ca*" analysis

J77 were nucleofected with CD38-GFP or pEGFP-C1 24 h before the experiment. Cells
were then tested for GFP and/or CD38 expression by FACS. To eliminate dead cells
and debris, cells were purified by Histopaque cell gradient centrifugation as previously
described (33). Then, cells were loaded with Fura2-AM (Invitrogen) for 30 min in the
dark (Fura2-AM loading solution: HBSS-BSA-Probenecid (2.5mM)-Fura2-AM (4uM)-
Pluronic F-127 (20%)). Cells were then washed and mixed with an equal number of
APCs previously pulsed with SEE or not as described above. After a 1 min spinning at
4,000 rpm, cells were placed in a 96-well black plate (Ref: 265301, NUNC), and
fluorescence measurements were done on a fluorimeter plate reader (Infinite F200,
TECAN, Switzerland) at 37°C. Cells were consecutively excited at 340 and 380 nm at
intervals of 30 s and emissions at 510 nm was recorded. [Ca®']; was determined by
calculating the fluorescence ratio (340/380).

Cytokine production

IL-2, or IFN-y production was measured in cell supernatants after overnight stimulation
of T cells with antigen-pulsed or unpulsed APC by ELISA (Eli-pair, Diaclone), as

previously described (34).
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RESULTS
Surface CD38 clusters at the T cell-APC contact region

In Jurkat T cells about 60% of CD38 is located into raft fractions and co-
immunoprecipitates with CD3-{ and Lck (19). Moreover, CD38 in rafts is able to
initiate and propagate several activating signaling pathways via its capacity to interact
with Lck and CD3-C (18, 19). Because Lck and CD3-C molecules are recruited to the
contact area of a T cell with an antigen-pulsed APC, known as the IS (35), we
hypothesized that accumulation of CD38 at the T cell: APC contact might occur. To
determine whether CD38 localized at the IS we first used the Jurkat T cell-Raji B cell
system. Jurkat T cells expressing the V38 gene segment of the TCR chain (Fig. 1A)
are able to recognize the SEE superantigen bound to the human B cell line Raji, which
acts as an APC, and form conjugates similar to genuine T cell-APC pairs (27, 36). We
used two different Jurkat clones, D8 and J77, which only differ in the level of CD38
surface expression (Figure 1A).

The conjugates Jurkat:Raji formed were monitored for the distribution of the
fluorescent label at the site of T:B cell contact after 5 min incubation in solution and 20
min onto PLL-coated cover slides at 37°C, a time considered to be long enough for the
establishment of mature synapses (27). Fig. 1B (upper panels) shows that, in the
absence of SEE, CD38 was evenly distributed on the cell-surface of most Jurkat D8-
Raji conjugates, while in the presence of SEE, CD38 accumulated at the contact area
between the T cell and the APC in increased number of conjugates. The pattern of
CD38 redistribution was clearly different from that of CD3-C, which is a marker of
mature synapse formation. CD3-C was detected in a small cluster in the center of the
synapse, the c-SMAC, whereas CD38 was enriched along the contact zone (Fig. 1B,
middle panels). In contrast, CD45 was evenly distributed at the plasma membrane
(Figure 1B, lower panels). The results on CD38 clustering along the T cell: APC contact
area were confirmed by analysis of Jurkat D8 SEE-pulsed Raji conjugates by confocal

microscopy (Fig. 1C).
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In most conjugates formed between Jurkat J77 cells and SEE-pulsed Raji B cells
the accumulation of CD38 was homogeneous throughout the contact region, but in some
of them CD38 was concentrated at the outer zone (Fig. 1D), which resembled what
occurs for [CAM-3 in Jurkat-Raji conjugates in the presence of SEE (Fig. 1D, and (27)).

We also determined the redistribution of CD38 in other T cell-APC system,
such as the interaction of SEB-specific polyclonal T cells in interaction in interaction
with monocyte-derived mature DCs. CD38 redistributed along the region of T cell
contact with DCs that had been pulsed with staphylococcal enterotoxin B (SEB), (Fig.
1E). In contrast CD3-C was detected as a smaller cluster toward the center of the T-DC
contact zone (Fig. 1E).

CD38 is detected at the plasma membrane and in intracellular compartments that
co-distributes with CD3-{

Since both Jurkat T and Raji B cells express CD38 on the cell surface, the
observed redistribution of surface CD38 to the interface formed by the Jurkat and Raji
cells prompted us to investigate the cellular origin of CD38. J77 T cells were transfected
with either a plasmid encoding a C-terminal fusion protein of CD38 with the GFP
(CD38-GFP), or with a plasmid encoding the GFP protein alone, and expression of the
CD38-GFP chimeric protein, or GFP in total cell lysates was assessed (Fig. 2A). CD38-
GFP form migrated at an apparent molecular weight of 80 kDa while endogenous CD38
had an apparent molecular weight of 45 kDa as revealed by Western blotting with anti-
CD38 mAb. The 80 kDa band was also detected by an anti-GFP mAb which was
indicative that this band corresponded to the CD38-GFP fusion protein. In GFP-
transfected cells only a band at 35 kDa was detected, which coincided with the expected
molecular weight of the GFP protein.

Cellular distribution of transfected CD38-GFP and GFP clearly differed (Fig.
2B). While CD38-GFP localized at the plasma membrane and in a conspicuous
intracellular compartment, GFP alone showed a cytoplasmic staining with no
enrichment at the plasma membrane. The cellular localization of CD38-GFP was

compared with that of endogenous CD3-C and CD38. As shown in Fig. 2C (upper



12

panels), in CD38-GFP-transfected J77 cells CD38-GFP co-localized with endogenous
CD3- both at the plasma membrane and in the subcellular compartment. Moreover, in
non-transfected J77 cells the pattern of intracellular endogenous CD38 overlapped with
that of CD3-C (Fig. 2C, lower panels). Note also that the pattern of CD38-GFP
expression in transfected Raji B cells was very similar to that of endogenous CD38 in
nontransfected Raji cells with dual expression at the plasma membrane and inside the
cells (Fig. 2D). Altogether these results demonstrate that CD38-GFP distribution is not
an artifact due to GFP tagging or a specificity of Jurkat T, or Raji B cell lines.
CD38 in recycling endosomes and in the Golgi apparatus is redistributed at the T
cell side contacting the APC

Since it has previously shown that intracellular CD3-( is present in recycling
endosomes and to lesser extent in the Golgi apparatus (37, 38), we assessed whether
intracellular CD38-GFP co-distributed with specific markers of these compartments by
confocal microscopy. The transferrin receptor (TfR, CD71) is normally present in the
plasma membrane and recycling endosomes, and it has been used as a marker for the
latter (39). In T cell-APC conjugates, the T cell CD71 endosomal pool relocates beneath
the contact site, whereas surface CD71 localizes to the peripheral ring of the IS (38, 39).
As shown in Fig. 3A (upper panels, arrows), in the absence of SEE, CD71 and CD38-
GFP appeared at the cell surface with an even distribution. Note that staining of CD71
was done in permeabilized cells and, therefore, both CD71 pools were accessible for
detection. In contrast, Jurkat T cells conjugated with SEE-pulsed APCs displayed a
significant accumulation of CD38-GFP to the contact site that overlapped with the
massive clustering of CD71 to the same zone (Fig. 3A, lower panels, arrowheads). As
depicted in the example, in most T cell:SEE-pulsed APC conjugates, membrane CD71
and intracellular vesicles containing CD71 were in so close proximity that were difficult
to discriminate between them. The merge images showed that most intracellular CD38-
GFP (green) and CD71 (red) colocalized (yellow) into the same endosome-like vesicles
(see also the close-up panel). A more quantitative assessment of the level of

colocalization was done by analyzing the colocalization scatter plot and generating a
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mask of the area of interest (AOI) (Fig. 3, right panels). In marked contrast, on B cells
neither surface, nor intracellular CD71 moved toward the T cell: APC contact zone.

In the absence of superantigen, intracellular CD38-GFP partly but not entirely
overlapped with the Golgi marker, far away from the T:APC contact zone (Fig. 3B,
upper panels, indicated by arrowheads). The merge images of CD38-GFP and the Golgi
marker indicated that most intracellular CD38-GFP was immediately adjacent but
distinguishable from the Golgi apparatus. In the presence of superantigen, most T cells
exhibited Golgi polarization toward the APC, although only partial overlapping with
intracellular CD38-GFP was observed (Fig. 3B, lower panels, see also the close-up
panel and colocalization masks). Overall, these data indicate that in T cells most of the
intracellular pool of CD38 is associated with endosomes, whereas only a part of CD38
colocalizes with the Golgi apparatus.

Quantitation of TCR-dependent clustering and polarization of CD38 from T cells
at the T cell-APC contact zone

In J77 Jurkat T cells reorientation of the CD38-GFP" intracellular compartment
toward the cell-cell contact zone (polarization or recruitment) occurred in most cases in
which surface CD38-GFP clustered at the same zone (clustering). Sometimes the
intracellular compartment appeared fused with the one located at the plasma membrane,
in particular in those conjugates were B cells were pulsed with SEE (Fig. 4A, lower
panels). This made difficult to quantify the polarization of intracellular CD38
independently from the clustering of plasma membrane CD38 at the contact zone. Three
independent experiments summarized in Figure 4B, showed that recruitment of CD38 at
the T cell: APC contact zone occurred in 17 &+ 0.6% of the conjugates formed with
CD38-GFP" J77 cells and Raji cells not pulsed with SEE, while in the presence of SEE
CD38 redistribution at the T cell: APC contact zone was increased up to 49 +2.9% of
the conjugates (P = 0.0004). Redistribution of endogenous CD3-{ (plasma membrane
and intracellular) was checked as a positive control for mature synapse formation
(Figure 4A). CD3-( redistribution occurred in 35 + 3% of conjugates in the absence of

SEE, whereas in the presence of SEE, CD3-( redistribution increased up to 77 + 6% of
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T:B cell conjugates (Fig. 4B, P = 0.0039). The intracellular pool of CD3- redistributed
towards the cell-cell contact zone, substantially overlapping with that of CD38-GFP
(Fig. 4A).

We next studied the recruitment of the CD38-GFP fusion protein at the contact
zone between live T cells and SEE-pulsed Raji APCs by time-lapse confocal
microscopy. Clustering of surface CD38-GFP at the T/APC interface appeared very
rapidly (within the first 30 seconds) and persisted for at least 20-25 min (Fig. 4C, upper
panel, and Movie 1*). Intracellular CD38-GFP compartment polarized in the vicinity of
the APC within 1-2 min of the T cell-APC contact in a SEE-dependent manner, where it
appeared fused with surface CD38-GFP within 4-5 min of cell-cell contact (Fig. 4C,
lower panel, and Movie 2).

Defective CD38 clustering at the immunological synapse in an Lck deficient T cell
line

To determine the role of Lck in TCR-mediated CD38 clustering at the IS, we
studied the behavior of CD38-GFP in the Lck-deficient JCaM1.6 T cells after
interaction with APCs. In conjugates formed with Lck-deficient JCaM 1.6 cells and Raji
B cells non-pulsed with SEE, clustering of CD38-GFP, or CD3-{ toward the T:APC
contact zone was greatly reduced as compared with that in wild-type J77:APC
conjugates (Fig. 5B vs Fig. 4B). Despite that, in T cell: SEE-pulsed APC conjugates
CD38-GFP accumulation at the IS, and recruitment of endogenous CD3-C to the c-
SMAC increased 2- and 6-fold respectively over the basal levels, although only the
increased translocation of CD3-C to the synapse was statistically significant (Fig. 5B).
Polarization of the intracellular GFP-CD38 and endogenous CD3- towards the APC
was detected in most of conjugates in which clustering of surface CD38-GFP or CD3-C
occurred (Fig. SA, middle panels). However, reorientation of the intracellular pools of
CD38-GFP and CD3-C without apparent clustering of their corresponding surface
counterparts was also observed (Fig. SA, lower panels). Therefore, in these cells the
formation of mature synapses and translocation of surface CD38 at the T cell: APC

contact zone may occur although with lower efficiency than that in wild-type J77 cells.
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These data suggest that CD38 is actively recruited at the synapse by mechanisms
involving Lck-mediated signaling events.
TCR-dependent clustering of CD38 from B cells and CD31 from T cells at the T
cell-APC contact zone

Raji B cells were transiently transfected with the CD38-GFP construct and
assessed for their ability to cluster CD38 at the contact zone with the T cells (Fig. 6A
and 6B). 4.6 £ 1.6% of conjugates, which were CD38-GFP", showed translocation of
CD38-GFP to the T cell-APC contact zone in the absence of SEE. The translocation of
CD38-GFP at the cell contact zone increased 2.6-fold in the presence of SEE up to 12 +
0.3% of conjugates, indicating active translocation (P = 0.0487). Interestingly, in 80%
of the conjugates in which CD38-GFP from the B cell clustered at the cell contact zone
there was also a clear translocation of CD3-C from the apposed T cell (Figure 6A, lower
panels). However, many other conjugates showed translocation of membrane CD3-C
and polarization of intracellular CD3-£ without the concomitant recruitment of CD38-
GFP from the apposing B cell (Fig. 6A, middle panels). Therefore, the relative low
number of B cells showing CD38-GFP clustering to the T cell: APC interface was not
due to a failure to form mature synapses since translocation of CD3-( at the T cell: APC
interface occurred in about 72% of the conjugates (Figure 6B), which was indicative of
normal synapse formation and maturation.

Jurkat T cells express the counter receptor of CD38, CD31 (40), whereas the
Raji B cells are almost CD31 negative (Fig. 6C). Therefore it was of interest to test
whether the recruited CD38-GFP from B cells co-localized with CD31 from the
opposing T cells. First, CD38 and CD31 surface antigen expression levels were
quantified in both cells by flow cytometry using the Cellquant Calibrator Kit, which
allows determining the number of antigenic sites per cell (Fig. 6D, and 6E). The number
of CD38 antigenic sites on Raji cells (98,108 + 12,940; n = 5) was significantly higher
than the number of CD31 antigenic sites on Jurkat J77 cells (5,261 + 474; n = 5). Then,
CD38-GFP-transfected B cells were pulsed or not with SEE and incubated with Jurkat

J77 cells. As shown in Fig. 6F, in the absence of SEE 2.8 + 1.3% of the conjugates
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CD38-GFP" showed translocation of CD31 to the IS. In these conjugates simultaneous
clustering of CD38-GFP from the APCs was not observed (data not shown). In contrast,
in response to SEE stimulation the recruitment of CD31 to the T:APC contact zone
increased 5-fold up to 14 + 1.6% of the CD38-GFP" conjugates (P = 0.0003). In about
40% of the conjugates in which CD38-GFP from the SEE-pulsed Raji B cell
translocated to the T:APC contact zone, there was co-localization with CD31 from the T
cell (Fig. 6B, middle panels), suggesting active recruitment caused by receptor-ligand
interactions. Assuming that translocation of CD38 on B cells and CD31 on T cells is
driven by receptor/counter-receptor interactions, the observed 18.6-fold difference in
surface expression of these two receptors could explain the relative inefficiency of the
process in B cells. However, recruitment of CD31 to the IS without the concomitant
translocation of CD38-GFP also occurred (Fig. 6B, lower panels), which could be
indicative of the existence of alternative mechanisms for CD31 clustering to the T:APC
contact zone.
Effect of CD38 overexpression in T cell function

The redistribution of plasma membrane CD38 at the synapse with the
extracellular domain of CD38 facing toward the APC opened the possibility that the
enzymatic activity of CD38 outside the cell could concentrated in a small area on the T
cell. To test whether the ADP-ribosyl cyclase activity of CD38 could be affected by
conjugate formation, and/or CD38 translocation to the IS, J77 Jurkat T cells were
transfected with the cDNAs coding for CD38-GFP, or GFP alone by nucleofection. By
this method of transfection, not only a high efficiency was reached, as judged by the
high percentage of cells transfected (GFP"), but also a higher number of CD38
molecules per cell was obtained (double positives for GFP and CD38-PE) (Fig. 7A, and
data not shown). 24 h upon transfection, cells were subjected to histopaque gradient
centrifugation to get rid of dead cells and debris and then they were left alone, or put in
contact with SEE-pulsed or unpulsed Raji B cells following a brief centrifugation step
to favor conjugate formation. Ectocellular GDP-ribosyl cyclase activity was

continuously measured at 37°C using NGD" as a surrogate substrate for NAD" (32). Fig.
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7B and 7C shows a typical fluorimetric tracing of GDP-ribosyl cyclase activity. In Fig.
7B, during the first 20 min of incubation with NGD" the individual cells (J77 CD38-
GFP’, or Raji cells alone) did not show any enzymatic activity, in contrast with the
significant GDP-ribosyl cyclase activity observed when the same cells were put in
contact (i.e. J77 CD38-GFP" cells with either SEE-pulsed, or with unpulsed Raji cells).
At later time points, although individual cells showed measurable GDP-ribosyl cyclase
activity, the sum of such activities was lower than that observed when the two cell-types
were put together. In control experiments performed with J77 transfected with GFP (J77
pEGFP-C1) mixed and put in contact with SEE-pulsed or unpulsed Raji B cells (Fig.
7C), increased GDP-ribosyl cyclase activity relative to that in Raji B cells kept alone
was only detected during the first 20 min, with no significant differences afterwards.
GDP-ribosyl cyclase activity in J77 pEGFP-C1 cells alone was only detectable when
higher number of cells was used in this assay (1 x 10° cells/point; data not shown),
which is in agreement with the lower surface CD38 expression in these cells relative to
that observed in J77 CD38-GFP" cells, or Raji B cells. Therefore, increased surface
expression of CD38 in J77 CD38-GFP" cells and antigen-independent T-APC
interactions favored by the centrifugation step might be involved in the dramatic
changes in ecto-GDP-ribosyl cyclase activity observed.

To test whether overexpression of CD38 could affect intracellular calcium
([Ca*"];) mobilization in antigen-stimulated T cells, either J77 CD38-GFP”, or J77
pEGFP-C1" were loaded with the calcium indicator Fura-2 and then mixed with SEE-
pulsed Raji B cells. No intracellular calcium mobilization [Ca’']; was observed (data not
shown). Short centrifugation (1 min) followed by resuspension of the T:APC mixture
resulted in a rapid increase in [Ca®]; immediately after T:APC contact and this was
sustained throughout the experimental period (about 9 min, Fig. 7D). This calcium
mobilization was higher in J77 CD38-GFP" cells than in J77 pEGFP-C1" used as
controls. As revealed by control experiments, conjugation of these T cells with unpulsed
Raji B cells resulted in relatively low increases in [Ca®']; (Fig. 7D) relative to that with

SEE-pulsed B cells. These results demonstrate that CD38 overexpression in T cells
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enhances TCR-mediated calcium mobilization in an APC- and antigen-dependent
manner, if rapid conjugate formation between the T cell and the APC was supported by
centrifugation. Moreover, the basal level of [Ca®]iin J77 CD38-GFP" cells was
relatively higher than that in J77 pEGFP-C1" cells incubated alone (data not shown).
These data resembled previous work showing that in CD38"-transfected HeLa and 3T3
cells there was an elevation of the basal [Ca®'];, which correlated with increased CD38
surface expression and increased surface cyclase activity (13).

Because sustained increase in [Ca2']; is required for TCR-induced IL-2
production by T cells, we next determined the effect of CD38 overexpression on IL-2
secretion by Jurkat T cells stimulated with SEE-pulsed Raji B cells. As shown in Fig.
7E, there was a consistent increase in IL-2 production by J77 CD38-GFP" in
comparison with that by J77 pEGFP-C1" cells at a broad concentration range of SEE
(from 10 ng/ml to 1 pg/ml), although the differences were not statistically significant.
Therefore, CD38 overexpression seems not to be required for maximal IL-2 production
induced upon SEE-stimulation.

Functional role of CD38 in antigen-stimulated T cells

To investigate the functional role of CD38 in T cell activation in a system
closely mimicking physiological T cell stimulation by APC, we used Jurkat T cells
expressing the HA 307-319 epitope-specific TCR (CH7-C17 cells), and B cells
presenting the nominal antigenic peptide HA 307-319 (HOM-2 cells) as corresponding
APCs. An additional advantage of this system is that, in contrast with Raji cells, HOM-
2 cells are CD38 negative by FACS (Fig. 8A), and therefore the functional capabilities
of the CD38 from the T cell could be easily tested without the interference of the CD38
from the B cell. We first assessed whether non-agonistic anti-CD38 mAbs could affect
the overall increased protein tyrosine phosphorylation that occurs in T cells upon
incubation with antigen-pulsed APCs. To this end, we used the anti-CD38 mAb, IB6,
which is unable to induce PBMC proliferation, calcium fluxes, and IFN-y secretion (41).
As shown in Fig. 8B, IB6, which in the absence of HA antigen did not induce any

detectable increase in tyrosine phoshorylation of any substrate (compare lanes 1-4 vs
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lanes 5-8), had no clear effect in the kinetics of HA-mediated increased tyrosine
phosphorylation of several proteins (compare lanes 9-12 vs lanes 13-16).

Next, we used phosphospecific antibodies to identify specific proteins that could
be affected by IB6-induced blockade. As shown in Fig. 8C, stimulation of Jurkat CH7-
C17 cells with HOM-2 cells pulsed with the HA specific peptide induced

phosphorylation of the tyrosine residue Tyr'”!

of the adaptor protein LAT with
relatively fast kinetics, reaching the maximum at 5 min upon stimulation and remaining
stably high throughout the experiment, while stimulation of the same cells in the
presence of the anti-CD38 mAb IB6 induced LAT tyrosine phosphorylation with slower
kinetics, not reaching the maximum up to 20-40 min upon stimulation (see Fig. 8D, for
quantification). In contrast, similar kinetics of Erk phosphorylation at Thr*** and Tyr***
were induced by HA-pulsed HOM-2 cells, either in the presence of absence of anti-
CD38 mAb IB6 (Fig. 8E, lanes 9-12 vs lanes 13-16; and Fig. 8F).

The cellular function of PKCO in T cells can be regulated by phosphorylation of

538

a specific threonine residue (Thr ™) in the PKCO activation loop (42), or by other

mechanisms such as autophosphorylation of Thr*"’

(43). We used a phospho-specific
antibody that recognizes Thr>**~phosphorylated PKCB to test whether stimulation of
CH7-C17 Jurkat T cells with HA-pulsed HOM-2 cells led to increased phosphorylation
of Thr*® of PKCH. As shown in Fig. 8G, (lanes 9-12) and Fig. 8H, increased
phosphorylation of PKC6 at Thr’*® was clearly observed after T cell stimulation with
HA-pulsed HOM-2 cells, whereas no such increase was observed when the CH7-C17
cells were stimulated with pulsed HOM-2 cells in the presence of the anti-CD38 mAb
IB6 (Fig. 8G, lanes 13-16, and Fig. 8H). This occurred despite the fact that the anti-
CD38 mAb IB6 induced at 5 min a short-lived increased phosphorylation of PKCO in
CH7-C17 Jurkat T cells incubated with non-pulsed HOM-2 cells (Fig. 8G, lanes 5-8). It
was also observed a low level of basal Thr’*® phosphorylation on PKC6 in CH7-C17
cells incubated with non-pulsed HOM-2 cells throughout the duration of the experiment

(Fig. 8G, lanes 1-4), which is consistent with the low level of constitutive

phosphorylation of PKC at Thr’*® observed in Jurkat T cells by others (43).
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The above results prompted us to investigate whether there were any effects on
later events such as cytokine production. As shown in Fig. 81, two different anti-CD38
mAbs, IB6 or HB136, induced a partial but significant inhibition on the IFN-y
production induced in CH7-C17 T cells by HA-pulsed HOM-2 cells. Likewise,
preincubation of CH7-C17 T cells with 100 uM 8-Br-cADPR, which is a cADPR
antagonist, or 500 uM Nicotinamide, which is a negative feedback inhibitor of CD38
ADP-ribosyl cyclase activity, exerted a similar effect on IFN-y production. In contrast,
the addition of the 100 uM B-NAD", which is the natural substrate of CD38, had no

effect.
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DISCUSSION

In this study we show for the first time that in T cells CD38 forms two distinct
cellular pools, one at the plasma membrane and a second in intracellular compartments,
which are both redistributed towards the IS upon TCR engagement. Intracellular CD38-
GFP displayed a similar distribution as endogenous intracellular CD3-C, or CD71,
which are present in recycling endosomes, and recruited towards the IS formed between
T cells and SEE-pulsed APCs. Recruitment of recycling endosomes containing CD3-C,
Lck, LAT, and transferrin to the mature IS has been previously observed (37, 38, 44,
45). In this sense, in human T cells CD38 engagement with anti-CD38 mAbs induces
CD38 internalization and its subsequent localization in early and late endosomes (46),
processes that may be linked to increased c-Cbl tyrosine phosphorylation upon CD38
ligation (7, 19). Moreover, in human monocytes anti-CD38 mAbs induce
internalization, shedding, and, more interestingly, new expression of CD38 on the cell
surface (47). This newly expressed CD38 derives either from a pre-formed intracellular
CD38 pool, or from surface CD38 that has been internalized and recycled back to the
cell membrane (47). Therefore, and as it occurs for CD3-C (38), it is likely that
intracellular CD38 might recycle back to the plasma membrane, providing an additional
source of this protein to the mature synapse.

The presence of intracellular vesicles containing CD38 nearby the IS could have
functional consequences due to the intrinsic enzymatic activity of CD38, which
catalyzes the formation of cADPR from NAD'. cADPR activates intracellular Ca**
release via type 2 and 3 ryanodine receptors, and also induces extracellular Ca*" entry
via activation of capacitative Ca®" entry and/or activation of the cation channel TRPM2
in conjunction with adenosine diphosphoribose (48). The redistribution of plasma
membrane CD38 at the synapse with the extracellular domain of CD38 facing toward
the APC opens the possibility that CD38-mediated production of cADPR outside the
cell could concentrated in a small area on the T cell surface. Targeted release of NAD"
from the cytosol to the extracellular space (reviewed in (12)), and the subsequent

production of cADPR catalyzed by the CD38 accumulated at the IS could establish a
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relatively high concentration of this metabolite in the synaptic space. The subsequent
translocation of the in situ-generated cADPR inside the cell via CD38 itself, or via
concentrative nucleoside transporters (12) may lead to preferential stimulation of the
APC and the T cell itself. Our results, however, suggest that there is an antigen-
independent T cell-driven increase in CD38 ectoenzymatic activity upon T cell: APC
contact. Thus, this effect was only stabilized when the T cells expressed high levels of
CD38 on their surface (i.e.: J77 CD38-GFP*, CD38"€"), and not in T cells with lower
CD38 expression (J77 pEGFP-C1, CD38™™), despite the fact that the number of
CD38 molecules expressed on the cell surface of the APCs used (Raji B cells) clearly
exceeded to those expressed on both T cell transfectants used. Moreover, the
introduction of a centrifugation step to favor conjugate formation appeared to be crucial
to see any differences on CD38 enzymatic activity, suggesting that the cell to cell
contact is required for this process.

Whether this increase in CD38 ectoenzymatic activity has any effect on T cell
activation remains to be proved, however, T cells overexpressing CD38 (CD38"€") had
a higher basal level of cytosolic Ca*" than the CD38™™ counterparts, which is likely
due to increase intracellular cADPR as it occurs in CD38-transfected murine 3T3
fibroblasts (13). Moreover, in CD38"€" T cells there was a more potent and more
sustained increase in cytosolic Ca®" in response to superantigen stimulation than that in
CD38™™! Jurkat T cells. Increased tyrosine phosphorylation of PLC-y1 was also
observed (data not shown). Therefore, there is a causal relation between increased CD38
expression and sustained calcium signaling of antigen-stimulated T cells. However,
CD38 overexpression had little effect on superantigen-stimulated production of IL-2, at
least at the concentrations of SEE used in this study. It is important to note that Bueno
et al., (49) have recently reported that bacterial superantigens can activate T cells by an
alternative pathways bypassing the classical Lck-dependent tyrosine kinase
phosphorylation events and activating instead a Ga1 1-dependent, PLC-f-mediated

pathway, which has not been addressed in our study.
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Remains to be seen, whether CD38 overexpression may modulate other T cell
processes as proliferation, apoptosis, or cell survival. In this sense, in other cell types it
has been observed increased survival potential of CD38" cells as compared with CD38"
counterparts (4, 50). Moreover, cADPR, both exogenously added or paracrinally
produced by CD38" feeder layer cells induce intracellular calcium mobilization,
proliferation of human hemopoietic progenitors (51), and in vivo expansion of
hemopoietic stem cells (52). It is important to point out that, in addition to membrane-
bound cyclase activity linked to CD38, an, as yet unidentified, cytosolic ADP-ribosyl
cyclase has been detected in Jurkat T cells and in peripheral blood T lymphocytes (16,
53). This cytosolic cyclase, or the intracellular CD38 located in recycling endosomes,
which accumulates at IS, might also be reasonable candidates for inducing increased
amounts of intracellular cADPR in response of T cells to the interaction with Ag-primed
APCs. In the latter case, mechanisms for transport of NAD" inside the endosomes, and
the subsequent release of the cADPR to the cytosol should be fully operational (12). In
this regard, the polarized production of NO at the IS has been recently reported, with a
modulating role on the strength of TCR-driven signaling (54). NO release at the IS
requires increased intracellular Ca** (54), and although it has not been addressed in this
study, it is very likely that this Ag-driven increased intracellular Ca®* and subsequent
NO response is mainly mediated by cADPR as it occurs in other cell systems (55).

To further address the question of how CD38 may contribute to T cell signaling
in antigen-stimulated T cells, we investigated the impact of blocking CD38 with an anti-
CD38 mAb, which acts as non-agonist in most functional assays tested (41). The data
show that blocking CD38 affects the kinetics of antigen-induced phosphorylation of

538

LAT at Tyr'"”', results in inhibition of phosphorylation of PKCO at Thr>*® to basal levels,

and partial although significant inhibition of IFN-y production. However,

202 204
and Tyr™" was unaffected. Moreover, another non-

phosphorylation of Erk at Thr
agonistic anti-CD38 mAb, HB136 also affected antigen-induced IFN-y production.

Since the APC used in these experiments is CD31 negative, it is unlikely that the anti-
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CD38 mAb used may affect CD38/CD31 interaction, although they may affect the
interaction of CD38 with an as jet unknown ligand expressed by the APC.

CD38 accumulates first along the T cell-APC contact zone and then at later time
points rearranges to more peripheral sites colocalizing with adhesion molecules as
ICAM-3 (Fig. 1, and data not shown) (27). This pattern of accumulation it is also
similar to that of Lck, which is also enriched in the synapse periphery after an initial
accumulation in the c-SMAC (45). In this sense, by using the cell line JCaM 1.6, which
lacks of functional Lck, we have shown that the proportion of conjugates showing
mature synapses and/or CD38 translocated to the interface between the T cell and the
APC is greatly reduced as compared with that in wild-type Jurkat T cells. Likewise,
CD38-mediated signaling is defective in JCaM1.6 cells (7). Consistently, Src-family
protein tyrosine kinases were required for CD38 relocalization, as shown by the even
lower accumulation of CD38 at the IS displayed by wild-type Jurkat T cells treated with
the Src-family inhibitor PP-2 (data not shown). These results are in agreement with
previous work by Morgan et al., (56) showing defective conjugate formation in
JCaM1.6 cells, or PP2-treated wild-type Jurkat T cells, and failure to recruit F-actin and
LFA-1to the T cell: APC contact site. Moreover, ezrin, a member of the ezrin-radixin-
moesin family of membrane-microfilament linkers that in wild-type Jurkat T cells is
highly enriched in the F-actin-rich membrane protrusions at the periphery of the IS,
shows poorly accumulation in JCaM1.6 cells (36). Hence, our results suggest that
redistribution of CD38 to the IS strongly depends on Lck-mediated early signaling
events that lead to actin polymerization and remodeling.

The formation of condensed membrane domains, which biophysically reflects
membrane raft accumulation, is detected first in the central regions and later at the
periphery of the productive IS (57). Therefore, the redistribution of CD38 and Lck,
which are raft-associated proteins, to peripheral sites of the IS may also be linked to the
dynamics of condensation of the T cell plasma membrane shown at the site of T cell
activation, while most CD3-{ remains in the c-SMAC. As pointed out elsewhere (45),

different CD3-C and Lck accumulation patterns do not necessarily reflect an absolute
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molecular segregation, rather changes in the relative distribution of these molecules,
which could have a substantial effect on the signals transduced by them. In support of
this concept are our own data showing that in Jurkat T cells, where CD38, Lck, and
CD3-C are associated in a subset of lipid raft vesicles, CD38 engagement results in
activating signals such as full CD3-C and CD3-¢ ITAM phosphorylation, Ras activation
and translocation of key signaling components as Sos and p85 PI-3 kinase into rafts
(19). In contrast, in the non-raft microdomains, where CD38 is associated with CD3-C
but not with Lck, CD38 engagement results in inhibitory signals such as partial CD3-C
and CD3-¢ ITAM phosphorylation, and strong c-Cbl phosphorylation (19). It is likely
that the rearrangement of CD38 and Lck to more peripheral sites of the mature synapse
away from CD3-{ could generate different or reduced signals than those observed
immediately after engagement of the T cell with an antigen-pulsed APC, just when the
three molecules are associated in the same raft subset (19), and the earliest signaling
events are taking place (45) by the active formation of TCR-containing microclusters
(58, 59). Interestingly, T cell receptor-proximal signals are sustained in peripheral
microclusters and terminated in the c-SMAC (60), therefore CD38 location at the
periphery of the IS could be related with its signaling capabilities. Note that the
blocking effect of anti-CD38 mAbs is exerted against signaling events that occur before
maturation of the synapse. Likewise, the gain of function observed in T cells
overexpressing CD38 has to do with calcium mobilization that is initiated immediately
after T:APC conjugate formation.

In a small but significant proportion of T cell/APC conjugates formed with
CD38-GFP-transfected Raji B cells pulsed with SEE, membrane CD38-GFP from Raji
B cells clusters along the T cell/APC contact zone. In many of these conjugates
translocation of its counter receptor CD31 from the T cells to the T cell: APC interface
was clearly observed, suggesting active recruitment caused by ligand-receptor
interactions. Interestingly CD31 contains functional ITIMs within its cytoplasmic
domain, and co-ligation of CD31 with the TCR results in Lck-dependent tyrosine

phosphorylation of CD31 ITIMs, recruitment of Src homology 2 domain-containing
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protein tyrosine phosphatase-2, and attenuation of TCR-mediated cellular signaling
(61). To our knowledge our data is the first physiological evidence that CD31 could be
in the proximity of the TCR upon antigen-mediated T cell activation without artificially
forcing such interaction with specific mAbs. The negative regulation of SEE-induced T
cell activation played by Lck (62) is consistent with the requirement of Lck for CD31
tyrosine phosphorylation in response to cross-linking the TCR (61). It seems therefore
likely that the proximity of CD31 to the TCR and Lck in the IS could favor the
inhibitory function that CD31 plays on T cell activation. Whether CD38 in the APCs is
involved in the recruitment of CD31 to the IS requires further investigation.

Relocation in APCs of MHC class II molecules to raft-rich microdomains or to
tetraspanin-containing microdomains at the IS has been implicated in optimal peptide
presentation and T lymphocyte activation (25, 63). Dynamic changes in these molecular
associations, such as recruitment of other surface and/or signaling molecules, may occur
during the formation and establishment of the relevant synapse(s). Thus, binding of
ICAM-3, and ICAM-1 to a lesser extent, to LFA-1 expressed by mature but not
immature DCs, induces MHC-II clustering into the immune synapse (64). Moreover,
localization of CD38 in lipid rafts associated with Class II MHC molecules and the
tetraspanin CD9 has been observed in monocytes (23), as well as with the tetraspanin
CDS81 in mature DCs (4). CD81 is indeed present in Raji B cells, and is actively
recruited to the IS upon antigen stimulation (26). On the other hand, in Raji B cells a
large proportion of CD38 is located in lipid raft microdomains (data not shown). The
simultaneous presence of antigen-loaded Class II MHC complexes, tetraspanins and
modulatory molecules as CD38 into physically distinguishable microdomains on the
surface of APCs is likely to influence the ability of APCs to stimulate antigen-specific T
cells. In this sense, CD38 expressed in monocytes seem to play a role in the
transduction of signals involved in superantigen-induced T cell activation, operating in
synergy with MHC Class II (22). Moreover, CD38-mediated signaling and its location
in lipid rafts is required for the migration, survival, and polarization toward Th1

responses of mature DCs (4). Therefore, clustering of CD38 at the IS, and the
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contribution of both T cells and APCs to this phenomenon suggests that CD38 may play

an important role during antigen presentation.
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FIGURE LEGENDS

Figure 1. Surface CD38 clusters at the T cell: APC contact region. A, FACS analysis.
Jurkat D8 (upper panels), Jurkat J77 (middle panels), or Raji (lower panels) cells were
stained with specific antibodies against CD38, CD3, ICAM-3 or TCR V8 as indicated
in Material and Methods. B, Raji cells were labeled with CMAC and incubated in the
absence or in the presence of SEE (1 pg/ml). Raji and Jurkat D8 cells were mixed at 1:1
ratio, fixed, and double stained for CD38 (green), or CD3-C (red) (upper and middle
panels), or double stained for CD45 (green), or CD3-C (red) (lower panels). C, Jurkat
D8-Raji cell conjugates were generated in presence of SEE, double-stained for CD38
(green), and CD3- (red), and analyzed by confocal microscopy. The panel shows the
stacked pictures of 23 sections with 0.4 um thickness. D, J77-Raji cell conjugates were
generated in the absence or the presence of SEE, and double stained for ICAM-3
(green) and CD38 (red). Green fluorescence merged with red fluorescence images, and
the corresponding DIC images superimposed on blue fluorescence images from CMAC-
loaded Raji cells are shown. E, T cell-Dendritic cells (DC) conjugates were generated as
described in material and methods.

Figure 2. Localization of CD38-GFP in Jurkat and Raji cells. A, Postnuclear cell
lysates of non-transfected Jurkat J77 cells, J77 transfected with a GFP construct
(pEGFP-C1), or J77 transfected with CD38-GFP were run on SDS-PAGE and Western
blotted against GFP (left panel), or against CD38 (upper right panel), or against a-actin
(lower right panel). B, Subcellular location of CD38-GFP (a), or pEGFP-C1 (¢) in
transfected Jurkat T cells. The corresponding DIC images (b and d) are shown. C,
Upper panels: CD38-GFP-transfected J77 cells were permeabilized and labeled with an
anti-CD3-C polyclonal antiserum followed by a Rodamine Red X-labeled secondary Ab.
Green fluorescence (CD38-GFP) merged with red fluorescence (CD3-() images are
shown. Lower panels: Labeling of intracellular endogenous CD38 (red) and intracellular
endogenous CD3-( (green) in nontransfected permeabilized J77 T cells. Green

fluorescence merged with red fluorescence images are shown. D, Subcellular location of
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CD38-GFP, or endogenous CD38 in Raji B cells. The corresponding DIC images are
shown. In B, C, and D the white arrowheads point to the intracellular CD38-GFP,
endogenous CD38, or CD3-{. The arrows point to plasma membrane CD38-GFP, or
endogenous CD38.

Figure 3. In T cells the CD38-GFP present in recycling endosomes and in the Golgi
apparatus is targeted to the T cell: APC contact zone. A, CD38-GFP-transfected J77
cells were incubated with Raji B cells pulsed with medium alone (upper panels) or with
SEE (lower panels). Cells were then fixed, permeabilized and stained with anti-CD71
(TfR) mAb under permeabilizing conditions followed by a goat anti-mouse Rhodamine
Red X-second antibody. Samples were analyzed by a Leica TCS-SP5 confocal scanning
laser microscope. The white arrowheads point to intracellular CD38-GFP. The arrows
point to the plasma membrane CD38-GFP, or CD71. B, CD38-GFP-transfected J77
cells were treated as in A except that after fixation and permeabilization cells were
stained with an anti-Golgi mAb under permeabilizing conditions followed by a goat
anti-mouse Rhodamine Red X-second antibody. Samples were analyzed by confocal
microscopy. The white arrowheads point to the intracellular CD38-GFP, or the position
of the Golgi apparatus. The arrows point to the plasma membrane CD38-GFP
accumulated at the synapse. The acquired CD38-GFP (green), Golgi (red), the merge
images, close-ups of some merge images, and Normasky images are shown. A semi-
quantitative assessment of the level of colocalization was done by analyzing the
colocalization scatter plot and generating a mask of the area of interest (AOI) (right
panels).

Figure 4. TCR-dependent clustering and polarization of CD38-GFP from T cells at
the T cell:APC contact zone. A, Jurkat J77 cells were transiently transfected with the
CD38-GFP construct and allowed to conjugate with CMAC-labeled Raji cells not
pulsed or pulsed with SEE. Then, cells were fixed, permeabilized and stained for CD3-(
(red). The white arrowheads point to the intracellular CD38-GFP, or CD3-C. The arrows
point to the plasma membrane CD38-GFP, or CD3-{ accumulated at the synapse. B,

Comparative analysis of the percentage of conjugates with CD38-GFP, or endogenous
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CD3-¢ redistributed at the contact zone relative to the total number of CD38-GFP"
J77:Raji conjugates in the absence (open bars), or in the presence (filled bars) of SEE.
The data represent the mean+SEM of three independent experiments. In each
experiment 50-70 conjugates were analyzed. C, Jurkat J77 cells transiently transfected
with CD38-GFP were seeded onto FN-coated coverslips. Raji cells labeled in red with
the probe CM-TMR were incubated with SEE and added to the chambers. Cells were
monitored by time-lapse confocal microscopy at 30-s intervals. Representative images
of two different T cell:SEE-pulsed APC conjugates are shown. Each time point shows
the fluorescence images of Raji cells (red) and CD38-GFP fluorescence (green). The
white arrowheads point to the intracellular CD38-GFP. The arrows point to the plasma
membrane CD38-GFP.

Figure 5. Defective TCR-induced CD38 clustering at the immunological synapse in
a Lck deficient T cell line. A, JCaM1.6 T cells were transiently transfected with the
CD38-GFP construct and allowed to conjugate with CMAC-labeled Raji cells not
pulsed or pulsed with SEE. Then, cells were fixed, permeabilized and stained for CD3-(
(red). CD38-GFP (green), CD3-( (red), and the green fluorescence merged with red
fluorescence images superimposed on blue fluorescence images from CMAC-loaded
Raji cells are shown. The white arrowheads point to the intracellular CD38-GFP, or
CD3-C. The arrow points to the plasma membrane CD38-GFP, or CD3-C. B,
Comparative analysis of the percentage of conjugates with CD38-GFP, or endogenous
CD3-( redistributed at the contact zone relative to the total number of CD38-GFP"
JCaM 1.6:Raji conjugates in the absence (open bars), or in the presence (filled bars) of
SEE. The data represent the mean+SEM of three independent experiments. In each
experiment 50-70 conjugates were analyzed.

Figure 6. TCR-dependent clustering of CD38 from B cells and CD31 from T cells
at the T cell: APC contact zone. A, Raji cells transiently transfected with the CD38-
GFP construct were pulsed or not with SEE, and allowed to conjugate with Jurkat J77 T
cells. Then, cells were fixed, permeabilized and stained for CD3-( (red). CD38-GFP

(green), CD3-C (red), green fluorescence merged with red fluorescence images, and the
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corresponding DIC images superimposed on blue fluorescence images from CMAC-
loaded Raji cells are shown. The white arrowheads point to the intracellular CD38-GFP,
or CD3-C. The arrow point to the plasma membrane CD3-{ accumulated at the synapse.
B, Comparative analysis of the percentage of conjugates with CD38-GFP, CD31, or
CD3-C redistributed at the contact zone relative to the total number of J77:CD38-GFP+
Raji conjugates in the absence (open bars), or in the presence (filled bars) of SEE. The
data represent the mean+SEM of three independent experiments. In each experiment
40-70 conjugates were analyzed. C, FACS analysis of Jurkat J77 cells (upper panels), or
Raji B cells (lower panels). Cells were stained with specific antibodies against CD38
(left panels, or anti-CD31 (right panels). D, Quantification of the number of CD38,
CD3, or CD31 molecules in Jurkat J77 T cells by using the CELLQUANT Calibrator
kit (BIOCYTEX, France). E, Quantification of the number of CD38, CD19 and CD31
molecules in Raji B cells using the same kit as in D. F, CD38-GFP-transfeced Raji B
cells were treated as in A except that after permeabilization cells were stained for CD31
(red). CD38-GFP (green), CD31 (red), green fluorescence merged with red fluorescence
images, and the corresponding DIC images superimposed on blue fluorescence images
from CMAC-loaded Raji cells are shown. The white arrowheads point to the
intracellular CD38-GFP. The arrows point to the plasma membrane CD38-GFP or
CD31 accumulated at the synapse.

Figure 7. Effect of CD38 overexpression in T cell function. A, Jurkat J77 cells were
left untransfected, or transiently transfected with the pEGFP-C1, or the CD38-GFP
constructs by nucleofection. 24 hours after transfection they were analyzed by FACS for
GFP expression (FL1) and cell viability (FL3, Propidium iodide) (left panels), or for
GFP expression (FL1) and CD38 expression (FL2, anti-CD38-PE: HB136) (right
panels). Numbers in each quadrant are the percentage of cells positive for one or two
markers. B, and C, Transfected ells were subjected to Histopaque-1077 centrifugation
and then they were left alone, or mixed with SEE-pulsed, or unpulsed Raji B cells. After
a brief centrifugation to favor conjugate formation ectocellular GDP-ribosyl cyclase

activity was continuously measured at 37°C using NGD" as a substrate. The cGDPR
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production in fluorescence units was plotted against time (min). (#) J77 CD38-GFP" T
cells incubated with SEE-pulsed Raji B cells, (o) J77 CD38-GFP" T cells incubated
with unpulsed Raji B cells, (m) Raji B cells alone, (®) J77 CD38-GFP" T cells alone,
(V) J77 pEGFP-C1" T cells incubated with SEE-pulsed Raji B cells, (V) J77 pEGFP-
C1" T cells incubated with unpulsed Raji B cells, (A) J77 pEGFP-C1" T cells. D, Ag-
induced Ca”" released in J77 CD38-GFP" T (e and o) and J77 pEGFP-C1" T cells (¥
and V). Fura-2/AM-loaded J77 CD38-GFP" T, or J77 pEGFP-C1" T cells were mixed
with SEE-pulsed (closed symbols), or unpulsed (open symbols) Raji B cells. [Ca2"];
changes were measured using a fluorescence plate reader, as described in Material and
Methods. Characteristic tracings are shown (mean of three independent experiments). E,
IL-2 production in in J77 CD38-GFP" T (m) and J77 pEGFP-C1" T cells (o) incubated
with Raji B cells pulsed with various concentrations of SEE as indicated.

Figure 8. Effect of anti-CD38 mAb on antigen-induced T cell early signaling and
IFN-y production. A, FACS analysis of CH7C17 T cells (upper panels), or HOM-2 B
cells (lower panels) cells were stained with specific antibodies against CD38 (left
panels), anti-CD31 (middle panels), or anti-CD3 (right panels). B, Western-blot analysis
with the anti-phosphotyrosine mAb RC-20HRP of whole cell lysates of CH7C17 T cells
incubated with unpulsed (-HA), or HA-pulsed (+HA) HOM-2 B cells for the period of
times indicated. The CH7C17 T cells were either preincubated with vehicle (-IB6), or
preincubated for 15 min at 37°C with the anti-CD38 mAb IB6 (+1B6), before mixing
them with the HOM-2 B cells as indicated above. The picture is representative of three

independent experiments. C, Western-blot analysis with the anti-phospho LAT (Tyr'"’")

followed by anti-a-actin for protein loading-control of an aliquot of the same
experiment as in B. D, Densitometric analysis of the blot in C corrected by protein-
loading control (pErk:Actin ratio x100). (m) CH7C17 T cells incubated with unpulsed
HOM-2 cells for the indicated periods of time, (0) CH7C17 T cell preincubated with
anti-CD38 mAb IB6 and then, with unpulsed HOM-2 cells, (o) CH7C17 cells incubated
with HA-pulsed HOM-2 cells, (o) CH7C17 cells preincubated with IB6 and then

incubated with HA-pulsed HOM-2 cells. E, Western-blot analysis with anti-phosphoErk
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(Thr*®/Tyr*™), followed by anti-a-actin for protein-loading control. F, Densitometric
analysis of the blot in E was corrected by protein-loading control. Symbols as in D. G,
Western-blot analysis with anti-phosphoPKCO (Thr>*®), followed by anti-PKCO for
protein-loading control. H, Densitometric analysis of the blot in G was corrected by
protein-loading control. Symbols as in D. I, IFN-y production by CH7C17 T cells
incubated overnight with HA peptide-pulsed (+), or unpulsed (-) HOM-2 B cells.
CH7C17 T cells were preincubated for 15 min at 37°C with the indicated anti-CD38
mAb, or with reagents at the concentrations indicated in the Results section.
Representative experiment out of three independent experiments performed in

triplicates. Statistical analysis: unpaired t-test.
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Abstract

In this study we have determined whether there is a relationship between CD38 expression on T cells, its distribution in different membrane
microdomains, and T cell activation in SLE patients. The data show that CD38 expression is augmented in ex {@320Q3CD8", and
CD25" SLE T cells, which correlates with its increased insolubility in Brij 98 detergent, and its translocation into lipid rafts. Moreover, SLE
T cells show an altered CD4:CD8 ratio, which is due to a decreased proportion 6fTC&ls and a concomitant increase in the proportion
of CD8" T cells. These data are consistent with the increased CD38 expression and lipid raft formation, and the significant reduction in
the CD4:CD8 ratio observed in mitogen-stimulated normal T cells as compared with that:ir untouched normal T cells. Increased
expression of CD38 in floating rafts from SLE T cells, or from activated normal T cells may modulate TCR signaling by providing or
sequestering signaling molecules to the engaged TCR.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: CD38; TCR; Signaling; Lipid rafts; T cells; Lupus; Autoimmunity

1. Introduction region are a number of interesting candidate genes including
CD38 and CD157, which are both ectoenzymes members of
SLE is a multisystemic autoimmune disease characterizedthe ADP-ribosyl cyclase family that are directly involved with
by the production of high levels of autoantibodies against T and B lymphocyte activity@eaglio et al., 2001; Ortolan
nuclear antigens resulting, at least in part, from a dysreg- et al., 2002. There is an association between a polymor-
ulated T lymphocyte response to autoantigelfenéway et  phism located at position 182 of intron 1 of the CD38 gene,
al., 2001; Kammer et al., 2002; Kong et al., 2Dp08ithough and the development of discoid rash in Spanish SLE patients
SLE etiopathology is poorly understood, there is likely arole (Gonzalez-Escribano et al., 2004
for environmental triggers, for instance viruses, acting inthe  Previous studies have defined B cell subsets from inflamed
context of susceptibility geneR6zzo et al., 2001; Wakeland  secondary lymphoid tissue, such as tonsil, or the periphery of
et al., 200]. In both, European-American, and Iceland pop- active-SLE patients that are defined by very high expression
ulations it has been identified a SLE susceptibility locus on of CD38 and the presence of intracellular immunoglobulin
human region 4p15Gray-McGuire et al., 2000; Lindgvist  (Grammer and Lipsky, 20030n the other hand, increased
and Alarcon-Riquelme, 1999Located within human 4p15 expression of CD38 on T cells has been found in SLE pa-
tients @lcocer-Varela et al., 1991; al-Janadi and Raziuddin,

* Corresponding author. Tel.: +34 958 181664; fax: +34 958 181632, +993; Erkeller-Yuksel et al., 1997In certain tumor types,
E-mail address: granada@ipb.csic.es (J. Sancho). up-regulation of CD38 in tumor-associated non-neoplastic T

0161-5890/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2005.05.002
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cells could be useful as a marker of persistent T cell activation Table 1

as well as a surrogate marker of disease progreskiaret Clinical and demographic characteristics of the study subjects

al., 2004. Likewise, up-regulation of CD38 on CDJ cells SLE (v=51) Healthy controlsi(= 36)

could be a marker of ongoing viral replication during acute women 45 (88%) 21 (58%)

or chronic viral infectionsBelles-Isles et al., 1998; Carbone  Age (y) 38.1(20-77) 38.1 (20-77)

etal., 2000; Lynne et al., 1998; Ramzaoui et al., 995 g?”cas"';” _ 5411(1;)0;/0) ?\?A(NO%)
Plasma membranes of many cell types, including T & 505 uration (y) 335 ((0__205)) NA

c_eIIs, cqntain _speci_al_ized microdomains, or lipid ra]_‘ts, en- g Epal=0 29 (43.1%) NA

riched in sphingolipids, cholesterol, sphingomyelin and sLEDAI=1-4 14 (27.4%) NA

glycosylphophatidylinositol-anchored proteins. These mem- SLEDAI>4 15 (29.4%) NA

brane domains are characterized by detergent-insolubility
at low temperatures and low buoyant densirdwn and between December 2002 and May 2004. Thirty-six healthy,
London, 2000; Simons and Toomre, 2000ipid rafts play age-matched healthy volunteers served as controls. Disease
a central role in signal-transduction, in the immune responseactivity was scored and the SLE Disease Activity Index
and in many pathological situations on the basis of two impor- (SLEDAI) was calculated Bombardier et al., 1992 Our
tant raft properties, their capacity to incorporate or exclude study included 22 inactive SLE patients, 29 active patients
proteins selectively, and their ability to coalesce into larger with SLEDAI ranging from one to 20, and 36 healthy control
domains Manes et al., 2003; Simons and Ehehalt, 2002 volunteers Table J). All of them were Caucasians. Patients
The densely packed, liquid-ordered environment of rafts ex- who were being treated with prednisone were asked not to
cludes most integral membrane proteins. However, we havetake this medication 24 h before blood was drawn. For each
demonstrated that in T cells CD38 is constitutively associ- patient, data were recorded on age, duration of the disease de-
ated with lipid rafts resistant to solubilization in 1% NP-40 at fined as the period from the disease onset (time when patients
4°C (Zubiaur et al., 2008 or in 1% Brij 98 at 37C (Munoz fulfilled the ACR criteria) to the time of the study, current
etal., 2003. Furthermore, CD38 in rafts is able to initiate and and cumulative gluco-corticoid doses by review of patient
propagate several activating signaling pathways, possibly byrecords. Complete blood cell count, serum complement and
facilitating critical associations within other raft subsets, per serum anti-nuclear and anti-DNA antibodies were measured
example LAT rafts, via its capacity to interact with Lck and in all patients. Because the paucity of cell numbers obtained
CD3< (Munoz et al., 2008 from the disease group, many of whom were leukopenic,
Changes inthe properties or composition of lipid rafts may different sets of experiments were performed with different
lead to inappropriate T lymphocyte signaling and ultimately patient groups but care was taken to include patients of
to the development of pathological conditions, including au- SLEDAI score ranging from low (0—4 range) to high (5-20) in
toimmunity Gringhuis et al., 2000; Salojin et al., 199&n each group. Within each group, patient samples were matched
thissense, in SLE T cellsthere are qualitative alterations in thewith normal samples of similar ages and gender. The study
protein composition of lipid rafts, alterations in actin dynam- protocol was approved by the Hospitaliito San Cecilio,
ics, and increased calcium respong&sshnan et al., 2004 and CSIC Review Board and Ethics Committees. Written
Moreover, reduced expression of Lck in SLE T celsirfy informed consent was obtained from all participating patients
et al., 2003 is associated with increased expression of GM1 and volunteers according to the Declaration of Helsinki.
and increased localization of CD45, a molecule important in

regulating Lck activity Jury et al., 2001 2.2. T lymphocyte isolation
In this study we found that CD38 expression is augmented
in CD3" T cells from patients with SLE, which correlates PBMC were obtained by density gradient centrifugation

with its increased translocation into lipid rafts. These data over HISTOPAQUE-1077 (Sigma-Aldrich Qimica, S.A.,

are consistent with increased lipid raft formation in activated Spain). T cells were isolated from PBMC by magnetic sep-

normal T cells, and the evidence that SLE T cells display aration after depletion of non-T cells by negative selection

activation phenotypes. with the Pan T Cell Isolation Kit Il (Miltenyi Biotec, GmbH,
Germany) following the manufacturer’s instructions. In all
the cases, the percentage of T cells in the isolated subpop-

2. Material and methods ulation was >98% as determined by anti-CB®&AD stain-
ing and fluorescence-activated cell sorter (FACS) analysis. T
2.1. Patients and healthy controls cells were stimulated with @g/ml PHA-L and and 50 U/ml

IL-2 (Sigma-Aldrich, Qumica, S.A.) for 3 days.
Fifty-one consecutive outpatients fulfilling the revised
American College of Rheumatology (ACR) criteria for the 2.3. Antibodies and reagents
diagnosis of SLETan et al., 198 and routinely followed in
the Systemic Autoimmune Diseases Unit (Hospitdh{€b Anti-human CD3e mAb OKT3 (Ig&y), or the CD38
San Cecilio, Granada, Spain) could participate in this study mAbs HB136 (IgG) and OKT10 (IgG) were prepared, pu-
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rified, and labeled with fluorescein isothiocyanate (FITC) al.,2003; Zubiaur etal., 20Q0%ith minor modifications. Two

as previously described(biaur et al., 1999 Affinity pu- pools of the sucrose gradient fractions were then collected.
rified anti-human CD4-PE and CD8-FITC antibodies, the First, the low-density fractions corresponding to the 5/30%
CTB-FITC conjugate and the affinity purified mouse mAb to interface (fractions 2 and 3, along fraction 4) and referred to
a-Actin (clone AC40) were obtained from Sigma-Aldrich. asFloating Rafts (R). Second, the high-density soluble ma-
Affinity purified anti-human mAb CD19-PE (lgf), anti- terial corresponding to fractions 7 and 8 of the gradient and
human mAb CD38- PE (Ig&), and mouse immunoglob- referred to asSoluble (S). The two pools were diluted with
ulin isotype controls were purchased from BD Biosciences 3x non-reducing Laemmli sample buffer and resolved on
(San Jose, CA). Affinity purified mAb anti-human CD56-PE  12.5% SDS-PAGE, transferred to PVDF and immunoblot-
(lgG1) was purchased from Miltenyi Biotec, GmbH (Ger- ted with specific antibodies, followed by the ECL system,
many). Affinity purified, FITC-conjugated, F(9b fraction as previously describe@(biaur et al., 1999 Except where

of rabbit antibody to mouse immunoglobulins was purchased otherwise noted, 2i{| of each sample was loaded onto gels.
from DAKO (Glostrup, Denmark). The affinity-purified rab-

bit polyclonal antibody anti-Fyn was purchased from Santa 2.7. Densitometric and statistical analysis

Cruz Biotechnology (Santa Cruz, CA). An affinity purified

rabbit antibody to CD3 was purchased from Dako (Den- Densitometric analysis was performed on a PC using the
mark). Polyclonal antibody anti-LAT was from UBI Upstate Quantity One 1-D Analysis Software Version 4.4 (Bio-Rad
Biotechnology (Upstate, NY). Anti-CD3g-antiserum 448 Laboratories, Inc., USA). To compare sample groups statis-
was a gift from Dr. B. Alarén (Centro de Biolo Molecular, tical analysis were performed using the Studentisst, the
CSIC, Madrid, Spain). Affinity purified goat anti-rabbit IgG  Mann—-Whitney U test, or the Fisher’s exact test when appro-
(Fc) HRP Conjugate, and goat anti-mouse I1gG (H + L) HRP priate. P values less than 0.05 were considered significant.
Conjugate were from Promega (Madison, WI). Prestained The tests were performed using the GraphPad Prism software
SDS-PAGE Standards (broad and precision range), and Im-version 4.02 (GraphPad Software, Inc. San Diego, CA).
munoStart reagents were from Bio-Rad (Hercules, CA).

2.4. FACS analysis 3. Results

PBMC or purified T cells were analyzed for surface ex- 3 ; 4 significant percentage of CD38 is insoluble in
pl’eSSion of CD3, CD4, CD8, CD38,CD19 and CD56 by sin- BVl] 98 at 37°C in PBMCfrom SLEpanents

gle or double-staining using FITC-, or PE-labeled anti-CD3,
anti-CD38, anti-CD19, and anti-CD56 mAbs in the relevant  Thg non-jonic detergent Brij 98 has been successfully used
combinations. Compensation settings were adjusted usingy, sejective isolate, at physiological temperatures, detergent-
single stained PBMC, or T cell samples. Isotype-matching 1a- jns|uble microdomains with the biochemical characteristics
beled antibodies were used to calculate the non-specific stainy rafts (Drevot et al., 2002; Munoz et al., 2003; Schuck et
ing. PBMC and lymphocytes were gated according with 'EhEif al., 2003. Therefore, we first investigated in PBMC whether
forward and scatter characteristiééynoz etal., 2003; Zubi-  cp3gwas associated with the membrane raftvesicles that are
auretal., 199§ Two colorimmunofluorescence analysiswas  recovered as detergent-insoluble complexes upon cell lysis in
performed on a FAFZScan flow cytometer (BD B_|osc_|ences, Brij 98 detergent at 37C and centrifugation at 13,000g
San Jose, CA), using the CellQuest Pro (BD Biosciences), tor 15 min at #C. After this treatment, cytosolic and fully
and FlowJo (Tree Star, Inc. San Carlos, CA) software. solubilized membrane proteins were found in the supernatant
(referred to as SN), whereas lipid rafts and associated pro-
teins, as well as cytoskeletal components remained in the
Cells (1-5x 10F) were lysed in 1% Brij 98 at 37C as pellet (_referred toas PMuno_z etal., 2008 The_ presence of
described previousliy\unoz et al., 2008 Lysates were cen- CD3.8 in the P and SN fractions was determined by Western
trifuged at 13,000 rpm for 15min at°€, and supernatant  Plotting. Equal number of cell equivalents (03.0°) were
(SN) and pellet (P) were diluted in@non-reducing Laemmii loaded in patlepts and cont(ol samples, and the proportion of
sample buffer. Both fractions were resolved on a 12.5% SDS- CD38 present in the P fraction relative to the total amount of

PAGE, transferred to PVDF and immunoblotted with specific ©P38, (SN +P) was calculated. CD38 was present in the P
antibodies, followed by the ECL system, as previously de- fraction from either the SLE patients and the healthy controls

2.5. Detergent solubilization of cells at 37°C

scribed unoz et al., 2003: Zubiaur et al., 2002 (Fig. 1A, lanes 2 and 4), although its proportion, relative to the
total amount of CD38 was significantly higher in SLE than

2.6. Fractionation of floating rafts by sucrose gradient in controls ¢=0.0090,Fig. 1B). In contrast, similar pro-

ultracentrifugation portions of Fyn, or actin relative to controls were detected

when the same membranes were re-blotted with anti-Fyn,
Detergent-insoluble and -soluble fractions were separatedor anti-w-actin antibodies, respectivelFig. 1A). Both SLE
in a discontinuous sucrose gradient as describah6z et patients with high or low SLEDAI scores displayed a sta-
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Fig. 1. Asignificant proportion of CD38 is insoluble in 1% Brij 98 in PBMC
from SLE patients. (A) PBMC from SLE patients, or healthy controls were
lysed in 1% Brij 98 at 37C as described in Sectid) and the detergent-
insoluble fraction was separated from the soluble fraction by centrifugation
at 13,000x g. Supernatant (SN) and pellet (P) were diluted in8DS non-
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rafts float in a sucrose density gradient, while cytoskeleton-
associated proteins remain at the bottom of the ultracentrifuge
tube Brown and Rose, 1992; London and Brown, 2000;
Simons and lkonen, 1937Therefore, if CD38 is associated
with Brij 98-insoluble lipid rafts, this CD38 should also float

in a sucrose density gradierDrevot et al., 2002; Munoz

et al., 2003. To address this issue, rafts and non-raft frac-
tions were isolated by sucrose gradient ultracentrifugation
upon lysis of PBMC in Brij 98 at 37C (see SectioR, and
(Munoz et al., 2008. In floating rafts (referred to as R),
five out of nine lupus patients studied showed percentages
of CD38 above the upper 99% confidence interval (upper
Cl1=9.9%) of the mean values for six normal individuals
(Fig. 2A, left panel 1 and 3). Application of the Fisher’s ex-
act test revealed a statistically significant differerféig(2A,

right panel, 13.7+ 4.6% in SLE,n =9 versus 3.6 1.6% in
controls,n =6, P =0.0440). In contrast, five out of nine pa-
tients studied showed percentages of Cdflow the lower
95% confidence interval (lower Cl =4.2%) of the mean val-
ues for six normal healthy controlBi). 2A, left panel, lanes

1 and 3), although these differences were not statistically
significant Eig. 2B, left panel, 7.0+ 2.6% in SLEn =9 ver-

sus 12. 4 3.0% in controlsp =6, P =0.2867, Fisher's exact
test). Likewise, LAT that is constitutively associated with
lipid rafts (Zhang et al., 1998 was always detected in float-
ing rafts from both SLE patients and controld. 2A, left
panel, lanes 1 and 3), and the minor differences observed be-
tween them were not statistically significaiid. 2B, right
panel, 20.7+5.9% in SLE» =9 versus 26.%4.1% in con-
trols, n=6). Therefore, these results demonstrate that SLE
PBMC express an increased proportion of CD38 associated

reducing sample buffer and proteins were separated by 12% SDS-PAGE,jjth floating lipid rafts, while similar proportions of CD3-

transferred, and immunoblotted for the indicated proteins on the right of

each panel. (B) bands intensities were quantified by densitometry, and the
densitometric units on CD38 in pellet were presented as percentage of the

and LAT were present compared with that in PBMC from
healthy controls.

sum of the densitometric units of supernatant + pellet. Values are the mean

and S.E.M. The mean percentage of CD38 insoluble in Brij 98 was signifi-

3.3. Increased CD38 expression in SLE T cells and T

cantly increased in 29 SLE patients (black histograms) compared with nine ¢¢J] subsets
healthy controls (open histograms). Likewise, SLE patients segregated ac-

cording their SLEDAI scores as low (0-3) (horizontal stripped histograms,
n=18), or high (4-10) (vertical stripped histograms, 11), showed signif-
icantly increased percentages of CD38 insoluble in Brij 98 compared with
controls (two-tailed unpairedtest).

tistically significant higher proportion of CD38 in the Brij
98-insoluble fraction as compared with that in healthy con-
trols (P=0.0173 and 0.0206, respectivehig. 1B). These

results strongly suggested that in SLE PBMC a large frac-

Highly purified untouched T cells were obtained from
PBMC by depletion of non-T cells by magnetic separation
(see Sectio@). T lymphocytes from eight patients with SLE
and seven healthy controls were analyzed for expression of
CD38in CD3, CD4", CD8", and CD25 cells. The propor-
tion of CD38" cells in the whole T cell population (CDR
as well as in the three T cell subsets studied (C02D8",
and CD238), was significantly increased in SLE patients as

tion of CD38 was associated with the membrane raft vesicles compared with that in healthy controlBig. 3). These in-

recovered as Brij 98-insoluble complexes.

3.2. Increased association of CD38 with floating rafts in
PBMC from SLE patients

Insolubility of a membrane protein in a detergent as Brij

creases seemed to be specific for T cells since neither the B
or the NK cell compartments showed significant differences
in CD38 expression between SLE patients and healthy con-
trols when evaluated in PBMC by dual staining for CD38
and CD19 (B cells), or CD38 and CD56 (NK cells) (data
not shown). No significant differences were observed in

98 can be due to its association with detergent-resistant lipidthe proportion of CD3, CD19, or CD56 subsets within the

rafts and/or its anchoring to cytoskeletal elemeMarioz et
al., 2003. Proteins associated with detergent-insoluble lipid

PBMC population (data not shown). These results support
the observation that the altered distribution and expression
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Fig. 2. Increased association of CD38 with floating rafts in PBMC from SLE patientd.effpanel, floating rafts (R) and soluble (S) fractions from one SLE
(lanes 1 and 2) and one healthy control (lanes 3 and 4) PBMC were isolated as described inSé&ttteins were separated on SDS-PAGE, transferred

to PVDF membranes, and immunoblotted with anti-CD38, anti-LAT, or anti-C@&tibodiesRight panel, graph displaying cumulative results for CD38
expression in PBMC floating rafts from nine SLE patients (closed histograms), and five healthy controls (open histograms). Densitometric daia on CD38
floating rafts (R) are presented as percentage of the sum of all sucrose gradient fr&tiOr3440, Fisher's exact text). (B) The mean percentages for CD3-
(P=0.2867, not significant, Fisher’s exact text) and LAT expressigndnd right panels, respectively) in PBMC floating rafts from SLE patients and healthy
controls was calculated as in A.

of CD38 in PBMC from lupus patients are unique to SLE T PHA acts as a potent and specific T cell activator by bind-

cells. ing to cell membrane glycoproteins including the TCR/CD3
complex and the CD2 co-receptor, and exogenous IL-2 pro-

3.4. CD38 is associated with floating rafts in ex vivo vides further T cell expansiorkay, 199). Moreover, stim-

SLE T cells ulation of resting human T cells with PHA results in a sig-
nificant increase in proportion of the plasma membrane that

3.4.1. Increased CD38 expression and insolubility in adopts a raft structure as judged by the dramatic increase on

Brij 98 upon mitogenic stimulation the cell surface expression of the raft-associated glycosphin-

Next, we analyzed CD38 distribution in raft and non-raft golipid GM1 (Tuosto et al., 2001 which has previously been
compartments in untouched T cells in isolation. Floating rafts shown a reliable marker for detection of lipid raft domains
were isolated by sucrose gradient ultracentrifugation as de-(Janes et al., 1999We next explored whether mitogenic
scribed for PBMC. A representative experiment is shown in stimulation could affect raft CD38 expression and distribu-
Fig. 4A (upper panels, lane 1 versus lane 3). CD38 was read- tion in SLE T cells compared with normal T cells. Thus, T
ily detected in the floating raft pool from SLE T cells in cells were stimulated in vitro with PHA and IL-2 for 3 days
five out of eight SLE patients (16:97.5%), whereas very  (see Sectior2) and then analyzed for CD38 expression by
little, if any, was detected in eight healthy control T cells Western blotting of Brij 98-insoluble and -soluble fractions
(0.0£0.0%). In contrast, the mean values for the percent- from whole cell extracts. Equal number of cell equivalents
ages of CD3 (13.7+4.8%, in SLE versus 17:85.6%, in (0.5x 10°) were loaded in patients and control samples, and
controls), and CD3:(7.0+ 1.8% in SLE versus 10& 4.6% the proportion of CD38 present in the P fraction relative to
in controls) in floating rafts were somewhat lower in SLE than the total amount of CD38, (SN + P) was calculated. As shown
in normal T cells, although the differences were not statisti- in Fig. 4B, there was a dramatic increase in the total amount
cally significant (either by the Fisher’s exact test, or unpaired of CD38 (SN + P) in PHA-stimulated T cells from both SLE
r-test). patients (lanes 3 and 4) and healthy controls (lanes 7 and 8)
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Fig. 3. Increased CD38 expression in SLE T cells and SLE T cell subsets. (A) Percentage of puriffetl €ili8 expressing CD38. (B) Percentage of CD4
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double positive cells are shown for SLE patients (filled squares), and healthy controls (open squares). Each symbol represents one patieandrtoentrol
bar within each group represents the mean percentage valu®. idiees are indicated in each panel (two-tailed unpaired Studetets).

as compared with that in ex vivo untouched T cells (lanes 1,

2, 5, and 6). Moreover, in PHA-stimulated SLE and control
T cells there was a significant shift of CD38 into the Brij 98-

normal T cells Fig. 5A). However, although the percentages
of GM1* SLE T cells were increased as compared with that in
normal T cells, these differences were not statistically signif-

insoluble fraction (lanes 3 and 7) as compared with thatin ex icant (18.5+ 3.7%,n =6, in SLE versus 13.6 2.4,n=8, in
vivo cells (lanes 1 and 5). In contrast, the amount of Fyn, or controls,P=0.2180). Interestingly in PHA-stimulated T cells
actin and its distribution between soluble and insoluble frac- about 35-40% of the CD3&ells were also GM1(Fig. 5B),

tions remained constant upon PHA stimulation, which was which suggested the selective expansion of a subset that ex-
indicative of equal protein loadingig. 4B). Therefore, PHA pressed both markers. Moreover, these data were indicative
stimulation induced quantitative and qualitative changes in that in both SLE and normal T cells an increased proportion
the amount and distribution of CD38 between raft and non- of the plasma membrane adopts a lipid raft structure upon

raft fractions.

3.5. Increased lipid raft expression and altered
CDA4:CDS8 ratio in ex vivo SLE T cells

3.5.1. Recapitulation in normal T cells upon mitogenic
stimulation

Next, to visualize rafts on the cell surface, ex vivo and
mitogen-stimulated T cells were analyzed for GM1 sur-
face expression with fluorescent-labeled CTB and flow cy-
tometry. CTB binds the raft-associated glycosphingolipid
GML1, previously shown to be a reliable marker for detec-
tion of lipid raft domains Janes et al., 1999The analysis
(Fig. 5A) revealed an increased proportion of ex vivo SLE T
cells that bound CTB compared with that in normal T cells
(2.5+0.4%,n=18,in SLE versus 0.2 0.1%,n» = 10, in con-
trols, P=0.0095). PHA stimulation resulted in dramatic in-
creases in the percentages of GMlls in both SLE and

mitogenic stimulation.

Ex vivo and PHA-stimulated T cells were analyzed for
CD4:CDS8 ratio by flow cytometry. Patients with SLE had
a significantly reduced CD4:CD8 ratio compared with that
of healthy controlsKig. 5C, P=0.0022), as described pre-
viously ury et al., 2004 This was due to a significant
reduction in the number (%) of CD4T cells (P <0.0001,
Fig. 5D), and to a significant augmentation in the propor-
tion of CD8" T cells (P=0.0447,Fig. 5E). Interestingly, in
healthy controls PHA-stimulated T cells had a significantly
reduced CD4:CD8 ratio compared with that of ex vivo T
cells (Fig. 5C, P=0.0052), which was caused by a signifi-
cant reduction in the percentage of CD# cells (Fig. 5D,
P=0.0145), and an increase in the percentage of TD8
cells (Fig. 5, P=0.0156). This altered phenotype paralleled
the one obtained in untouched vivo SLE T cells. In con-
trast, in SLE patients, PHA-stimulation did not induce sig-
nificant changes in the CD4:CDS8 ratio, neither in the number
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Fig. 4. (A) CD38 is associated with floating rafts in ex vivo SLE T cells. Floating rafts (R), and Soluble fractions (S) were prepared from untouthed T cel
purified by immunomagnetic depletion of non-T cells (see Se@jdrom one SLE patients (lanes 1 and 2) and one healthy control (lanes 3 and 4) without any
ex vivo stimulation. Proteins were separated on SDS-PAGE and analyzed by Western blotting with anti-CD38, antn@Dehti-CD3e antibodies. This is

a representative experiment out of eight experiments done in eight different SLE patients and eight healthy controls. Densitometric data 08-G;288, CD
CD3- in floating rafts (R) were calculated ashing. 2A (see SectiorB for specific numbers). (B) Increased CD38 expression and translocation into the Brij
98-insoluble fraction in T cells upon PHA stimulation. SN and P fractions were prepareéFias i from: ex vivo untouched SLE T cells (lanes 1 and 2), ex

vivo normal healthy control T cells (lanes 5 and 6), PHA + IL-2-stimulated SLE T cells (lanes 3 and 4), or PHA + IL-2-stimulated normal T cells (lanes 7 and
8). Proteins were separated by 12% SDS-PAGE, transferred, and analyzed by Western blotting with anti-CD38, anti-Fyny-actiraatitibodies. This is a
representative experiment out of eight experiments done with cells from eight different SLE patients and eight healthy controls.

of CD4*, nor CD8 T cells compared with that of ex vivo  tion of CD38 in floating rafts in both SLE PBMC and T
SLE T cells Fig. 5C-E, respectively). cells. Consistent with previous report8l¢ocer-Varela et

Taken together, these resultsiigs. 4 and 5ndicate that al., 1991 al-Janadi and Raziuddin, 1993he percentage of
ex vivo SLE T cells show an increased raft expression and CD3" T cells that express CD38 is significantly higher in
altered phenotype, which can be recapitulated by PHA stim- SLE patients than in healthy controls. Moreover, we have
ulation of normal T cells. PHA stimulation also induces in- found a significant increased percentage of CDB38",
creased CD38 expression, and active recruitment of CD38CD4"CD38", and CD23CD38" T cells in patients with
to lipid rafts. This may be associated with an augmenta- SLE in comparison to normal controls. CDBD38" T
tion in the proportion of the plasma membrane adopting a cells are increased in advanced viral infectiof®lles-
lipid raft structure, as judged by the increased expression ofIsles et al., 1998 and CD8CD38" lymphocyte percent
GM1 on the cell surface, and the distinct expansion of the is a useful immunological marker for monitoring HIV-1-
CD38'GM1* T cells. infected patientsNlocroft et al., 1997. In this regard, PHA-

stimulation of normal T cells results in reduced CD4:CD8

ratio and increased CD38 expression, which paralleled the
4. Discussion altered phenotype of ex vivo SLE T cells. The contribu-

tion of the increased CO&ED38" T cells to the pathol-

In this study, we provide evidence of increased insolu- ogy of the SLE disease remains uncle&rkeller-Yuksel
bility of CD38 in the non-ionic detergent Brij 98 at phys- et al., 1997, but together with increased CH@D38" and
iological temperatures in SLE PBMC as compared with CD25"CD38" T cells could be indicative of persistent T cell
normal PBMC, which correlated with an increased propor- activation.
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Fig. 5. Increased lipid raft expression and altered phenotype in ex vivo SLE T cells. Effect of PHA stimulation. Number (%) oézD@anel A), or CD38

cells (panel B) expressing GM1 on the cell surface in ex vivo or PHA-stimulated T cells from 18 SLE patients (black histograms) and 10 healthgmemtrols (
histograms). The relative proportions of T cells expressing CD4 or CD8 (panel C) were expressed as a ratio (CD4:CD8) on ex vivo or PHA-stimwated T cell
from eight SLE patients (black histograms) or from seven healthy controls (open histograms). The number (%) @z®BKD), or CD8 (panel E) T cells.

All results are expressed as mean + S.E.M. Phalues are indicated in each panel (two-tailed unpaired Studetiets).

CD38 function in T cells is mediated by cell-surface as- extent surprising that in normal resting T cells CD38 was
sociation with the TCR/CD3 complexMorra et al., 1998; detected exclusively in soluble fractions. The mechanism by
Zubiaur et al., 1997, 1999and the localization of CD38 which CD38 in T cells is included or excluded from rafts
to lipid raft domains is essential for CD38-mediated signal- is not known, but it may be related rather with the signifi-
ing in CD38-transfected murine T cell linegubiaur et al., cant differences in the lipid raft composition and dynamics
2002, orin Jurkat T cells, which constitutively express CD38 between resting and activated/effector T cells, and not with
(Munoz et al., 2008 In these T cell lines, CD38 appears to the level of expression of CD38. Thus, the organization of
localize to the rafts without the need for ligatiad{noz et GM1-lipid rafts on the T cell membrane appears develop-
al., 2003; Zubiaur et al., 2002Therefore, it was to some  mentally regulatedHare et al., 2008 Interestingly, in rest-
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ing human T cells from peripheral blood Lck and the raft The low number of cells used in this study precluded the
glycosphingolipid GM1 reside in intracellular membranes, analysis of the protein composition of CD38-containing rafts
while in activated/effector T cells the amount of these mark- in either resting or activated SLE T cells but it is likely that
ers at the plasma membrane increases significantiygto et the anomalous expression or changes in membrane location
al., 200). These dramatic increases in GM1 cell surface ex- of signaling molecules as CD3-or Lck found in these pa-
pression can be recapitulated in vitro by a number of differ- tients Qury et al., 2003; Krishnan et al., 2004ay lead to
ent stimuli including PHA Tuosto et al., 2001 TCR/CD3 anomalous lipid raft-mediated signaling. It has been shown
cross-linking with a soluble CD3 ligandTfomas et al.,  that ligand-mediated cross-linking of GM1 moieties in lipid
20038, or with anti-CD3/CD28 bead$S(aughter etal., 2003;  rafts facilitates an exchange of proteins including the redistri-
Tuosto et al., 2001 Likewise, murine and human T cell  bution ofthe TCR and adhesion moleculesin T céllg¢hell
lines, which have an effector phenotype, express high lev- et al., 2002. We speculate that the increased expression of
els of GM1 on the cell surface, and CD38 is readily detected CD38 in floating rafts from SLE T cells, or from activated T
in lipid rafts (Zubiaur et al., 2002; Munoz et al., 200®ur cells may modulate TCR signaling by providing or seques-
present findings are significant in this regard, as the dramatictering signaling molecules to the engaged TCR. This aspect
changes in the distribution of CD38 into Brij 98-insoluble will require further study and may help in searching for new
and -soluble fractions upon mitogenic stimulation of normal molecular mechanisms of positive or negative regulation in
T cells Fig. 4B) correlated with increased GM1 expression T cells.
on the cell surfaceFig. 5A), and a distinct expansion of
GM1*CD38' T cells Fig. 5B). Likewise, in untouched SLE
T cells a significant proportion of CD38 is associated with Acknowledgments
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1 Introduction

Haptoglobin (Hp) consists of two different polypeptide
chains, the o and B chain. The B chain (40kDa) is heavier
than the o chain and is identical in all Hp types. The Hpo
gene, located on chromosome 16q22, consists of three struc-
tural alleles: Hp'f, Hp'®, and Hp? [1]. The gene products of
the Hp'fand Hp'® alleles, the o1F and 1S chains, are of the
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equal length but differ in the number of charged residues.
The a1F chain carries aspartic acid and lysine residues at
positions 52 and 53, whereas at these positions asparagine
and glutamic acid residues are located in the a1S chain. All
other amino acids (aa) are identical in both Hpal proteins.
The Hp? allele originates from fusion of the Hp'fand Hp'S
alleles, presumably by a non-homologous crossing-over be-
tween the structural alleles during meiosis [2]. Therefore,
this allele codes for a polypeptide chain, Hpo2, that is almost
twice as much longer as the o1 chains. The three alleles are
responsible for six Hp phenotypes: 1F-1F, 1S-18S, 1F-1S, 2—
1F, 2-18S, and 2-2 [2, 3]. However, due to the sequence simi-
larity of the o1S and o1F chains, often only the three major
phenotypes Hp 1-1, Hp 2-2, and Hp 2-1 are described in the
literature [1, 4]. The Hp 1-1 phenotype express only a1 var-
iants (~9kDa), while the 2 chains (16 kDa) are present in
both Hp 2-2 and Hp 2-1 phenotypes. The Hpa chains form
varying spot patterns in 2-DE gels, which can only be fully
identified by MS, and MS/MS analysis [2, 3].

Hp, one of the acute phase proteins induced in response
to infection, tissue injury, and malignancy, was originally
described as functioning by the absorption of free hemoglo-
bin and thus preventing kidney damage [1]. However, it has
subsequently become apparent that the physiological role of
Hp is not restricted to the trapping of free hemoglobin. Bac-
teriostatic and angiogenic effects and antibody-like and anti-
oxidative properties have also been suggested [1, 4]. Hp in-
hibits lectin-induced lymphocyte transformation [1] and may
selectively bind to CD22, a B cell-specific lectin that mediates
the interactions of mature B cells with erythrocytes, lym-
phocytes, monocytes, neutrophils, and endothelial cells [5].
Hp binds to human peripheral blood neutrophils via a spe-
cific membrane receptor [6]. Adding Hp to culture medium
together with stimulatory agents such as formyl-methionyl-
leucyl-phenylalanine (fMLP), arachidonic acid, and opso-
nized zymosan, specifically inhibits the neutrophil respira-
tory burst activity [6]. These cell interactions are likely to be
affected by changing levels of Hp.

The Hp1l-1 phenotype is associated with a higher bind-
ing and antioxidant capacity compared with the Hp 2-2, or
Hp 2-1 phenotypes. In contrast, the Hp 2-2 phenotype is
associated with a higher immune reactivity and ability to
form antibodies. Moreover, the possession of a particular
phenotype has been associated with the prevalence and clin-
ical evolution of many inflammatory diseases including
infections as tuberculosis, vaccination, viral hepatitis, ather-
osclerosis, cardiovascular and autoimmune diseases [1, 3-5,
7). However, the association of the two allelic «1S and o1F
variants or a2 and a1 PTM that lead to structurally distinct
protein species with different clinical conditions has not
been studied.

Systemic lupus erythematosus (SLE) is a systemic auto-
immune disease characterized by a waxing and waning
course and the involvement of multiple organs, including
skin, kidneys, and CNS [8]. SLE patients display multiple
abnormalities in T cell antigen-mediated signaling that lead
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to B cell hyper-responsiveness, increased apoptosis, skewed
cytokine production, and breakdown of immunological tol-
erance (reviewed in [9], and [10]). Although SLE ethiopathol-
ogy is poorly understood, there is likely a role for environ-
mental triggers, for instance viruses, acting in the context of
susceptibility genes [11, 12]. A significant increase of the
haptoglobin type 2-2 and a concomitant decrease in the per-
centage of the 2-1 phenotype has been found in SLE patients
[13]. Since the method used to determine the Hp phenotypes
did not allow distinguishing between the two ol isoforms,
and even less, to detect PTM [13], the contribution of either
o1F, or 1S and derivatives to these abnormalities is lacking.
In this study, SLE patients show increased presence of the
Hp 2-2 and Hp 2-1S phenotypes, and decreased Hp 2-1F
phenotype. This results in both, increased frequency of the
Hp? allele and diminished frequency of the Hp'" allele.

2 Materials and methods
2.1 Patients and healthy controls

Fifteen outpatients fulfilling the revised American College of
Rheumatology (ACR) criteria for the diagnosis of SLE [14],
and routinely followed in the Systemic Autoimmune Dis-
eases Unit (Hospital Clinico San Cecilio, Granada, Spain)
participated in this study. Sixteen healthy, age-matched
volunteers served as controls. Disease activity was scored and
the SLE Disease Activity Index (SLEDAI) was calculated [15].
All subjects participating in the study were Caucasians.
Complete blood cell count, serum complement and serum
anti-nuclear and anti-DNA antibodies were measured in all
patients. The study protocol was approved by the Hospital
Clinico San Cecilio, and CSIC Review Board and Ethics
Committees. Written informed consent was obtained from
all participating patients and volunteers according to the
Declaration of Helsinki.

2.2 Plasma sample collection

Blood was collected by the BD Vacutainer system into K,-
EDTA tubes (BD Diagnostics, NJ) and plasma was separated
from cells by density gradient centrifugation over HISTO-
PAQUE®-1077 (Sigma-Aldrich Quimica, Spain). The super-
natant was collected, checked for the absence of cells by light
microscopy, and fractionated in aliquots that were stored at
—80°C.

2.3 Albumin and IgG depletion

Plasma samples were albumin and IgG depleted by using
the Aurum™ Serum Protein kit (Bio-Rad, Hercules, CA) fol-
lowing the manufacturer’s instructions. Briefly, 60 pL of
plasma was mixed with 180 pL of binding-buffer and the so-
lution was deposited onto the column, mixed with the sor-
bent and allowed to stand for 5min. This mixing step was
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repeated twice and the protein extract was eluted by cen-
trifugation at 10 000 x g (20s). The column was washed with
200 pL of binding buffer followed by a second centrifugation
at the same speed. The two eluates were mixed and stored for
analysis. Protein concentration was determined in each
sample by using the Protein Assay kit (Bio-Rad).

2.4 2-DE

2-DE was carried out using the Protean IEF cell and Criterion
electrophoresis cell systems (Bio-Rad). Plasma samples
depleted of albumin and IgG were diluted in 185 HL of rehy-
dratation/sample buffer containing 8 M urea, 2% w/v
CHAPS, 50mM DTT, 0.2% Biolyte® 3/10 ampholytes, and
Bromophenol Blue (trace) (Bio-Rad). First-dimension IPG
strips (Bio-Rad: 11 cm, linear pH 4-7 gradient) were loaded
with the solubilized samples through passive in-gel rehydra-
tion 12-18 h at 20°C. The 11-cm IPG strips were focused in a
one-step procedure, at 8000 V for 30000 Vh at 20°C with a
current limit of 50 pA. Prior to the second-dimension
separation, the focused strips were equilibrated for 10 min in
Equilibration Buffer I (6 M urea, 2% SDS. 0.375 M Tris-HCI
pH 8.8, 20% glycerol, and 2% w/v DTT) followed by another
10 min in Equilibration Buffer II (Equilibration Buffer I with
2.5% w/v iodoacetamide instead of DTT). The equilibrated
IPG strips were positioned on Criterion XT Precast Gels (4—
12% gradient in XT MES buffer) and the separation was
performed at 150 V at room temperature. The gels were fixed
for 30min in 10% methanol, 7% acetic acid and stained
overnight with SYPRO Ruby fluorescent stain (Bio-Rad)
according to the manufacturer’s instructions. The stained
gels were scanned with a Typhoon 9400 system (Amersham
Biosciences). Then gels were washed with double-distilled
H,0 and stained for 60 min with Bio-Safe stain (Bio-Rad) and
scanned using a GS-800 Calibrated densitometer (Bio-Rad).
Digitalized gel images were analyzed with the PDQuest
software version 7.2 (Bio-Rad)

2.5 In-gel digestion of proteins

Gel pieces containing the proteins of interest were manually
excised and subjected to in-gel digestion using a 96-well
ZipPlate kit for sample preparation (Millipore Ibérica SA
Madrid, Spain). Proteins were reduced, alkylated, and
digested with sequence grade trypsin (Promega, Madison,
WI) according to the manufacturer’s protocol. Peptides were
eluted by the centrifugation using 5-10 pL of 60% v/v ACN/
0.1% v/v TFA.

2.6 Protein identification by MS
2.6.1 Protein identification methods

Proteins were identified either by PMF by MALDI-TOF MS
or by peptide sequencing using nano(n)ESI-IT MS/MS.
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2.6.2 MALDI-TOF MS

MALDI-TOF MS analysis of the tryptic digest was performed
using a Voyager DE-PRO (Applied Biosystems, Barcelona,
Spain) instrument in the reflectron mode. Spectra were
externally mass calibrated using a standard peptide mixture.
For the analysis, 0.5 puL of the peptide extract and 0.5 pL of
matrix (CHCA, 3 mg/mL) were loaded in the MALDI plate
and were let to dry.

2.6.3 nESI-IT MS/MS

Selected peptides from the tryptic digest were sequenced on
a Finnigan LCQ IT mass spectrometer (ThermoQuest, Fin-
nigan MAT, San Jose, CA) equipped with a nanospray
source (Protana, Odense, Denmark). The spray voltage
applied was 0.85kV and the capillary temperature was
110°C. For MS/MS experiments, the isolation window was
three mass units wide and the relative collision energy was
30%. Samples were desalted prior to the analysis with C18
ZipTip pipette tips (Millipore, MA) following standard pro-
cedures.

2.6.4 Database search

MASCOT (Matrix Science, London, UK) and the Protein
Prospector v 3.4.1 (UCSF Mass Spectrometry Facility, Uni-
versity of California) were used for protein identification
from the PMF or peptide fragment-ion data obtained from
MALDI-TOF-MS and MS/MS analysis, respectively. The
Swiss-Prot (European Bioinformatics Institute, Heidelberg,
Germany, Update 02/20/02), MSDB, and NCBInr databases
were used for the search.

2.7 Statistical analysis

Statistical analysis of Hp plasma levels was performed using
the non-parametric two-tailed Mann-Whitney test (GraphPad
Software, Version 4.02, San Diego, CA). Statistical signifi-
cance was set at p <0.05. To evaluate whether the gene fre-
quencies fulfilled the Hardy-Weinberg equilibrium, a chi-
square test was used to compare the observed number of
subjects with the expected number.

3 Results
3.1 2-DE analysis of control and SLE plasma samples

The protein profile of plasma samples from 16 controls and
15 SLE patients of unknown Hp phenotype were examined
by 2-DE. Very few proteins from plasma were observed in
2-D gels to migrate below pH 4. Above pH 7, gels were
dominated by light and heavy chain immunoglobulin pro-
teins (data not shown). Moreover, removal of albumin and
IgG from plasmas allowed a higher sample load and
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improved the visualization of less abundant proteins (data
not shown). Therefore, for proteome analyses of the albu-
min- and Ig-removed plasmas, proteins were separated in
IPG strips ranging from pH 4 to 7. At first glance, the protein
patterns visualized by Bio-Safe Coomassie-stained gels from
healthy controls and SLE patients resemble each other clo-
sely (Fig. 1). However, upon closer examination, significant
differences between the protein compositions in healthy
controls and SLE patients became evident. The differences
found in the low-molecular mass region boxed in Fig. 1 will
be described in detail below. Since several spots were difficult
to visualize by Coomassie staining, the differential protein
analyses that follow were performed from SYPRO Ruby-
stained gels.
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Figure 1. Plasma from a healthy control (A) and from an SLE
patient (B) upon depletion of albumin and lg. The region where
prominent differences in protein expression patterns occur is
boxed (see Fig. 2). Total protein amount was 35 pg. pH range 4-7,
11-cm IPG strips in the first dimension, 4-12% Criterion PreCast
XT Gels in XT MES buffer in the second dimension. Bio-Safe
Coomassie staining.

3.2 Interindividual differences in the haptoglobin o
species

Differences in several spots in the low-mass region were
observed and identified as Hpo derivatives after visual
inspection of the spot pattern of SYPRO Ruby-stained gels
(Fig. 2). The Hpa spots locations and patterns were compa-
rable to those in the Swiss-2-D database plasma map
(www.expasy.org/ch2d/), however, given the similarity of the
sequences of the different Hp isoforms, assignation of each
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Figure 2. Comparison of 2-DE protein patterns in the low mass
region of albumin- and Ig-depleted plasmas showing haptoglo-
bin o chains. (A) Hp 2-2, (B) Hp 2-1S, (C) Hp 2-1F, (D) Hp 1S-1S, (E)
Hp 1F-1F, and (F) Hp 1S-1F phenotypes. Numbers 1, 2 and 3 indi-
cate spots of haptoglobin o2 chains; numbers 4, 5, and 7 are
spots of haptoglobin «1S chains; numbers 5, 6, and 8 contains
haptoglobin a1F, and spot T1 contained transthyretin protein
species. Same running conditions as in Fig. 1 except that about
100 pg of total protein was loaded per gel. SYPRO Ruby staining.

isoform could only be done on the basis of specific tryptic
peptide signals observed in the MALDI spectra [2, 3] (see
below).

Samples belonging to the phenotype Hp 2-2 showed o2
spots only (Fig. 2 and Table 1), with three prominent spots
separated in the first dimension, each with a distinct pl,
(spots 1-3; molecular masses of about 16kDa). The central
spot usually was the most prominent. In the 2-D gels repre-
senting the phenotypes Hp 1S-1S, Hp 1F-1F, and Hp 1S-1F

Table 1. Human plasma haptoglobin o chain derivatives char-
acterized in this study

Spot Description Number p/? VA
location® of aa

1 Hpa2,N5D 142 5.37 15946.7
2 Hpo2 142 5.57 15945.7
3 Hpo2,R143 143 5.82 16 101.9
4 Hpa1S,N5D 83 4.99 9193.1
5 Hpa1S 83 5.23 9192.1
7 Hpa1S,R84 84 5.6 9 348.4
5 Hpa1F,N5D 83 5.22 9193.2
6 Hpa1F 83 5.568 9192.1
8 Hpa1F,R84 84 6.1 9 348.4
a) See Fig. 2.

b) Theoretical values were calculated using the Compute p// M,
tool (www.expasy.org/tools/pi_tool.html).
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samples, the spots 1-3 are missing, indicating that Hp o2
isoform and derivatives are not present. In contrast in the Hp
2-1S and Hp 2-1F phenotypes, the 0.2 chains (spots 1-3), as
well as the a1 chains (spots 4, 5 and 7 in Hp 2-1S, or spots 5,
6, and 8 in Hp 2-1F; molecular masses about 9 kDa) were
visible as the main spots. Note that in the Hp 2-1S and Hp
1S-1S phenotypes an identical pattern of a1 spots was shown
(spots 4, 5 and 7 were present, whereas spots 6 and 8 were
missing), spot 5 being the most prominent. This pattern is
consistent with the identification of these spots as the a1S
isoform and derivatives.

In Hp 2-1F and Hp 1F-1F samples spots 4 and 7 were
missing, while spots 5, 6 and 8 were usually present, the spot
6 being the most prominent, which is consistent with the
presence of a1F derivatives only. In contrast, in the Hp 1S-1F
sample all ol spots were present (spots 4, 5, 6, 7 and 8),
which is consistent with the presence of both o1S and a1F
chains and derivatives. In this sample spots 6 and 7 appeared
very close with a more intensely stained left spot («1F iso-
form). Thus, three up to five different forms of a1 chains are
separated in 2-D gels of the Hp 2-1S, Hp 2-1F, Hp 1S-18,
Hp 1F-1F, or Hp 1S-1F phenotypes.

In this study, the six major Hp phenotypes were present
although with distinct frequencies in controls as compared
with those in SLE patients (Table 2). Nevertheless the selec-
tion of samples in healthy controls, with allele frequencies of
0625 (Hp?), 0.281 (Hp'®) and 0.093 (Hp'f) correlated fairly
well with the allele frequencies of European populations [16—
18]. In contrast, the Hp allele frequencies of the SLE patients
were 0.733 (Hp?), 0.233 (Hp"®), and 0.033 (Hp'"), indicating
clearly an increased frequency of Hp?, a similar proportion of

Table 2. Haptoglobin phenotype distribution and Hp allele fre-
quencies in healthy controls and SLE patients

Phenotype Controls? SLE?  Haplotype Controls®  SLEY
n=16" n=159 n=16" n=159

Hp 1S-1F  0(0) 1(6.7)  Hp2 0.625 0.733
Hp1S-1S  2(125)  0(0) Hp1S 0.281 0.233
Hp 1F-1F  1(6.25)  0(0) Hp1F 0.093 0.033
Hp2-1F  1(6.25) 0(0.0) Hp1 0.3749 0.266
Hp2-1S  5(31.25 6 (40)

Hp 2-2 7(4375)  8(53.3) Hp?Hp'ratio 1.67° 2.75°

a) The entries indicate the number of individuals with a particu-
lar phenotype. Data in parentheses represent percentage.
The calculation of gene frequencies is based on the gene
counting method, assuming that haptoglobins are codomi-
nantly inherited and therefore, phenotype = genotype. The
gene frequencies are in agreement with the Hardy-Weinberg
equilibrium.

c) Number of controls or SLE patients analyzed by 2-DE.

d) The Hp' allele frequency (the sum of Hp'S and Hp'F allele fre-
quencies) in European populations is ~0.40 [4], including the
Spanish population [16].

In balanced polymorphism, the Hp?Hp' allele ratio should
remain constant [1].

b

e
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Hp'"S and a diminished frequency of Hp'f in SLE patients
compared with that in healthy controls. Note that in SLE
patients the frequency of Hp' (Hp'® + Hp'") was 0.266, while
in controls it was 0.374 (Table 2).

3.3 Protein identification by MS
3.3.1 General observations

To gain insight into the composition of these spots, the
MALDI peptide maps of the corresponding tryptic digests
were then analyzed in detail. PMF searching identified these
spots as belonging to the Hp precursor family (Table 3).
However, the sequence database entries of haptoglobins are
for the least processed forms, comprising the signal peptide
(aa 1-18) followed directly by the o subunit, and with the
subunit located in the C-terminal portion of a single poly-
peptide chain [19], whereas in the mature Hp o subunits,
both the signal peptide and the B chain are not present.
Therefore, in a regular PMF database search, the experi-
mental peptide masses derived from Hpo2 and o1 subunits,
of about 16 and 9kDa, are confronted with the theoretical
peptide masses of their corresponding precursors (42 and
39kDa, respectively), which necessarily leads to relatively low
sequence coverage when compared with other proteins of
similar size as transthyretin, and, eventually, low P scores
(Table 3).

In contrast, manual inspection of each Hp precursor hit
indicated that the ion signals were for tryptic peptides corre-
sponding exclusively to the portion of the Hp precursor
sequence where the 02 or o1 subunits were located [2], lead-
ing to almost full-sequence coverage (Tables 4 and 5). More-
over, we noticed that the N-terminal and C-terminal tryptic
peptides of most of the Hp proteins analyzed by MALDI-TOF
had no matching peptides in the Hp precursors. Thus, the
additional 18 aa of the signal peptide lead to a theoretical
N-terminal tryptic peptide at m/z 5204.57, which cannot be
cleaved by trypsin into smaller peptides due to the absence of
arginine or lysine residues between the first aa of the signal
peptide and the first aa of the mature protein. In contrast, the
N-terminal tryptic peptide of the mature Hp o isoforms
lacking the signal peptide, yields ion signals at m/z 3349.6
(Fig. 3B-D) that, indeed, will never match with those gener-
ated by the Hp precursors. Likewise, an ion signal at m/z
2578.3 (Fig. 3A, B and D) that corresponds to the C-terminal
peptide of the o chains (aa 119-142 of the mature o2 isoform,
or aa 60-83 of the mature ol isoforms), has no matching
peptide in any of the annotated Hp precursors. The corre-
sponding peptide (aa 137-161 of the Hp-2 precursor, or aa
78-102 of the Hp-1 precursor) yields ion signals at m/z
2734.37. This is due to an additional arginine at the C termi-
nus that is removed from the mature o chains by a circulat-
ing carboxipeptidase of unknown nature [20]. Only the o
species that migrate to the more basic location conserve this
arginine [2].
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Table 3. Database search results with MALDI PMF data (see also Fig. 2 for spot location)

Spot? Mass (kDa)/p/ Protein Score Sequence Acc. number
theoretical coverage
1 45.86/6.13 Haptoglobin precursor 84 20 P00738"
2 42.12/6.25 Hp-2 alpha 126 27 Q6LBY9®
3 45.86/6.13 Haptoglobin precursor 120 23 P00738"
4 38.94/6.13 Haptoglobin precursor 70 18 HPHU1¢
5 38.94/6.13 Haptoglobin precursor 66 12 P00738"
6 45.86/6.13 Haptoglobin precursor 62 14 P00738"
7 45.86/6.13 Haptoglobin precursor 101 19 P00738"
8 38.94/6.13 Haptoglobin precursor 38 14 P00738"
T1 12.99/5.33 Transthyretin 247 91 2ROXAY

a) A total of 63 different spots from 12 controls and 7 SLE patients were analyzed (see Tables 4 and 5).

b) Swiss-Prot.

c) MSDB.
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Figure 3. MALDI-TOF-MS peptide mapping analyses from tryptic digests of (A) spot 4, (B) spot 5, (C) spot 2, and (D)
spot 6 shown in Fig. 2. Large numbers in the mass spectrum give precise m/z values for the detected peptide ion
signals that are specific for Hpa chains. m/z values of the N-terminal ad C-terminal peptides are indicated. Trypsin
autoproteolysis peptide at m/z2211.10 is labeled as Tryp. In panel (C), ion signals resulting from peptides that are

specific for Hpa2 protein are indicated with an asterisk.

3.3.2 Hpo2 spot family

We first analyzed the protein structures of the corresponding
spots 1-3 from 10-13 samples from either controls or SLE
patients (Table 4). Significant differences between the mass
spectra from the haptoglobin a2 proteins in the three spots
were found in the analyzed samples. As mentioned above, the

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

first 31 aa of mature Hpo comprise a characteristic tryptic pep-
tide at m/z 3349.5 that was detectable in all samples analyzed
from spots 2 and 3 (Table 4 and Fig. 3C). However, the masses
ofthe N-terminal peptides from spot 1 were found to be heavier
by 1 Da (m/z 3350.6) due to deamidation of the asparagine
residue at position 5 to aspartic acid [2]. The mass differences of
1 Da were clearly identified in most samples analyzed.
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Table 4. Most pronounced tryptic peptides of haptoglobin «2
polypeptide chains identified by MALDI-TOF-MS

[M+H]™ Haptoglobin a2 chain
Position" Relative abundance®
Spot 1 Spot 2 Spot 3
(22,N5D)  (22) (22,R143)
(n=11%  (n=14)4 (n=12)
3349.54 1-31 12.5 100.0 100.0
3350.52° 1-31 75.0 0 0
1166.53 32-39 18.2 14.3 0
1580.79 40-53 63.6 78.6 75.0
1708.89 40-54 100.0 100.0 100.0
2378.25 40-59 90.9 92.9 83.3
1439.70 42-54 27.3 57.1 58.3
2109.06 42-59 54.5 71.4 66.7
3432.60" 60-90 81.8 100.0 87.5
2962.35" 65-90 81.8 92.8 75.0
1166.53 91-98 18.2 14.3 0
1708.85 99-113 100.0 100.0 100.0
2378.21 99-118 90.9 92.9 83.3
1439.70 101-113 27.3 57.1 58.3
2109.03 101-118 54.5 71.4 66.7
1857.92 119-135 90.9 92.8 91.7
2578.27 119-142 36.4 50.0 0
2734.38% 119-143 0 0 50.0
895.479 136-143 0 0 50.0

a) Calculated values.

b) Sequence position.

c) The entries indicate the percentage of samples in which the
respective peptide masses were detected in the correspond-
ing mass spectra relative to the total number of spots ana-
lyzed.

Numbers in parenthesis indicate the number of different
spots analyzed, each one corresponding to a different plasma
sample from a different individual.

e) N-terminal peptide in which N5 is deaminated.

f) Peptides only present in o2 and derivatives.

g) C-terminal peptide with an additional arginine residue.

d

The masses of the C-terminal peptides from spots 2 and
3 were found at m/z 2578.28 (aa 119-142) whereas in the
Hpa2 protein species that migrated to a more basic location
(spot 3), a distinct ion signal at m/z 2734.38 was found in 6
out of 12 samples analyzed. According to Mikkat et al. [2], this
corresponds to the mass of the C-terminal peptide (aa 119-
143), which contains an additional arginine residue at the C
terminus (Table 4). Furthermore, in 6 out of 12 samples an-
alyzed an ion signal at m/z 895.47 was detected, which also
indicated a C-terminal peptide with the arginine-containing
Cterminus (aa 136—143). The presence of these peptides has
been reported for the o2 protein most basically located spot
[2], in agreement with our results.

Spots 1, 2 and 3 of most samples analyzed showed ion
signals at m/z 2962.3, corresponding to a peptide that is
specific for a2 species (aa 65-90), and therefore, it is not
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found in tryptic maps of a1 polypeptide chains [2]. Another
peptide that is also a2 specific, and showed an ion signal at
m/z 3432.6 (aa 60-90) was also detectable in tryptic maps
from most samples analyzed (Table 4). Other ion signals at
m/z 1708.85, 2378.21, 1439.7, and 2109.03 matched to two
tryptic peptides, because the sequence of the a2 chain is
composed of two nearly identical sequence stretches [20].
These ion signals and the one at m/z 1857.92 (aa 119-135)
were found in most samples analyzed.

MS sequence data using the nESI-ITMS/MS technique
(Fig. 4A) confirmed that peptide at m/z 1580.9 from spot 2
corresponded to aa 40-53 of haptoglobin a2, or o1F (Tables 4
and 5). Likewise, a peptide at m/z 1439.7 from spots 1, 2, and
3 was also analyzed by nESI-ITMS/MS and showed fragment
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bg Sequence: LRTEGDGVYTLNDK
672.27
1003
%
0 3
a5 3 yl
ot 909.33
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Figure 4. (A) nESI-ITMS/MS analysis of peptide with ion signal at
my/z 1580.9 from spot 2. The MS fragment ions from the y-type
and b-type ion series are indicated. The determined partial aa
sequence is depicted on top and was assigned to a haptoglobin
peptide comprising aa40-53 of haptoglobin o1, or «2. (B) nESI-
ITMS/MS analysis of peptide with ion signal at m/z 1439.7 from
spot 5. The MS fragment ions from the y-type and b-type ion se-
ries are indicated. Magnification showed the enlarged regions
around the y, (m/z 276), and b11 (m/z 1164.2) ions. The deter-
mined partial aa sequence is depicted on top and was assigned to
a haptoglobin peptide comprising aa 42-54 of haptoglobin «1S.
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Table 5. Most pronounced tryptic peptides of haptoglobin o1 polypeptide chains identified by MALDI-TOF-MS

[M-+H]™® Haptoglobin «1 chains
Position" Relative abundance®

Spot 4 Spot 5 Spot 5 Spot 6 Spot 7 Spot 8

(x1S,N5D)  («1S) (21F,N5D)  (a1F) («1S,R84)  (x1F,R84)

(n=5)9 (n=8)" (n=2)¥ (n=5) (n=5) (n=1
3349.54 1-31 0 100 0 100 100 100
3350.52°¢ 1-31 100 0 100 0 0 0
1166.53 32-39 20 12,5 50 0 20 0
1580.79" 40-53 0 0 50 100 0 100
1708.89 40-54 80 100 100 100 100 100
2378.25 40-59 100 100 100 100 100 100
1439.70 42-54 0 50 50 60 20 0
2109.06 42-59 60 87.5 100 80 60 0
1857.92 60-76 80 100 100 80 80 100
2578.27 60-83 60 62.5 100 40 0 0
2734.38% 60-84 0 0 0 0 60 100
895.479 77-84 0 0 0 0 40 0

a) Calculated values.
b) Sequence position.

c) The entries indicate the percentage of samples in which the respective peptide masses were detected in the
corresponding mass spectra relative to the total number of spots analyzed.

d

plasma sample from a different individual.
e) N-terminal peptide in which N5 is deaminated.
f) Peptide that is not generated in the o1S chain.
g) C-terminal peptide with an additional arginine residue.

ions corresponding to aa 42-54 of either Hpo2, or o1F (data
not shown). The apparent molecular weights of spots 1, 2,
and 3 (Fig. 2) are closer to that of %2 and derivatives (Table 1),
and, therefore, these spots could represent distinct PMF of
the haptoglobin 2 chain.

3.3.3 Hpa1S protein spot family

In general, spectra from Hpa1 proteins resemble those from
o2 species with the main exception that the ion signals at
m/z 2962.3 and m/z 3432.6 are missing, because the corre-
sponding tryptic peptides do not occur in a1 chains (Tables 4
and 5). Thus, Hpal and o2 species can easily be dis-
tinguished in the PMF spectra. Moreover, the aa sequences
of HpalS and a1F differ in a double aa exchange at positions
52 and 53. Accordingly, the tryptic peptide aa 40-53 that
generates an ion signal at m/z 1580.8 is contained in Hpa1F,
but is missing in the a1S protein, where a glutamic acid
residue at position 53 does not allow tryptic cleavage [1].

As neither the ion at m/z 1580.8 (Fig. 3 and Table 5), nor
other signals related to tryptic cleavage at the C terminus of
aa 53 were present in the PMF spectra from spot 5 in any of
the samples analyzed, we concluded that spot 5 represents
the unmodified HpalS chain (Table 5). To confirm this
assumption, the nESI-ITMS/MS spectrum from the peptide
at m/z 1439.7 from spot 5 was submitted to database search

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Numbers in parenthesis indicate the number of different spots analyzed, each one corresponding to a different

and yielded the identification of the corresponding peptide
sequence comprising aa 42-54 from the HpalS (Fig. 4B).
The ion signals in the y2 (m/z at 276.0) and b1l (m/z at
1164.2) ions showed the expected mass difference of 1 Da as
compared with the y, (m/z at 275) and by; (m/z at 1165.1)
ions of the corresponding fragmentation of peptide 42-54
from HpalF (Fig. 5B). These differences in the masses of'y,
and by, ion fragments allow the unambiguous identification
of spot 5 as a1S and spot 6 as a1F.

Of note is that spot 7 from most samples analyzed
showed ion signals at m/z 2734.4 and at m/z 895.48 that
indicated the presence of C-terminal peptides aa 60-84 and
aa 77-84, respectively, with an additional arginine at position
84 (Table 5). The absence of signal at m/z 1580.8 led us to
conclude that this spot corresponded to the Hpa1S,R84 form
(Table 1). In contrast, spot 4 of most samples analyzed
showed ion signals at m/z 2578.23, indicating the presence
of a normal C-terminal peptide (aa 60-83). The absence of
ion signals at m/z 1580.8, and the presence of ion signals at
m/z 3350.55, which is the increase of 1 Da in the N-terminal
peptide of the protein migrating on the acidic side (Fig. 3 and
Table 5) due to deamidation of the asparagine residues at
position 5 to aspartic acid [2], strongly suggested that this
alS derivative corresponds to Hpa1S,N5D (Table 1). There-
fore, the MALDI spectra revealed the same three structural
modifications for Hpa1S proteins as for the a2 chain spots.
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Figure 5. (A) nESI-ITMS/MS analysis of peptide with ion signal
at m/z 1580.8 from spot 6. The MS fragment ions from the y-type
and b-type ion series are indicated. The determined partial aa
sequence is depicted on top and was assigned to a haptoglobin
peptide comprising aa 40-53 of haptoglobin a1, or o2. (B) nESI-
ITMS/MS analysis of peptide with ion signal at m/z 1439.7 from
spot 6. The MS fragment ions from the y-type and b-type ion
series are indicated. Magnification showed the enlarged regions
around the y, (m/z 275), and b11 (m/z 1165.2) ions. The deter-
mined partial aa sequence is depicted on top and was assigned
to a haptoglobin peptide comprising aa 42-54 of haptoglobin o1,
or o2.

3.3.4 Hpa1F spot family

Spot 6 showed the characteristic ion signal at m/z 1580.8 in
all five samples analyzed (Table 5), strongly suggesting the
presence of o1F in this spot. nESI-ITMS/MS analysis of this
peptide (Fig. 5B) clearly revealed the sequence of the peptide
corresponding to aa 40-53 of o1F, or o2 (Tables 5 and 4).
Likewise, as mentioned above, nESI-ITMS/MS analysis of a
peptide at m/z 1439.7 (Fig. 5A) produced fragment ions
belonging to the haptoglobin sequence ranging aa 42-54,
which is present in a1F, and o2, but not in «1S. Spot 6 also
showed an ion signal at m/z 2578.3, characteristic of the
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normal C-terminal peptide without arginine at the C termi-
nus (aa 60-83). The absence of the ion signal at m/z 2734.4
was also consistent with the presence of a1F and not a.1S,R84
in that spot. Therefore, the protein in spot 6 will be referred
to as HpalF (Table 1).

Ion signals at m/z 3350.5 were detected in spot 5 of two
samples analyzed (one with Hp 1F-1F phenotype and the
other with Hp 2-1F), and in both cases this spot was likely to
correspond to the N-terminally deaminated form of the o1F
chain (Hpa1F,N5D), and not to HpalS. The MALDI-TOF
spectrum from spot 8 showed the ion signal of the unmodi-
fied N-terminal peptide (m/z 3349.6) and of the C-terminal
peptide with the additional arginine residue (m/z 2734.4)
and, thus the protein in spot 8 will be referred to as
HpalF,R84 (Table 5).

In conclusion, the MS analysis discovered three main
structural variants of both haptoglobin «1S and a1F.

3.4 Haptoglobin levels

The median Hp plasma levels were significantly higher in
SLE patients with high SLEDAI scores (127.5 mg/dL) than in
SLE patients with low or not disease activity (69 mg/dL) (p =
0.0411) (Fig. 6). However, these differences were at the limit
of significance when compared with the Hp levels of the
normal healthy population (79.2mg/dL), probably due to the
low number of individuals analyzed (p = 0.0549) (Fig. 6).
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Figure 6. Hp plasma levels were measured by nephelometry. SLE
patients were segregated according to their SLEDAI scores,
which is highly indicative of the disease activity [15]. p Values
were calculated by the Mann-Whitney test (two-tailed).

4 Discussion

Plasma samples from healthy controls and SLE patients have
been comparatively analyzed by 2-DE. There are remarkable
interindividual differences in the Hp patterns of SLE
patients compared with those of healthy controls. Thus,
HpalF protein is only present in one of the patients studied,
whereas the Hpo2 isoform is detected in all but one SLE
patients studied. This results in an Hp? allele frequency
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(0.733), which is significantly higher than that in healthy
controls (0.625). Moreover, the frequency of the Hp'F allele is
drastically diminished (0.033 in SLE vs. 0 093 in controls). As
the Hp'S frequency in our study is relatively normal, the
overall diminished Hp' frequency must be attributed to the
Hp'" allele. Interestingly, in a previous study on Hp dis-
tribution in SLE patients from Sweden [13], the Hp' fre-
quency in SLE patients was 0.278, which is quite similar to
the one found in the present study (0.266). However, in the
Swedish study no distinction was made between Hp 2-1S
and Hp 2-1F phenotypes because only the three major Hp
phenotypes (Hp 2-2, Hp 2-1, and Hp 1-1) were tested. Note
that the Hp' allelic frequency in different European popula-
tions is about 0.4 [1], including the Spanish population ([16],
and this study).

SLE is a chronic, multisystem autoimmune disease
characterized by the differentiation of short- and long-lived
immunoglobulin secreting plasma cells that secrete patho-
genic autoantibodies [21]. In this sense, the association of the
Hp? allele with SLE may be connected with the superior
ability of individuals with the Hp 2-2 phenotype to produce
antibodies [1, 4]. Moreover, individuals with the Hp 2-2 phe-
notype show an unbalanced number of B cells between the
periphery and bone marrow [4]. Hp binds to the CD22
receptor on human B cells [4], which is implicated in B cell
activation and survival. Although the affinity of the binding
is the same for the three phenotypes, the number of free
CD22-binding sites in the circulation is estimated to be
higher in Hp 2-2 individuals. Increased B cell expression of
CD22 promotes the presence of autoreactive B cells in the
mature repertoire [22]. In addition, murine CD22 is located
within the sle3 susceptibility locus [23], and a polymorphism
of cd22 associates with SLE in a study of Japanese patients
[24]. Tt is likely that the Hp/CD22 interaction can modulate B
cell function. Thus, soluble Hp could inhibit the interaction
of CD22" B cells with the activated endothelial cells, which
upon treatment with pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-o) display increased
expression of cell-surface CD22 ligands [5]. Overall, there are
no dramatic changes in the plasma Hp levels in the SLE
patients studied (Fig. 6), although the patients with higher
disease activity showed significant higher Hp levels than
those with lower or no activity. Despite that a larger number
of samples should be included, increased Hp levels may cor-
relate with increased disease activity, which is when the
release of pro-inflammatory cytokines and the resultant
acute-phase response may occur.

The Hp polymorphism is related to the prevalence and
the outcome of various pathological conditions with altered
iron metabolism such as hemochromatosis, infections, and
atherosclerotic vascular disease. Free hemoglobin promotes
the accumulation of hydroxyl radical and harmful reactive
oxygen species (free radicals), because iron can generate ex-
tremely reactive hydroxyl radicals in the presence of H,0,
[25]. Hp functions as an antioxidant and an essential endo-
thelial protector by binding to free hemoglobin [26]. How-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ever, both the hemoglobin-binding and the antioxidant ca-
pacity of Hpa1 is higher compared with that of Hpa2 [1, 5].
The lower Hb-binding capacity of individuals with the Hp 2—
2 phenotype results in more renal damage and higher serum
iron levels, at least in males [27].

The increased antioxidant function of Hp1 is thought to
confer protection from angiopathies. Thus, following a
myocardial infarction, the severity and extent of myocardial
damage is greater in patients with Hp 2-2 phenotype than in
those with Hp 1-1, or Hp 2-1 [28]. In addition, the survival
time in patients with Hp 2-2 who have undergone coronary
artery bypass graft is shorter than for people with other Hp
phenotypes [4]. These data suggest that Hp 2-2 protects less
against oxidative stress in arterial vessels. Interestingly, the
Hp 2-2 phenotype is an independent risk factor for cardio-
vascular disease in individuals with diabetes [29]. This is
probably due to the increased generation of redox active iron
induced preferentially by Hp 2-2-Hb complexes [30]. In Hp-
null mice, free hemoglobin accumulates predominantly in
the kidney instead in the liver and spleen as in wild-type
mice [31]. In Hp-null mice, induction of severe hemolysis by
phenylhydrazine causes greater mortality rate and oxidative
tissue damage than in normal mice [32].

Cardiovascular disease is an important complication in
patients with SLE, and the increased risk of cardiovascular
disease in these patients is not fully accounted for by tradi-
tional atherosclerotic risk factors [33]. Moreover, several stud-
ies indicate that atherosclerosis is an active inflammatory and
immune-mediated process [34], and that this dyslipoprotein-
emia, which is characterized by high serum triglyceride levels
and low serum levels of high-density lipoprotein, correlates
with increased disease activity in patients with SLE [33]. Fac-
tors, capable of modulating the inflammatory response in
patients with SLE, are, therefore, likely to be of interest with
regard to the pathogenesis of cardiovascular disease in these
patients. Knowledge of the haptoglobin phenotypes and their
PMF by 2-DE and MS in SLE patients can help predicting or
preventing cardiovascular disorders and determining a more
precise prognosis and better treatment.
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DC-SIGN ligation on dendritic cells results in ERK and PI3K activation
and modulates cytokine production

Esther Caparros, Pilar Munoz, Elena Sierra-Filardi, Diego Serrano-Gémez, Amaya Puig-Kréger, José L. Rodriguez-Fernandez,
Mario Mellado, Jaime Sancho, Mercedes Zubiaur, and Angel L. Corbi

The generation of pathogen-specific im-
mune responses is dependent on the sig-
naling capabilities of pathogen-recognition
receptors. DC-SIGN is a C-type lectin that
mediates capture and internalization of vi-
ral, bacterial, and fungal pathogens by my-
eloid dendritic cells. DC-SIGN-interacting
pathogens are thought to modulate den-
dritic cell maturation by interfering with intra-
cellular signaling from Toll-like receptor mol-
ecules. We report that engagement of DC-
SIGN by specific antibodies does not
promote dendritic cell maturation but in-
duces ERK1/2 and Akt phosphorylation

without concomitant p38MAPK activa-
tion. DC-SIGN ligation also triggers PLCy
phosphorylation and transient increases
in intracellular calcium in dendritic cells.
In agreement with its signaling capabili-
ties, a fraction of DC-SIGN molecules
partitions within lipid raft-enriched mem-
brane fractions both in DC-SIGN-trans-
fected and dendritic cells. Moreover, DC-
SIGN in dendritic cells coprecipitates with
the tyrosine kinases Lyn and Syk. The
relevance of the DC-SIGN-initiated sig-
nals was demonstrated in monocyte-
derived dendritic cells, as DC-SIGN cross-

linking synergizes with TNF-« for IL-10
release and enhances the production of
LPS-induced IL-10. These results demon-
strate that DC-SIGN-triggered intracellu-
lar signals modulate dendritic cell matura-
tion. Since pathogens stimulate Th2
responses via preferential activation of
ERK1/2, these results provide a molecu-
lar explanation for the ability of DC-SIGN-
interacting pathogens to preferentially
evoke Th2-type immune responses.
(Blood. 2006;107:3950-3958)

© 2006 by The American Society of Hematology

Introduction

The functional consequences of the dendritic cell (DC)-T lympho-
cyte interactions are critically dependent on the maturation state of
the DC.! In the steady state, immature DCs capture and process
antigens and promote either deletion of self-specific T cells or the
generation and expansion of regulatory T cells, thus resulting in
tolerance and preventing autoimmune responses. By contrast, in
the presence of pathogens, DCs acquire the capacity to initiate
potent immune responses (DC maturation).> Pathogen recognition
is accomplished by pathogen-associated molecular patterns (PAMPs)
receptors, which include members of the Toll-like receptor (TLR)
and lectin protein families® and endow DCs with the ability to
respond to exogenous agents and microbes.

The DC maturation program exhibits a huge degree of plastic-
ity, thus allowing the generation of pathogen-tailored immune
responses. Indeed, gene expression profile analysis of DCs exposed
to pathogens or pathogen-derived products has confirmed that DC
maturation is pathogen specific.* The intracellular signaling path-
ways that regulate DC maturation are beginning to be unraveled. In
the case of TLR ligands, activation of NF-kB is an absolute

requirement for DC maturation,® but the modulation of NF-kB—
dependent gene transcription by other signaling routes contributes
to the generation of pathogen-specific responses.® As an example,
the differential ability of maturation-inducing agents to promote
IL-12p70 release depends on their distinct capacity to activate
p38MAPK, which “conditions” the IL-12p35 regulatory region for
NF-kB occupancy.” Unlike p38MAPK, activation of the MEK-
ERK signaling axis impairs the acquisition of maturation parame-
ters,® and PI3K activation also modulates NF-kB—induced den-
dritic cell maturation.® Comparison of the intracellular signals from
TLR4 and TLR2 has recently suggested that TLR agonists differen-
tially instruct dendritic cells to initiate Th responses via modulation
of intracellular signaling pathways'?: TLR4 ligation favors pro-Th1
dendritic cell maturation through the p38MAPK-dependent synthe-
sis of IL-12p70, whereas TLR2 ligands stimulate Th2 responses via
preferential activation of ERK1/2 and c-fos.!!

DCs display a large array of cell surface lectins and lectinlike
molecules whose contribution to the maturation program is not
completely understood. DC-SIGN is a C-type lectin implicated in
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capture and uptake of viral (HIV, hepatitis C virus [HCV], Ebola,
dengue), bacterial, fungal, and parasite pathogens by DCs.>1> Most
DC-SIGN-interacting microbes elicit Th2-type responses that
result in impaired pathogen clearance and the establishment of
chronic infections. This has led to the proposal that pathogens
subvert DC-SIGN functions as a means to avoid immunosurveil-
lance and the generation of effective immune responses.>!? In this
regard, the shift of the immune responses toward Th2 caused by
Mycobacterium tuberculosis appears to depend on lipoarabinoman-
nan, which increases IL-10 release from DCs by interacting with
DC-SIGN.!? Therefore, the determination of DC-SIGN-initiated
intracellular signals might facilitate the development of therapeutic
strategies against the pathogens recognized by this lectin. We now
present evidence that DC-SIGN ligation triggers activation of PI3K
and ERK1/2, and a rapid and transient increase in intracellular
calcium mobilization, in both dendritic cells and transfected cells,
and that DC-SIGN colocalizes with protein tyrosine kinases in
specialized membrane microdomains. The functional relevance of
these intracellular signals is illustrated by the enhanced release of
IL-10 observed in maturing dendritic cells upon DC-SIGN cross-
linking. These results demonstrate that DC-SIGN-triggered intra-
cellular signals modulate dendritic cell maturation and provide a
molecular explanation for the ability of DC-SIGN-interacting
pathogens to preferentially provoke Th2-type immune responses.

Materials and methods

Cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats from healthy donors over a Lymphoprep (Nycomed Pharma,
Oslo, Norway) gradient according to standard procedures. Monocytes were
purified from PBMCs by a I-hour adherence step at 37°C in complete
medium or by magnetic cell sorting using CD14 microbeads (Miltenyi
Biotech, Bergisch Gladbach, Germany). To generate monocyte-derived
dendritic cells (MDDCs), adherent or CD14% cells (> 95% monocytes)
were cultured at 0.5 to 1 X 10° cells/mL in RPMI with 10% fetal calf serum
(FCS), 25 mM HEPES, and 2 mM glutamine (complete medium), at 37°C
in a humidified atmosphere with 5% CO,. Complete medium was supple-
mented with 1000 U/mL granulocyte-macrophage—colony-stimulating fac-
tor (GM-CSF, Leucomax; Schering-Plough, Kenilworth, NJ) and 1000 U/mL
IL-4 (PreProtech, Rocky Hill, NJ) for 5 to 7 days, with cytokine addition
every second day. MDDC maturation was induced with either TNF-a
(20 ng/mL; Peprotech EC, London, England), ultrapure LPS from Esche-
richia coli 0111:B4 (10 ng/mL), or Pam3Cys (20 wg/mL; InvivoGen, San
Diego, CA). The human cell lines Jurkat (T-cell lymphoma) and THP-1
(monocytic leukemia) were cultured in complete medium. DC-SIGN-
expressing Jurkat cells (Jurkat-DC-SIGN) were generated after electropora-
tion of the pCDNA3-DC-SIGN plasmid,? selection in complete medium
with 600 pg/mL G418 (Gibco, Grand Island, NY), and cell sorting with the
MR-1 antibody. A similar procedure was done to generate Jurkat-mock
cells, which are stably transfected with an empty pCDNA3.1(—) vector.
Cells were observed under a Zeiss Axiovert 25 microscope equipped with a
32 X/0.4 Phl lens (Zeiss, Jena, Germany), and were photographed with a
RICOH XR-X3000 camera (Ricoh, West Caldwell, NJ). Image acquisition
was performed with Dell photographic editor software in the Dell AIO
printer (Dell, Round Rock, TX); subsequent processing was done with
Adobe Photoshop 7.0 software (Adobe Systems, San Jose, CA).

Flow cytometry and antibodies

Phenotypic analysis of MDDCs and cell lines was carried out by immuno-
fluorescence. Monoclonal antibodies used for cell surface staining included
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phycoerythrin-labeled anti-CD83 (BD Biosciences, San Diego, CA), FITC-
FA6-152 (anti-CD36; Immunotech, Marseille, France), and MR1 (anti—-DC-
SIGN, CD209).13 In this case, incubation with the unlabeled primary
antibody was followed by incubation with FITC-labeled F(ab’), goat
anti-mouse IgG. All incubations were done in the presence of 50 pwg/mL
human IgG to prevent binding through the Fc portion of the antibodies.
P3X63 myeloma supernatant was included as negative control, and flow
cytometry analysis was performed with an EPICS-CS (Coulter, Madrid,
Spain) using log amplifiers.

Determination of IL-10 levels

Immature MDDCs (10%mL complete medium) were treated with maturing
agents (LPS at 10 ng/mL, Pam3Cys at 20 pg/mL, or TNF-« at 20 ng/mL)
and either in the absence or presence of purified antibody against DC-SIGN
(MR-1) or purified mouse IgG as control. After 18 hours, cell supernatants
were collected and IL-10 levels determined using the IL-10 ELISA Set
(Immunotools, Friesoythe, Germany) following the manufacturer’s recom-
mendations. MDDC supernatants were assayed undiluted and diluted 1:3 in
complete medium.

DC-SIGN cross-linking experiments

MDDCs or Jurkat cells were washed extensively in RPMI and cultured in
RPMI containing 0.5% FCS to reduce the basal level of activation.
Preliminary experiments indicated that MDDCs cultured overnight in
RPMI 0.5% FCS exhibited a low level of ERK phosphorylation, whereas
Jurkat cells required a 24/36-hour culture period. Then cells were trans-
ferred to a 37°C water bath and treated with the stimulatory agents for
5 minutes or the indicated period of time. In all cases, 2 X 10 MDDCs or
Jurkat cells was used for each experimental condition. Stimulatory antibod-
ies were added at 20 pg/mL, and included purified monoclonal antibodies
against DC-SIGN (MR-1),!* CD38 (HB136), CD70 (qa32), CD1lc (HC1/
1), and c-Myc (9E10). As positive control, cells were treated with either
TNF-a (20 ng/mL), PMA (10 ng/mL), or a monoclonal antibody against
CD3 at 20 pg/mL (OKT3). In some experiments, negative controls also
included purified human IgG (AP3D11). After stimulation, cells were
immediately lysed with 2 X lysis buffer (40 mM HEPES [pH 7.6], 300 mM
NaCl, 2 mM EGTA, 1% NP-40, 100 pM phenylarsine oxide, 100 mM NaF,
2 mM NazVO,, 2 mM Pefabloc, 20 mM iodoacetamide, and 2 pg/mL
aprotinin, antipain, leupeptin, and pepstatin), and cell lysates subjected to
Western blot with antibodies specific for the activated/phosphorylated
forms of various signaling pathways.

Western blot

Cell lysates (10 ng) were subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions
and transferred onto an Immobilon polyvinylidene difluoride membrane
(PVDF; Millipore, Bedford, MA). After blocking with 1% BSA in 50 mM
Tris-HCI (pH 7.6), 150 mM NaCl, 0.1% Tween-20, protein detection was
performed using the Supersignal West Pico Chemiluminescent system
(Pierce, Rockford, IL). For reprobing, membranes were incubated in
stripping buffer (62.5 mM Tris-HCI [pH 6.7], 100 mM B-mercaptoethanol,
2% SDS) for 30 minutes at 50°C with occasional agitation. Detection of
phosphotyrosine, phospho-p38MAPK, phospho-PI3K, phospho-PLC, phos-
pho-ERK, and phospho-ZAP70 was carried out using polyclonal antibodies
specific for antiphosphotyrosine (RC20-HRP; BD Biosciences), anti—
phospho-p38MAPK (T180/Y182, no. 9211; Cell Signaling Technology,
Beverly, MA), anti—phospho-Akt (no. 9271; Cell Signaling Technology),
anti—phospho-PLCvy (sc-12943; Santa Cruz Biotechnology, Santa Cruz,
CA), anti—phospho-ZAP70 (Y493, no. 9212; Cell Signaling Technology),
and a monoclonal antibody anti—phospho-p44/42 MAPK (T202-Y204, no.
9101; Cell Signaling Technology). As a control for protein loading, blots
were reprobed with polyclonal antisera against ERK (no. 9102; Cell
Signaling Technology), p38MAPK (no. 9212; Cell Signaling Technology),
PLCy (sc-423; Santa Cruz Biotechnology), or tubulin (clone DM 1A;
Sigma, Barcelona, Spain).
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Isolation of detergent-insoluble and -soluble cell membrane
fractions by sucrose gradient ultracentrifugation
and membrane distribution of DC-SIGN

Detergent solubilization of cells (7-9 X 107) at 37°C with 1% Brij 98
(Sigma Aldrich, St Louis, MO) was carried out as described.'* Cell lysates
were mixed with an equal volume of 80% sucrose and transferred to Sorvall
ultracentrifuge tubes (Sorvall, Asheville, NC). The following were overlaid:
2 mL 30% sucrose, followed by 1 mL 5% sucrose in 20 mM HEPES (pH
7.6), 150 mM NaCl, 1 mM EGTA, 50 mM sodium fluoride, 1 mM sodium
orthovanadate, 20 wM phenylarsine oxide, 1 mM phenylmethylsulfonyl
fluoride, 10 mM iodoacetamide, and a mixture of small peptide protease
inhibitors at 1 pg/mL each. All the sucrose solutions were prepared in the
same buffer without detergent and in the presence of small peptide protease
inhibitors at 1 pg/mL. Samples were centrifuged for 18 to 20 hours at
200 000g in a Sorvall AH-650 rotor. Eight 0.5-mL fractions were collected
on ice, from the top to the bottom of the gradients. Aliquots of each fraction
(18 pL) of the gradient were diluted with 9 wL 3 X Laemmli sample buffer
and resolved on 12.5% SDS-PAGE under nonreducing conditions, trans-
ferred to PVDF, and immunoblotted with specific antibodies, which
included polyclonal antibodies against DC-SIGN," Lck (sc-13; Santa Cruz
Biotechnology), ZAP-70 (sc-574; Santa Cruz Biotechnology), LAT (06-
807; Upstate Biotechnology, Charlottesville, VA), CD3e (A0452; Dako,
Glostrup, Denmark), Syk (AW 1373-13, kindly provided by Dr Arthur
Weiss), Lyn (sc-15; Santa Cruz Biotechnology), ERK (sc-154; Santa Cruz
Biotechnology), cholera toxin—HRP (C4672; Sigma) for ganglioside GM1
detection, or a monoclonal antibody against Ras (RAS10; Upstate Biotech-
nology). In indicated experiments, pools of the sucrose gradient fractions
were collected: the pool of the low-density fractions corresponding to the
5%/30% interface (fractions 2-4) was referred to as rafts; the pool of
fractions 5 and 6 was termed intermediate (intrm.); and the pool of the
high-density soluble material corresponding to fractions 7 and 8 was
referred to as soluble. Cytoskeletal-associated rafts (CARs) were extracted
from the pellet by treatment with 60 mM octyl D-glucoside (ODG) and 1%
Brij 98, and the supernatant was collected after centrifugation at 13 000g.'%!7
In indicated experiments, immunoprecipitation under solubilizing condi-
tions was carried out on pooled rafts, intermediate and soluble. Those pools
were diluted with lysis buffer containing 1% Brij 98 + 60 mM ODG to less
than 20% sucrose.

Immunoprecipitation of protein assemblies was performed by incuba-
tion of these pools with purified monoclonal antibodies against DC-SIGN
(MR-1) or anti-Lyn (sc-7274; Santa Cruz Biotechnology) followed by
capture of the immune complexes on Protein G superparamagnetic
Microbeads (Miltenyi Biotech) as described elsewhere.'* Immunoprecipi-
tates were then subjected to Western blot using polyclonal antibodies
against DC-SIGN (DSG-1),'> Syk (AW 1373-13), Lyn (sc-15), or antiphos-
photyrosine (RC20-HRP). In some experiments, cells were surface-labeled
with biotin. To that end, cells were washed in PBS (pH 8.0) and incubated in
0.5 mg/mL biotinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester
sodium salt (B1022; Sigma Aldrich) for 30 minutes at room temperature.
After labeling, cells were extensively washed in PBS, lysed, and subjected
to fractionation by sucrose gradient ultracentrifugation as indicated.'* After
separation, lipid raft-containing and soluble fractions were pooled and
immunoprecipitated with Streptavidin-agarose (Sigma Aldrich), and immu-
noprecipitated material was analyzed by SDS-PAGE and Western blot with
antibodies specific for DC-SIGN or LAT.

Intracellular calcium determination

MDDCs (2.5 X 10° cells/mL) were resuspended in complete medium and
incubated with Fluo-3AM (Calbiochem, San Diego, CA; 300 pM in
DMSO, 10 pL/10° cells) for 30 minutes at 37°C. Cells were then washed,
resuspended in RPMI containing 2 mM CaCl,, and maintained at 37°C
before addition of purified anti-DC-SIGN MR-1 monoclonal antibody
(20 pg/mL) or an isotype-matched control. Calcium flux was measured in
an EPICS XL flow cytometer at 525 nm (Coulter, Madrid, Spain).
Fluo-3AM loading was controlled using ionomycin as ionophore (5
pg/mL). In some experiments SDF-1a (50 mM; Preprotech) was added
before addition of the monoclonal antibody.
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Results

DC-SIGN engagement leads to ERK and Akt activation
but does not induce MDDC maturation

To evaluate the signaling capability of DC-SIGN, we initially
assessed the influence of an anti-DC-SIGN antibody on the MDDC
maturation state. Whereas LPS induced MDDC maturation param-
eters (CD83 induction and loss of CD36), purified MR-1 (anti—-DC-
SIGN) or HB136 (anti-CD38) antibodies at 20 pg/mL (1X) or
60 pg/mL (3X) for 24 hours neither altered cell morphology (data
not shown) nor affected the expression of CD83 or CD36 (Figure
1A). Therefore, ligation of DC-SIGN on the cell surface with the
MR-1 antibody does not lead to overt MDDC maturation. How-
ever, cross-linking of DC-SIGN with MR-1 induced a change in the
profile of phosphotyrosine-containing proteins in MDDCs (Figure
1B). The change occurred within 1 minute (data not shown) and
was not further amplified upon cross-linking with a secondary
antibody, which, per se, did not induce any change in the
phosphotyrosine profile (Figure 1B). We reasoned that the ob-
served effect of cross-linking was unlikely to be due to endotoxin
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Figure 1. DC-SIGN ligation on MDDCs does not induce maturation but alters the
profile of phosphotyrosine-containing proteins. (A) Immature MDDCs were
isolated and either not stimulated (NS) or treated with lipopolysaccharide (LPS) or
monoclonal antibodies against CD38 (HB136) or DC-SIGN (MR-1) at 20 ng/mL (1X)
or 60 pg/mL (3X). After 48 hours, cells were collected and the cell surface expression
of CD83 and CD36 was determined by flow cytometry, using an isotype-matched
anti—c-Myc antibody (9E10) as control. The percentage of marker-positive cells and
the mean fluorescence intensity are indicated in each case. Three experiments were
performed on MDDCs from independent donors, and a representative experiment is
shown. (B) DC-SIGN ligation induces changes in the pattern of tyrosine phosphoryla-
tion in MDDCs. Cells were either left untreated (not stimulated, NS) or incubated with
monoclonal antibodies against DC-SIGN (MR-1) as ligation agent, or with MR-1 plus
a cross-linking secondary antibody (anti-mouse F(ab'),, anti-mouse IgG). After 5
minutes, cells were lysed, and the lysates were probed for phosphotyrosine residues
by Western blot using the RC20-HRP monoclonal antibody. As a control, a
monoclonal antibody against c-Myc (anti-c-Myc) was used. Two experiments on
MDDCs from independent donors rendered similar results, and one of them is shown.
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contamination of the antibody, because neither primary nor second-
ary control antibodies alone mimicked the stimulatory effect and
MDDCs exposed to the anti-DC-SIGN antibody did not exhibit
any maturation-specific parameters (Figure 1A).

Analysis of the pattern of tyrosine phosphorylation after
DC-SIGN cross-linking revealed an increased phosphorylation in
the 42 to 50 kDa range, suggesting that ERK1/2 MAP kinases
might be candidate substrate proteins. To determine whether this
was the case, immature MDDCs were treated with MR-1 and
probed for the presence of phosphorylated ERK. DC-SIGN ligation
promoted ERK activation after 5 minutes, whereas an antibody
against CD70 was without effect and antibodies against CD1lc
triggered significant ERK phosphorylation only upon cross-linking
with a secondary antibody (Figure 2A). Of interest, further
cross-linking of DC-SIGN with an anti-mouse IgG resulted in
weaker ERK activation (Figure 2A). By contrast, DC-SIGN
ligation did not induce p38 phosphorylation, whereas TNF-a
promoted both ERK and p38 activation (Figure 2A).

Kinetic experiments on MDDCs from an independent donor
indicated that DC-SIGN ligation-induced ERK phosphorylation is
a transient event that takes place as early as 1 minute after
stimulation and vanishes after 30 minutes, a time point at which
p38 activation also appears to be diminished by DC-SIGN ligation
(Figure 2B). Moreover, DC-SIGN ligation promoted a weak and
transient activation of PI3K, as evidenced by the appearance of
phosphorylated Akt only 1 minute after stimulation (Figure 2B).
Altogether, these results indicate that antibody ligation of DC-
SIGN on the cell surface of MDDCs induces a wave of intracellular
signaling that results in transient activation of ERK and PI3K, 2
kinases critically involved in dendritic cell maturation.®!8

DC-SIGN engagement was further evaluated for its capacity to
modulate MDDC maturation signals initiated from other cell
surface receptors. To this purpose, we initially focused on TNF-a,

A

anti-mlgG anti-mlgG
anti- + +
NS mlgG hlgG MR-1 MR-1CD70CDI1e CD11c TNF-ot

- . e A — -~ — —|PERK

[———— — — = | o tuhulin
[ — by |

immature MDDC no.1

c TNF-ot TNF-at D
+ +
NS TNF-aMR-1CDT0 MR-1 CD70

[ ———r 0
pp38

e — —
— — —

|ln-lllCl'il'illﬁlllillillﬂlilERK

DC-SIGN LIGATION TRIGGERS INTRACELLULAR SIGNALING 3953

which induces maturation markers on MDDCs.!® Whereas TNF-a
and DC-SIGN ligation induced ERK activation to a similar extent
(3.5-fold and 5.8-fold increase, respectively, over background
levels), addition of both stimuli to MDDCs resulted in further
enhanced phosphorylation of ERK (to 11.5-fold), whereas the
combination of TNF-a and a control antibody did not result in any
enhancement (Figure 2C). Analysis of MDDCs from an indepen-
dent donor produced essentially similar results and indicated
that DC-SIGN cross-linking is capable of inducing ERK phos-
phorylation even in the presence of ultrapure LPS, which failed
to promote significant ERK activation by itself (Figure 2D).
Altogether, these results demonstrate that DC-SIGN is capable
of modulating the intracellular signals originated from matura-
tion-inducing factors.

DC-SIGN engagement triggers intracellular signaling
in myeloid and lymphoid cell lines

Next, we tested whether the signaling capability of DC-SIGN is
restricted to dendritic cells, where it is expressed in very high
levels, or can be observed in other cell types. To that end, DC-SIGN
was engaged with the MR-1 antibody on the surface of THP-1
cells, which exhibit a weak basal level of the lectin (Figure 3A).
Although to a lower extent than in MDDCs, engagement of
DC-SIGN on the surface of THP-1 also resulted in enhanced ERK
activation, which was comparable with the phosphorylation level
induced upon phorbol ester treatment (Figure 3B).

To extend these findings to a different cell lineage, the signaling
ability of DC-SIGN was evaluated in Jurkat-DC-SIGN transfec-
tants, which exhibit a high level of DC-SIGN cell surface
expression (Figure 3C). Like K562 cells,? Jurkat cells overexpress-
ing DC-SIGN formed large homotypic aggregates (Figure 3D) and
showed rapid lectin down-regulation upon ligation on the cell
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Figure 2. DC-SIGN ligation on MDDCs induces ERK phosphorylation and collaborates with TNF-a—initiated signals for enhanced ERK activation. (A) Activation of
ERK by DC-SIGN engagement. DC-SIGN on MDDCs was engaged by the anti-DC-SIGN MR-1 antibody and the cells were incubated at 37°C for 5 minutes. For comparison,
cells were treated with the indicated combinations of antibodies or TNF-a (20 ng/mL). Following cell lysis, phosphorylated ERK and phosphorylated p38 were detected using
specific polyclonal antisera. Blots were then stripped and probed for a-tubulin levels as a control for protein loading (bottom panel). (B) DC-SIGN on MDDCs was engaged by
the anti-DC-SIGN MR-1 antibody, and the cells were incubated at 37°C for the indicated periods of time. For comparison, cells were treated with an antibody against CD70 or
TNF-a (20 ng/mL) for 5 minutes. Following cell lysis, phosphorylated ERK, p38, and Akt, and total ERK were detected using specific polyclonal antisera. Blots were then
stripped and probed for a-tubulin levels as a control for protein loading. (C-D) Immature MDDCs from 2 independent donors were incubated with an antibody against DC-SIGN
(MR-1) or against CD70, either alone or in combination with TNF-a (20 ng/mL) or LPS (10 ng/mL), and the cells were incubated at 37°C for 5 minutes. For comparison, cells
were treated with either LPS (10 ng/mL) or TNF-a (20 ng/mL) for 5 minutes. Following cell lysis, phosphorylated ERK (pERK), phosphorylated p38 (pp38), or total ERK content
(ERK) was detected using specific polyclonal antisera. Each experiment was done on MDDCs from at least 4 independent donors, and representative experiments are shown.
In all panels, NS refers to cells that were not stimulated.
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Figure 3. DC-SIGN ligation in myeloid and lymphoid cell lines results in ERK
activation. (A) Cell surface expression of DC-SIGN in THP-1 cells, as determined by
flow cytometry. The percentage of marker-positive cells and the mean fluorescence
intensity are indicated in each case. (B) DC-SIGN on THP-1 cells was engaged by the
anti-DC-SIGN MR-1 antibody (20 wg/mL), and the cells were incubated at 37°C for 5
minutes. As a control, cells were either incubated with an anti-CD70 monoclonal
antibody or with PMA (10 ng/mL). After cell lysis, phosphorylated ERK (pERK, top
panel) and total ERK (ERK, middle panel) were detected using specific polyclonal
antisera. The bottom panel illustrates the level of pERK relative to the level of total
ERK under each condition, as determined by densitometric analysis. NS indicates not
stimulated. (C) Cell surface expression of DC-SIGN in mock-transfected (Jurkat) and
DC-SIGN-transfected Jurkat cells (Jurkat-DC-SIGN) as determined by flow cytom-
etry, using an isotype-matched anti—c-Myc antibody (9E10) as control. The mean
fluorescence intensity is indicated in each case. (D) Homotypic aggregation of
mock-transfected (Jurkat) and DC-SIGN-transfected (Jurkat-DCSIGN) Jurkat cells,
as observed by reverse-phase microscopy at 2 different amplifications (5 X, 10 X).
(E) DC-SIGN on Jurkat-DC-SIGN transfectants was ligated by the anti-DC-SIGN
MR-1 antibody alone or in the presence of an anti-CD3 monoclonal antibody as
control, and the cells were incubated at 37°C for 1 or 5 minutes. Mock-transfected
Jurkat cells were subjected to the same treatments for control purposes. After cell
lysis, phosphorylated ERK (pERK), phosphorylated ZAP-70 (pZAP-70), and total
content of ERK and ZAP-70 were detected using specific polyclonal antisera. Each
experiment was done 3 times with similar results. Representative results are shown.

Jurkat-mock

surface (data not shown), thus confirming that DC-SIGN retains its
adhesive and antigen-capture capabilities in Jurkat cells.?! Accord-
ingly, ligation of DC-SIGN in Jurkat cells led to ERK activation but
had no effect on the phosphorylation state of ZAP-70 (Figure 3E)
or p38MAPK (Figure 6A). Therefore, engagement of DC-SIGN on
myeloid (MDDC, THP-1) or lymphoid (Jurkat) results in ERK
phosphorylation.

DC-SIGN is found in lipid-rich regions on the cell surface
of transfected lymphoid cells

Lipid rafts are specialized membrane regions that facilitate out-
side-in signaling by generating a physical environment rich in
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kinases, adaptors, and intracellular effectors.?> The ability of
DC-SIGN to trigger intracellular signals prompted us to analyze its
membrane distribution in immature MDDCs and Jurkat-DC-SIGN
cells. In agreement with a previous report,?® analysis of Jurkat-DC-
SIGN transfectants revealed the presence of DC-SIGN in lipid rafts
(Figure 4A). Although DC-SIGN was mainly found in the soluble
fractions, a percentage of the molecules was detected in GM1-rich
lipid rafts, where Lck and LAT, but not ZAP-70, were also detected
(Figure 4A). To examine potential interactions of DC-SIGN with
signaling proteins, DC-SIGN was immunoprecipitated from the
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Figure 4. DC-SIGN is present within lipid rafts in lymphoid cells and coprecipi-
tates with tyrosine kinases. (A) Jurkat-DC-SIGN (left panels) and mock-transfected
Jurkat cells (right panels) were lysed in 1% Brij 98 lysis buffer at 37°C, and Brij
98-insoluble fractions 2 to 4 (lanes 2-4, rafts) and the high-density Brij 98—soluble
fractions 7 to 8 (lanes 7-8, soluble) were separated by 12.5% SDS-PAGE under
nonreducing conditions. Cytoskeletal-associated rafts (CARs), obtained by solubiliza-
tion of the cell pellet with Brij 98 + octyl b-glucoside in lysis buffer, were analyzed in
parallel (lane 9). The distribution of DC-SIGN, Lck, ZAP-70, LAT, CD3e, and
ganglioside GM1 in the distinct fractions was determined by immunoblotting with
specific antibodies or cholera toxin-HRP (for GM1). (B) Coprecipitation of DC-SIGN
and tyrosine kinases. DC-SIGN was immunoprecipitated with the MR-1 antibody
(MR1 ip) from lipid raft-containing fractions 2 to 4 (rafts, lane 2), fractions 5 to 6
(between the rafts and the soluble material, lane 3), and the 7 to 8 soluble fractions
(sol., lane 4), and the immunoprecipitated material was subjected to SDS-PAGE and
immunoblotting with antibodies against DC-SIGN, Lck, or ZAP-70. As a control,
fractions containing either rafts (lane 1) or cytoskeletal-associated rafts (CARs, lane
5) were analyzed in parallel. (C) Jurkat-DC-SIGN cells were cell-surface labeled with
biotin, lysed in 1% Brij 98 lysis buffer at 37°C, and Brij 98—insoluble fractions (lanes 1,
rafts), intermediate fractions (lanes 2), high-density Brij 98—soluble fractions (lanes 3,
sol.), and cytoskeletal-associated raft-containing fractions (CARs, lane 4) were
obtained. An aliquot from each fraction was removed and analyzed by 12.5%
SDS-PAGE under nonreducing conditions and subjected to Western blot with
anti-DC-SIGN or anti-LAT polyclonal antisera (left panel). Then, fractions were
subjected to pull-down with Streptavidin-agarose, and the immunoprecipitated
material was separated by 12.5% SDS-PAGE under nonreducing conditions and
subjected to Western blot with anti-DC-SIGN or anti-LAT polyclonal antisera (right
panel). Each experiment was performed twice with similar results, and one of the
experiments is shown.
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distinct membrane fractions in the presence of 1% Brij 98 + 60
mM octyl D-glucoside (ODG), which efficiently disrupts many
lipid raft—protein associations. As shown in Figure 4B (lane 2), Lck
tyrosine kinase was coimmunoprecipitated with DC-SIGN from
the lipid raft—containing fractions, whereas ZAP-70 was detectable
in DC-SIGN immunoprecipitates from the soluble pool (Figure 4B
lane 4). These results suggest that DC-SIGN can be found in 2
distinct microdomain localizations that differ in their content of
signaling molecules. Next, to determine the microdomain location
of cell surface DC-SIGN, lipid raft—containing and soluble mem-
brane fractions were generated from biotin-labeled Jurkat-DC-
SIGN cells, and the resulting fractions were immunoprecipitated
with Streptavidin-agarose. In agreement with experiments using
unlabeled cell lysates, a large proportion of DC-SIGN was found in
the soluble fraction pool (Figure 4C left panel). However, pull
down of cell surface molecules by immunoprecipitation with
Streptavidin-agarose revealed that most biotin-labeled DC-SIGN
molecules partitioned within the lipid raft— and cytoskeletal-
associated raft-containing fractions (Figure 4C right panel). Densi-
tometric analysis of the results shown in Figure 4C indicated that
80% of the total cell surface expression of DC-SIGN (biotin-
labeled DC-SIGN) is found within the lipid raft—containing frac-
tions. These results indicate that most DC-SIGN molecules on the
cell surface are included in lipid rafts, whereas DC-SIGN mol-
ecules in the soluble fraction pool are not accessible for biotin
labeling and might be contained in intracellular compartments.

DC-SIGN is found in lipid-rich regions on MDDCs
and coprecipitates with tyrosine kinases

To determine the membrane distribution of DC-SIGN in myeloid
cells, detergent-insoluble and -soluble membrane fractions were
isolated from MDDCs. Although a high percentage of the molecule
appeared in soluble fractions, a fraction of DC-SIGN also parti-
tioned within lipid rafts on MDDCs (Figure 5A). Fractionation of
MDDCs from an independent donor further confirmed this DC-
SIGN distribution and revealed that most of the intracellular
membrane-bound tyrosine kinase Lyn partitioned into low-density
fractions 2 to 4, which is consistent with its residency in floating
lipid rafts, whereas the signaling molecules Syk, ERK, and Ras
were partly localized in the lipid-rich regions on MDDCs (Figure
5B). Since DC-SIGN coprecipitates with ZAP-70 and Lck in
lymphoid cells, we next evaluated whether DC-SIGN associated
with related molecules in MDDC membranes. As shown in Figure
5C, DC-SIGN brought down phosphotyrosine-containing mol-
ecules from lipid raft fractions. Moreover, a significant amount of
Lyn and a lesser amount of Syk tyrosine kinases could be detected
in the DC-SIGN precipitates from lipid rafts (Figure 5C), indicat-
ing that DC-SIGN colocalizes with signaling molecules in glyco-
lipid-enriched membranes from MDDCs. Conversely, neither
Syk nor Lyn was detected in DC-SIGN immunoprecipitates from
the soluble membrane fractions, in spite of the fact that DC-SIGN
is more abundant in this fraction (Figure 5C). In addition, analysis
of membrane fractions from an independent MDDC donor demon-
strated the presence of DC-SIGN and Syk in Lyn immunoprecipi-
tates (Figure 5D), further confirming the relationship between
DC-SIGN and these 2 kinases within lipid rafts. However, not all
DC-SIGN molecules are associated to Lyn since DC-SIGN can be
easily pulled down with the MR-1 antibody from the post—anti-Lyn
immunoprecipitation flow-through from either lipid rafts or soluble
membrane fractions (Figure SE).
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Figure 5. DC-SIGN is present within lipid rafts in MDDCs and coprecipitates
with Lyn and Syk tyrosine kinases. (A-B) Immature MDDCs from 2 independent
donors were lysed in 1% Brij 98 lysis buffer at 37°C and fractionated by sucrose
density gradient centrifugation as described in “Materials and methods.”* The
low-density Brij 98—insoluble fractions 2 to 4 (lanes 2-4, rafts) and the high-density
Brij 98—soluble fractions 6 to 8 (lanes 6-8, soluble) were separated by 12.5%
SDS-PAGE under nonreducing conditions, and the distribution of DC-SIGN was
determined by immunoblotting. Cytoskeletal-associated rafts (CARs), obtained by
solubilization of the cell pellet with Brij 98 + octyl p-glucoside in lysis buffer, were
analyzed in parallel (lane 9). (A) The left panel was intentionally exposed for longer
than the blot section shown in the right panel. (B) The distribution of Syk, Lyn, ERK,
Ras, and ganglioside GM1 in the distinct fractions was determined by immunoblotting
with specific antibodies or cholera toxin-HRP (for GM1). (C) Coprecipitation of
DC-SIGN, Lyn, and Syk tyrosine kinases. DC-SIGN was immunoprecipitated with the
MR-1 antibody from lipid raft-containing fractions 2 to 4 (rafts), fractions 5 to 6 (intrm.
indicates intermediate between the rafts and the soluble material), and the 7 to 8
soluble fractions (soluble), and the precipitated material was subjected to SDS-PAGE
and immunoblotting with antibodies specific for DC-SIGN, Lyn, Syk, and phosphoty-
rosine-containing proteins. As a control, an aliquot from the whole lysate before
fractionation (WL indicates whole lysate) was analyzed in parallel. (D) Presence of
DC-SIGN and Syk in Lyn immunoprecipitates. Lyn was immunoprecipitated (IP(Lyn))
from the lipid raft-containing fraction pool (rafts) or the soluble material-containing
fraction pool (soluble), and the precipitated material was subjected to SDS-PAGE and
immunoblotting with antibodies specific for Lyn, DC-SIGN, and Syk. As a control,
aliquots from the rafts and soluble fraction pools before immunoprecipitation were
analyzed in parallel. (E) Presence of DC-SIGN in the post—anti-Lyn immunoprecipita-
tion flow-through. Post—anti-Lyn immunoprecipitation flow-through from either lipid
rafts or soluble membrane fraction pools (those indicated in D) were subjected to a
further immunoprecipitation with a monoclonal antibody against DC-SIGN (IP(MR1)),
and the precipitated material was subjected to SDS-PAGE and immunoblotting with a
polyclonal antibody against DC-SIGN (DSG1). As a control, aliquots from the rafts
and soluble fraction pools before immunoprecipitation were analyzed in parallel.

Additional intracellular signals initiated
upon DC-SIGN engagement

The maturation state of dendritic cells is a critical parameter that
determines not only whether an immune response is generated but
the type of immune response.> Besides NF-kB activation, other
signaling pathways have an impact on dendritic cell maturation,
including MEK-ERKS® and PI3K? activation, and transient calcium
increases.”* Given its ability to prompt ERK and Akt phosphoryla-
tion, we tested whether DC-SIGN-initiated signals also affected
intracellular calcium levels. Engagement of DC-SIGN in Jurkat-DC-
SIGN cells triggered PLC-y phosphorylation, an effect that was not
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Figure 6. DC-SIGN ligation results in ERK and PLC-y activation in transfected Jurkat cells and promotes transient calcium mobilization in MDDCs. (A) DC-SIGN on
Jurkat-DC-SIGN transfectants was ligated by the anti-DC-SIGN MR-1 antibody, and the cells were incubated at 37°C for 5 minutes. As a control, cells were incubated with
either anti-CD38 or anti-CD3 monoclonal antibodies. Mock-transfected cells were subjected to the same treatments for control purposes. After cell lysis, phosphorylated ERK
(pPERK), p38 (pp38), and PLC-y (pPLC-v), and total levels of ERK and PLC-y were detected using specific polyclonal antisera. The experiment was performed twice with similar
results, and one of the experiments is shown. NS indicates not stimulated. (B-C) Calcium determination in MDDCs after DC-SIGN ligation. Fluo-3AM-loaded MDDCs were left
untreated (B) or treated with 50 nM SDF-1« (C), and subsequently incubated with anti-DC-SIGN MR-1 monoclonal antibody (20 w.g/mL) (right panel) or an isotype-matched
control antibody (left panel). Calcium flux was determined by flow cytometry at the indicated time points. Arrows indicate the time of addition of the MR-1 monoclonal antibody.

Similar results were obtained from 3 independent experiments, and 1 of them is shown.

observed with either anti-CD38 or anti-CD3 antibodies (Figure
6A). In accordance with this finding, DC-SIGN ligation on the
surface of immature MDDCs promoted a transient calcium
mobilization (Figure 6B). Therefore, DC-SIGN engagement on
the cell surface promotes phosphorylation of ERK, Akt, and
PLC-v, and leads to transient changes in intracellular calcium
concentration.

DC-SIGN engagement influences cytokine production
during MDDC maturation

The ability of DC-SIGN to modify the activation state of 3 key
signaling molecules (ERK, Akt, and PLC-v) suggested that DC-
SIGN ligation might exert a modulatory effect on MDDC matura-
tion. Since ERK activation has been linked to Th2-type polariza-
tion and enhanced IL-10 production,'?* the release of IL-10 in
response to DC-SIGN ligation was determined. Immature MDDCs
did not produce detectable IL-10 in response to either TNF-a,
Pam3Cys (a synthetic TLR2 ligand), MR-1 antibody, or a control
mouse IgG, and only LPS was capable of inducing the production
of moderate levels of IL-10 (Figure 7). However, the presence of
MR-1 antibody enhanced LPS-induced IL-10 release (Figure 7).
Moreover, and although each agent alone had no effect, the
simultaneous presence of MR-1 and TNF-« resulted in high levels
of IL-10 production (Figure 7). These results are in agreement with
the enhanced ERK phosphorylation observed upon MDDC treat-
ment with anti-DC-SIGN and TNF-a, and demonstrate that
DC-SIGN engagement on the membrane of immature dendritic
cells modulates the maturation program initiated by other cell
surface receptors.

Discussion

The generation of pathogen-specific immune responses is based on
the plasticity of the dendritic cell maturation process, which results
from the integration of all the intracellular signals initiated after
recognition of PAMPs by pathogen-recognition receptors. Intracel-
lular signaling from the distinct TLR exhibits the common property
of NF-kB activation, but, for DCs, their differential coupling to
adapter molecules, their differential activation of MAPKSs, and the
modulation of their signals by other PAMP receptors contribute to
the generation of pathogen-specific dendritic cell maturation and
pathogen-tailored immune responses.”> One of the dendritic cell
PAMP receptors is the C-type lectin DC-SIGN, which participates
in the recognition and capture of numerous viral, bacterial, and
fungal pathogens.’ In the present report, we demonstrate that
DC-SIGN engagement on the dendritic cell surface induces
phosphorylation of ERK and Akt, but not p38MAPK, and promotes
a transient calcium flux, which correlates with its ability to trigger
PLCv phosphorylation in transfected lymphoid cells. In agreement
with its signaling capability, DC-SIGN in lipid rafts associates with
tyrosine kinases of the Src and Syk/ZAP-70 families in both
dendritic cells and transfected lymphoid cells. All these signaling
events might explain the ability of DC-SIGN—engaging ligands to
shift MDDC maturation toward the acquisition of pro-Th2/
protolerogenic polarizing capability, which is also exemplified by
the fact that DC-SIGN ligation synergizes with TNF-a receptor—
initiated signals for enhanced IL-10 release.

The signaling and functional consequences of DC-SIGN liga-
tion here reported are in agreement with the results of Geijtenbeek
et al, who showed that Mycobacterium Man-LAM enhanced IL-10
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Figure 7. DC-SIGN ligation in immature MDDCs enhances
maturation-dependent IL-10 production. MDDCs were incu-
bated with LPS, TNF-«, Pam3Cys, MR-1, or an isotype-matched
antibody (IgG), either alone or in the indicated combinations, for
18 hours in complete medium. After incubation, supernatants
from MDDCs were collected and IL-10 content was determined by
enzyme-linked immunosorbent assay (ELISA). The data indicate

MR-1

means (SD of triplicate samples from 1 representative experiment

IgG of 3 experiments on MDDCs from independent donors).
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production by MDDCs in a DC-SIGN—dependent manner.'? The
comparison of the intracellular signaling pathways activated by
TLR4 and TLR2 has demonstrated that preferential activation of
p38MAPK leads to IL-12p70—dependent pro-Thl dendritic cell
maturation, while a high ERK/p38MAPK activation ratio promotes
pro-Th2 maturation via increased IL-10 release and reduced
IL-12p70 synthesis.!%!1-25 Therefore, the DC-SIGN-mediated ERK
activation fits with the enhanced release of IL-10 seen in maturing
MDDCs after DC-SIGN engagement, and is also compatible with
the inhibitory action of ERK activation on IL-12p70 release by
dendritic cells® and macrophages.?® Apart from ERK and p38MAPK,
other intracellular signals modulate the pro-Th1/Th2 balance
during MDDC maturation. In this regard, (1) PI3K activation in
dendritic cells has been shown to negatively regulate IL-12
synthesis and, therefore, prevents Thl polarization®’; (2) calcium
signaling antagonizes IL-12 production by mature dendritic cells,
negatively regulates pro-Th1l maturation, and preferentially pro-
motes the acquisition of pro-Th2/Tc2 characteristics?*; and (3)
lysophosphatidic acid—induced increase of intracellular calcium
inhibits IL-12 secretion and enhances secretion of IL-10 from
mature dendritic cells.”® Therefore, the intracellular signaling
triggered upon DC-SIGN engagement (ERK and PI3K activation,
transient rise in intracellular calcium concentration) would impair
IL-12 and enhance IL-10 release and, consequently, might explain
why DC-SIGN ligation favors a pro-Th2/protolerogenic dendritic
cell maturation.

The relevance of the DC-SIGN cell surface distribution for
pathogen binding has been previously demonstrated.”? In the
present report, and in line with recent observations,?® biochemical
analysis of MDDC and DC-SIGN transfectants has revealed that a
fraction of DC-SIGN molecules is located within lipid raft—
enriched membrane fractions in both cell types (Figures 4-5) and
that most DC-SIGN molecules on the plasma membrane reside
within lipid raft-enriched microdomains (Figure 4C). Therefore, it
is reasonable to assume that the microlocalization of DC-SIGN on
the plasma membrane should also contribute to its signaling ability.
In this regard, DC-SIGN coprecipitates with Lck or Lyn, 2
Src-family kinases involved in immunoreceptor signaling in lym-
phoid and myeloid cells.? The colocalization of DC-SIGN, Lyn,
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and Syk provides additional structural support for the regulatory
role of DC-SIGN during dendritic cell maturation, as both kinases
have been found to modulate murine dendritic cell maturation.30-32
In fact, Lyn appears to positively regulate IL-12 production in mice
and has been proposed to act as a negative regulator of Th2
immunity.33 Therefore, future experiments are required to deter-
mine the functional significance of the DC-SIGN association with
Lyn and Syk in dendritic cells, as well as to find out whether the
association between DC-SIGN and both kinases reflects direct or
indirect interactions. The latter appears as a likely alternative, given
the lack of an obvious ITAM motif in the DC-SIGN cytoplasmic
tail and the fact that no tyrosine phosphorylation of DC-SIGN has
been detected after engagement by either antibodies or pathogenic
ligands (data not shown).

Besides DC-SIGN, other lectin receptors expressed on myeloid
(Dectin-1) and plasmacytoid (BDCA-2) dendritic cells have been
shown to promote intracellular signaling and to modulate TLR
signaling. Yeast binding to the (3-glucan receptor Dectin-1 syner-
gizes with TLR2 to enhance activation of NF-kB and production of
IL-12.34 In addition, Dectin-1 can also promote IL-10 synthesis via
recruitment of Syk to its ITAM motif.33 Similarly to DC-SIGN,
antibody ligation of the plasmacytoid-specific BDCA2 lectin
induces calcium mobilization and protein-tyrosine phosphoryla-
tion, resulting in suppression of IFN-a/f3 induction by plasmacy-
toid dendritic cells.?® These results, combined with the diversity of
their cytoplasmic sequences, suggest that lectins and lectinlike
receptors expressed on dendritic cells might exhibit a large degree
of variability in the intracellular signaling pathways they activate,
providing an additional level of plasticity for the generation of
pathogen-specific immune responses. In the case of DC-SIGN, the
intracellular signals initiated by this lectin would result in increased
pro-Th2/protolerogenic effector functions and might contribute to
evasion from immunosurveillance of DC-SIGN-interacting patho-
gens.> However, since mice deficient in the DC-SIGN-related
molecule SIGNR1 exhibit increased susceptibility to Streptococcus
pneumoniae,” the dissection of the intracellular signals triggered
upon DC-SIGN engagement deserves further investigation, as it
might clarify the role of the lectin family on the generation of
pathogen-specific immune responses.
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The DC-SIGN-related lectin LSECtin mediates antigen capture and pathogen
binding by human myeloid cells
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Liver and lymph node sinusoidal endothe-
lial cell C-type lectin (LSECtin [CLEC4G])
is a C-type lectin encoded within the
liver/lymph node-specific intercellular ad-
hesion molecule-3—grabbing nonintegrin
(L-SIGN)/dendritic cell-specific intercel-
lular adhesion molecule-3—grabbing non-
integrin (DC-SIGN)/CD23 gene cluster.
LSECtin expression has been previously
described as restricted to sinusoidal en-
dothelial cells of the liver and lymph
node. We now report LSECtin expression
in human peripheral blood and thymic
dendritic cells isolated ex vivo. LSECtin
is also detected in monocyte-derived

macrophages and dendritic cells at the
RNA and protein level. In vitro, interleu-
kin-4 (IL-4) induces the expression of
3 LSECtin alternatively spliced isoforms,
including a potentially soluble form (A2
isoform) and a shorter version of the
prototypic molecule (A3/4 isoform). LSEC-
tin functions as a pathogen receptor,
because its expression confers Ebola
virus—-binding capacity to leukemic cells.
Sugar-binding studies indicate that
LSECtin specifically recognizes N-acetyl-
glucosamine, whereas no LSECtin binding
to Mannan- or N-acetyl-galactosamine—
containing matrices are observed. Anti-

body or ligand-mediated engagement
triggers a rapid internalization of LSECtin,
which is dependent on tyrosine and
diglutamic-containing motifs within the
cytoplasmic tail. Therefore, LSECtinis a
pathogen-associated molecular pattern
receptor in human myeloid cells. In addi-
tion, our results suggest that LSECtin
participates in antigen uptake and inter-
nalization, and might be a suitable tar-
get molecule in vaccination strategies.
(Blood. 2007;109:5337-5345)
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Introduction

The identification of the lectin gene cluster at chromosome
19p13.2! has led to the realization that some C-type lectins are
capable of mediating intercellular adhesion, pathogen-binding, and
antigen internalization for induction of T cell responses.> The
paradigmatic example of this type of lectin is dendritic cell-specific
intercellular adhesion molecule-3-grabbing nonintegrin (DC-
SIGN), which efficiently internalizes antigens,? mediates dendritic
cell intercellular adhesions,* and recognizes a wide range of
microorganisms through binding to mannose- and Lewis-contain-
ing glycans.’ C-type lectins on dendritic cells enhance their ability
for pathogen recognition® and contribute to modulation of toll-like
receptor (TLR)-initiated signals.” Consequently, the definition of
the range of dendritic cell lectins and their binding specificities
might provide adequate targets for immune intervention and
prevention of pathogen entrance and spreading.

The lectin gene cluster at chromosome 19p13.2 includes the
genes encoding for the type II C-type lectins DC-SIGN,
liver/lymph node-specific intercellular adhesion molecule-3-
grabbing integrin (L-SIGN), CD23, and liver and lymph node
sinusoidal endothelial cell C-type lectin (LSECtin).""*% DC-
SIGN is expressed on myeloid dendritic cells,*!* and alterna-
tively activated in vitro on macrophages.!'! In vivo it is found on

interstitial dendritic cells,'? a subset of CD14+ peripheral blood
DC,'3 human microvascular endothelial cells,® and on synovial,
placenta, lymph node, and alveolar macrophages.!#' By con-
trast, L-SIGN is exclusively expressed on endothelial cells of
the liver, lymph nodes, and placenta,'”-!® but not on myeloid
cells.

The LSECtin (CLEC4G) gene is located between the CD23 and
DC-SIGN genes with the three genes arranged in the same
orientation.” LSECtin encodes a protein with a lectin domain
followed by a 110-residue stalk region, a transmembrane domain,
and a 31-residue cytoplasmic domain.” LSECtin has been previ-
ously detected on liver and lymph node sinusoidal endothelial cells
at the protein and RNA level.® LSECtin functions as an attachment
factor for Ebola virus and SARS, but it does not bind HIV or
hepatitis C virus.! We now describe the expression of LSECtin
isoforms in ex vivo isolated human peripheral blood and thymic
dendritic cells as well as in dendritic cells and macrophages
generated in vitro. LSECtin exhibits ligand-induced internaliza-
tion, and its sugar recognition specificity differs from that of
DC-SIGN. The presence of LSECtin on myeloid cells should
therefore contribute to expanding their antigen-capture and patho-
gen-recognition capabilities.

Submitted September 21, 2006; accepted February 23, 2007. Prepublished online
as Blood First Edition Paper, March 5, 2007; DOI 10.1182/blood-2006-09-048058.
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Materials and methods

The study described was approved by the Centro de Investigaciones
Biologicas (CSIC) Institutional Review Board. The study did not involve
any direct contact with human subjects.

Cell culture

Human peripheral blood mononuclear cells were isolated from buffy coats
from normal donors over a Lymphoprep (Nycomed Pharma, Oslo, Norway)
gradient according to standard procedures.?? Monocytes were purified from
peripheral blood mononuclear cells by magnetic cell sorting using CD14
microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany). Monocyte-
derived dendritic cells (MDDC), monocyte-derived macrophages, and
alternatively (AAM@) or classically (CAM®) activated macrophages were
generated as previously described.!"? Isolation of peripheral blood my-
eloid dendritic cells (MyDC)was done with a Blood DC isolation kit
(MACS:; Miltenyi Biotec) with some modifications. First, peripheral blood
mononuclear cells were depleted of T cells, NK cells, and monocytic cells
by magnetic separation, and the remaining population was incubated with
monoclonal antibodies (mAbs) to fluorescein isothiocyanate (FITC)-CD4,
phycoerythrin (PE)-labelled CD11c, PE-Cy5-CD14, and PE-Cy5-CD19
and sorted in a FACS Vantage cell sorter (BD Biosciences, Franklin Lakes,
NJ). PE-Cy5-positive cells were discarded, and double-positive cells for
CD4 and CD11c were sorted as MyDC (CD11c+ BDCA2-CD123-). The purity
of the resulting population was confirmed by additional antibody staining.

Human thymic dendritic cells and macrophages were isolated from
thymus fragments removed during corrective cardiac surgery of patients
aged 1 month to 4 years. After Lymphoprep centrifugation, thymocyte cell
suspensions were depleted of T, B, NK cells and CD34+ precursors by
magnetic cell sorting (AutoMacs; Miltenyi Biotech) as described.?! Macro-
phages were isolated from the depleted cell fraction by using PE-labeled
anti-CD14mAb and anti-PE microbeads, and exhibited a CD13+, CD11c+,
CD14+ phenotype. Thymic pDC were isolated from the macrophage-
depleted fraction with PE-labeled antiCD123 and antiPE microbeads, and
showed a CD11c-, CD13-, BDCA2+, CD123+ phenotype. Thymic MyDC
(CD13+, CDI1l1c¢dim CD147) were isolated from the CD123-negative
fraction with PE-labeled antiCD13 and anti-PE microbeads. Sorted popula-
tions proved to be over 97% pure on reanalysis. Phenotypic analysis was
carried out by indirect immunofluorescence as described.?

The K562 (chronic myelogenous leukemia) and THP-1 (monocytic
leukemia) cell lines were cultured as described?® and THP-1 differentiation
induced with phorbol myristate acetate (PMA) at 10 ng/mL."" HEK293T
and COS-7 cells were grown in Dulbecco modified eagle medium (DMEM)
with 10% fetal calf serum (FCS) and transfected with Superfect (Qiagen,
Hilden, Germany). Transfection of the pCDNA3.1(-)-based constructs
in K562 cells was accomplished with Superfect or by nucleofection
(Amaxa GmbH, Cologne, Germany). Mutation of residues Y,° EME,!5
W2IGRW2*VHW?, and both Y® and E“E'> were done by site-directed
mutagenesis on LSECtin cDNA cloned in pPCDNA3.1(-), which resulted in
the generation of LSECtin Y/F, LSECtin EE/AA, LSECtin 3W/3A, and
LSECtin DM constructs.

Isolation and detection of LSECtin isoform mRNA in distinct
cell types

LSECtin isoforms were isolated by reverse transcriptase-polymerase chain
reaction (RT-PCR) on RNA from MDDC of a healthy donor. Total cellular
RNA was isolated with RNeasy columns (Qiagen). Two micrograms of
RNA was reverse-transcribed and amplification was carried out on 5 pL of
each cDNA synthesis reaction in 50 pL of solution. After a 5 minute
denaturation step, LSEctin was optimally amplified after 35 cycles of
denaturation (95°C, 45 seconds), annealing (65°C, 30 seconds), and
extension (72°C, 90 seconds), followed by a 10-minute extension step at
72°C. Oligonucleotides used for amplification of the coding region of the
prototypical LSECtin isoform (LSECtin full-length) were LSECtin sense
5'-GGGAATTCGCCTGCATCGCCATGGACACC-3") and LSECtin anti-
sense 5'-CCCAAGCTTGGGCGGGGTCAGCAGTTGTGC -3'). Amplifi-
cation of LSECtin isoforms was accomplished using the primer pairs
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LSECtin sense/LSECtin antisense, LSECtin A3/4sense/LSECtin antisense,
and LSECtin A2sense/LSECtin antisense. The oligonucleotide LSECtin
A3/4sense 5'-CCTATTGTCCAAGGGCTCGGG -3 spans through the exon
2/exon 5 junction. Oligonucleotide LSECtin A2sense 5'-CCGAGGAGGTC-
CCCGGAGCCT-'3 spans through the exon 1/exon 3 junction. PCR fragments
were resolved in 1.2% agarose gels, purified, cloned, and sequenced. For
eukaryotic expression, the selected LSECtin cDNA isoforms were excised from
TOPO cloning vectors (Invitrogen, Paisley, UK) with EcoRI and HindIII, gel
purified, and ligated into EcoRI- and HindllI-digested pCDNA3.1(-). As a
control in RT-PCR experiments, GAPDH mRNA was amplified using oligonucle-
otides 5'-GGCTGAGAACGGGAAGCTTGTCA-3" and 5'-CGGCCAT-
CACGCCACAGT TTC-3', which together amplify a 417 bp fragment.
Images were captured with GelDoc XR (BioRad, Hercules, CA) using
Quantity One-4.5.2 software.

Detection and cell-surface distribution of LSECtin

The cDNA region coding for the extracellular portion of LSECtin (residues
55-293) was generated by polymerase chain reaction with the primers
5'-CACCGCCTCCACGGAGCGCGCGG-3" and 5'-CCCAAGCTT-
GGGCGGGGTCAGCA GTTGTGC-3". The resulting fragment, which
contains the neck and lectin domains of LSECtin, was cloned in-frame
downstream of the hexahistidine sequence of pET100/D-TOPO (Invitro-
gen) and sequenced. The resulting vector, as well as a positive control
encoding 3-galactosidase (pET100/D/lacZ), were transformed into BL21
bacteria, and HIS-LSECtin and HIS-B-gal fusion proteins were purified on
Ni2*-nitrilotriacetic acid-agarose (Qiagen). The purified HIS-LSECtin
fusion protein was injected intraperitoneally (three times) into Balb/c mice.
After a final intraperitoneal boost, splenocytes were removed and fused to
SP2 cells at a 1:1 ratio using PEG 1500 (Sigma, Barcelona, Spain), as
described.'? Screening for anti-LSECtin antibodies was done by enzyme-
linked immunosorbent assay using 96-well plates coated with HIS-LSECtin
or HIS-B-gal (negative control) fusion proteins. Final selection of the
selected hybridoma (SOTO1) was done by immunofluorescence on
HEK293T transiently transfected with an LSECtin-expression vector.
Peptides based on the sequence of the LSECtin neck region (AQAK-
LMEQESALRELREEVTQGLA) and cytoplasmic tail (MDT-
TRYSKWGGSSEEVPGGP WGRW VHWSRR) were synthesized using the
multiple antigen peptide system. New Zealand white rabbits were immu-
nized by subcutaneous injection of each individual peptide or the HIS-
LSECtin protein (0.5 mg of a 1-mg/mL solution in phosphate-buffered
saline) in complete Freud’s adjuvant 1:1 on day 0 and in incomplete Freud’s
adjuvant 1:1 on days 21 and 42. Rabbits were bled on day 49, and serum
was assayed for LSECtin recognition by Western blot. The resulting
antisera (ADS-1 against the neck domain, ADS-3 against the cytoplasmic
tail and ADS-4 against the HIS-LSECtin protein) were subsequently
validated by Western blot on 10 g of cell lysates, as described.2? DC-SIGN
was detected using a polyclonal antiserum against the neck region of the
molecule.?? Isolation of detergent-insoluble and soluble MDDC cell membrane
fractions was done by sucrose gradient ultracentrifugation as described.??

Gene-expression profiling in dendritic cells

RNA from immature and LPS-mature MDDC from two independent
donors, and monocyte-derived macrophages from three independent donors
generated in the presence of either granulocyte macrophage-colony stimu-
lating factor (GM-CSF) or macrophage-colony stimulating factor (M-CSF),
were labeled, processed, and independently hybridized on Codelink human
whole genome DNA chip of the Codelink microarray platform (Amersham
Biosciences, Uppsala, Sweden) containing 55 000 human gene targets.
Scanned images were processed using the Codelink Expression Analysis
Software. Raw data were normalized by the quantile method. Data
corresponding to the experimental groups were analyzed by the Student #
test. The raw P values obtained were adjusted using the control of the false
discovery rate-based procedure and implemented in the multitest package
within the Bioconductor set of routines (www.bioconductor.org).
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Sugar-binding assays

For precipitation of Mannan-, N-acetyl-glucosamine-, and N-acetyl-
galactosamine-binding proteins, K562 cells stably transfected with differ-
ent LSECtin isoforms (3 X 10°) were collected, washed with phosphate-
buffered saline and 1 mM EDTA, and lysed. Then, each lysate was
incubated with 50 pL of Mannan-agarose (Sigma), N-acetyl-glucosamine-
agarose (Sigma), or N-acetyl-galactosamine-agarose (Sigma) for 12 hours
at 4°C. After extensive washing, bound proteins were eluted either by
incubation with an excess of the sugars or boiling the agarose beads in 3X
Laemmli’s sample buffer. SDS-eluted material was resolved by SDS-PAGE
and LSECtin detection accomplished with specific polyclonal antibodies.

Ebola glycoprotein (GP)1 and virus-binding assays

Ebola virus binding was determined using lentiviral particles pseudotyped
with Ebola virus GP according to a transient transfection protocol previ-
ously described.?* K562 transfectants were challenged with Ebola virus GP
pseudotypes or controls: 25 X 10* cells were resuspended in 250 pL
complete medium and incubated overnight with 250 pL of transfection
supernatants. Cells were assayed for luciferase expression 48 hours postinfection.
For inhibition experiments, cells were preincubated for 10 minutes at room
temperature with the preimmune or ADS-1 polyclonal antibodies.

Ebola virus GP1 (envelope glycoprotein of the Zaire strain of Ebola
virus, provided by Dr. Anthony Sanchez, CDC, Atlanta, GA) was fused with
human IgG-Fc by subcloning into pEF-Fc (provided by Dr. J. M.
Casasnovas, CNB, CSIC, Madrid, Spain). The pSyngp120IgG plasmid,
which encodes strain JR-FL. HIV gp120 fused to human IgG1Fc, was
obtained from the National Institutes of Health AIDS Research and
Reference Reagent Program (Germantown, MD). For binding experiments,
envelope constructions were transfected into 293T cells and supernatants
collected after 72 hours. MDDC were incubated for 30 minutes at room
temperature with 1:10 dilution of the supernatants in phosphate-buffered
saline, 2% FCS, 4 mM CaCl,. Cells were then washed twice and incubated
with a PE-conjugated goat antihuman IgG-Fc antibody (Immunotech,
Marseille, France). Cells were analyzed in an EPICS-XL cytometer using
the Expo32 software.
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LSECtin internalization assays

K562 cells were transiently transfected with LSECtin by Nucleofection
(Amaxa). After 24 hours, cells were washed, resuspended in complete
medium, and incubated with either SOTO1 (for LSECtin), PSD2 (for
CD29), or TS1/18 (for CD18) antibodies for 30 minutes at 4°C to prevent
internalization. After extensive washing, cells were placed at 37°C to allow
internalization to occur, and aliquots were removed after 2, 5, and 15
minutes and immediately placed at 4°C. Then, cells were incubated with a
1:100 dilution of a FITC-labeled goat anti-mouse antibody (Serotec) to
detect cell surface-bound antibodies. All incubations were done in the
presence of 50 pg/mL of human IgG to prevent binding through the Fc
portion of the antibodies.
antibodies, cells were fixed and permeabilized (CytoFIX/CytoPerm; BD
Biosciences) before addition of the secondary antibody. Flow cytometry
analysis was performed with an EPICS-CS (Coulter Cientifica, Madrid,
Spain) using log amplifiers.

In some cases, and to detect internalized

Results

LSECtin mRNA is found in monocyte-derived dendritic cells
and is induced by IL-4

The LSECtin gene lies within the C-type lectin-encoding DC-SIGN/
L-SIGN/CD23 gene cluster on chromosome 19p13.2.! Although
reported to be exclusively expressed on liver and lymph node
sinusoidal endothelial cells,” its chromosomal location prompted us
to determine whether LSECtin was found in myeloid cells.
Microarray gene profiling experiments showed that LSECtin mRNA is
expressed in immature and mature human MDDC (Figure 1A).
MDDC contained significantly higher levels of LSECtin RNA than
macrophages generated either in the presence of GM-CSF or
M-CSF (Figure 1B). This set of data was verified by RT-PCR,
because LSECtin mRNA was readily detected in MDDC but was
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Figure 1. Expression of LSECtin mRNA in human MDDC. (A) Relative levels of LSECtin, DC-SIGN, and CD23 mRNA in immature and mature MDDC as determined by gene
expression profiling using Codelink Whole Genome Bioarrays. (B) Relative levels of LSECtin mRNA in immature MDDC from two independent donors and monocyte-derived
macrophages generated in the presence of either GM-CSF or M-CSF from three independent donors, as determined by gene expression profiling using Codelink Whole
Genome Bioarrays. Values represent the intensity of expression normalized with the median of all the intensity values in the microarray. (C) Detection of LSECtin mRNA in
hematopoietic cells, cell lines, and in vitro—generated monocyte-derived macrophages and dendritic cells. Total RNA was isolated from the indicated cells and cell lines and
subjected to RT-PCR for amplification of the LSECtin coding region and GAPDH (as control). Analyzed RNA was obtained from endothelial cells from normal and HHT donors,
resting and activated NK cells, the NK3 NK cell clone, peripheral blood T lymphocytes, MDM (interferon-y-activated, CAMG; IL-4-activated, AAMQ), immature or mature (with
either lipopolysaccharide or tumor necrosis factor-a) MDDC, and the THP-1 and K562 leukemic cell lines. (D) Schematic representation of the structure of LSECtin mRNA
species amplified by RT-PCR from monocyte-derived dendritic cells. Boxes represent the individual exons, and the arrowhead marks the position of the initiation methionine.

Dark circles indicate the potential N-glycosylation sites.
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absent from peripheral blood lymphocytes, resting or activated NK
cells, or CD34+-derived endothelial-like cells (Figure 1C).

LSECtin mRNA was seen in AAM(J but absent in either naive
or CAM{J (Figure 1C). Sequencing of the two RT-PCR fragments
routinely generated from MDDC and AAMJ revealed the exis-
tence of three LSECtin mRNA species, which encode the proto-
typic isoform (full-length, 879 bp), an isoform lacking the transmem-
brane region (A2, 768 bp), and an isoform lacking the first two
exons encoding the stalk region (A3/4, 762 bp) (Figure 1D). The
full-length isoform was amplified from more than 20 unrelated
MDDC donors, whereas the shorter isoforms were variably de-
tected (data not shown). Therefore, LSECtin mRNA is differen-
tially expressed in monocyte-derived macrophages and dendritic
cells, with the latter containing three distinct mRNA species.
Moreover, LSECtin expression can be detected in macrophages
activated in the presence of IL-4 (AAMJ).

The presence of LSECtin mRNA in AAM{J, and the proximity of
the LSECtin gene to that of DC-SIGN, whose expression is 1L-4-
dependent, 10 led us to explore the cytokine responsiveness of the
LSECtin gene. LSECtin mRNA was induced during GM-CSF +
IL-4-promoted MDDC differentiation and was found to be responsive to
the presence of IL-4 (Figure 2A). Besides, and in agreement with the
microarray data, LSECtin mRNA was detected in MDDC matured with
either lipopolysaccharide or tumor necrosis factor-a (Figure 2A).
Similarly, IL-4 induced the appearance of LSECtin mRNA on proliferat-
ing or PMA-differentiated THP-1 cells, where the three LSECtin
alternatively spliced isoforms were detected (Figure 2B). Because the
combined addition of PMA and IL-4 promotes THP-1 cells to acquire a
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Figure 2. Cytokine-dependence of LSECtin mRNA levels in MDDC and detec-
tion of LSECtin mRNA in ex vivo peripheral blood and thymic dendritic cells. (A)
Monocytes from three independent donors were treated for the indicated periods of
time with either GM-CSF, IL-4, or both cytokines, or allowed to differentiate into
MDDC and further matured with lipopolysaccharide or tumor necrosis factor-o. After
RNA extraction from the distinct cell types, the coding region of the LSECtin mRNA
was amplified and the resulting fragments resolved by agarose gel electrophoresis.
(B) THP-1 leukemic myeloid cells were treated for the indicated periods of time with
IL-4 alone (left panel) or for 96 hours in the presence of IL-4 and the differentiation-
inducing agent PMA (right panel). After RNA extraction from the distinct cell types, the
coding region of the LSECtin mRNA was amplified and the resulting fragments
resolved by agarose gel electrophoresis. (C) RNA was extracted from human myeloid
peripheral blood dendritic cells from three independent donors and LSECtin mRNA
detected by RT-PCR. (D) RNA was extracted from human myeloid and plasmacytoid
thymic dendritic cells, thymic macrophages, or liver biopsies from three independent
donors and LSECtin mRNA detected by RT-PCR. In all cases, GAPDH mRNA was
amplified as a control.
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dendritic cell-like phenotype,!! these results are compatible with the
presence of LSECtin in MDDC. More importantly, LSECtin mRNA
was detected in ex vivo isolated peripheral blood myeloid dendritic cells
(CD11c+ BDCA2-CD123-) (Figure 2C) as well as in myeloid and
plasmacytoid thymic dendritic cells and thymic macrophages (Figure
2D). Sequencing of the amplified fragments confirmed the presence of
the full-length and A2 isoforms in both thymic macrophages and
myeloid dendritic cells, which were also seen in human liver RNA as
control (Figure 2D). Altogether, these results indicate that LSECtin
RNA is induced by IL-4 and is expressed by dendritic cells in vivo.

LSECtin protein expression in dendritic cells and macrophages

To confirm these results at the protein level, LSECtin-specific
polyclonal antisera were raised and their specificity tested by
enzyme-linked immunosorbent assay on purified recombinant
HIS-LSECtin. Whereas an anti-HIS serum detected HIS-LSECtin
and HIS-B-gal to a similar extent, ADS-1 (stalk region-specific)
and ADS-4 antiserum (raised against the extracellular region of the
molecule) exclusively reacted with HIS-LSECtin (Figure 3A). By
contrast, and as expected, ADS-3 antiserum (specific for the
LSECtin cytoplasmic tail) showed no reactivity against the HIS-
LSECtin recombinant protein (Figure 3A). The LSECtin specificity
of the ADS-1 and ADS-4 antisera was further demonstrated by
Western blot after transient transfection of the full-length and the
A2 isoforms in COS7 cells (Figure 3B).

The availability of the anti-LSECtin polyclonal antisera allowed
us to address the presence of LSECtin protein in dendritic cells.
Analysis of immature and mature MDDC demonstrated the pres-
ence of an ADS1-reactive protein band that comigrates with the
LSECtin protein generated in COS-7 cells after transient transfec-
tion (Figure 3C). The specificity of the recognition was further
demonstrated by the fact that the detected band was not observed in
the presence of an excess of the immunizing peptide (Figure 3C,
right panel). Moreover, and like DC-SIGN,?? a significant percent-
age of LSECtin molecules were detected in lipid raft-enriched
membrane fractions (Figure 3D), suggesting that LSECtin might
also act as a signaling molecule. Therefore, LSECtin is expressed
in monocyte-derived dendritic cells, where it might contribute to
increase their pathogen-recognition capability.

Detection of LSECtin protein during MDDC differentiation and
macrophage activation confirmed the mRNA data. The IL-4-dependent
in vitro generation of AAM@ resulted in up-regulation of LSECtin,
which was not expressed by CAM@ (Figure 4A). On the other hand,
LSECtin was barely expressed in monocytes, increased after 48 hours in
the presence of GM-CSF and IL-4, and reached maximal levels in
immature MDDC (5-day treatment with GM-CSF + IL-4; Figure 4A).
Analysis of MDDC from additional donors confirmed the presence of
LSECtin protein in all cell extracts (data not shown). The presence of
LSECtin was further evaluated by flow cytometry (Figure 4B) and
confocal microscopy (Figure 4C), which revealed the presence of
variable levels of LSECtin protein on the cell surface of monocyte-
derived dendritic cells. Furthermore, flow cytometry revealed high
levels of LSECtin on the cell surface of CD13* CDI14* thymic
macrophages, whereas weak levels were found on both thymic myeloid
(CD13* CD147) and plasmacytoid (BDCA2* CD123") dendritic cells
(Figure 4D). Therefore, LSECtin is expressed on the cell surface of in
vitro differentiated (MDDC) and ex vivo isolated (thymic macrophages)
myeloid cells.

Functional characterization of LSECtin

To evaluate the recognition capabilities of LSECtin, stable transfec-
tants were generated in K562 cells (K562-LSECtin), where the
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Figure 3. Expression of LSECtin in human MDDC. (A) Specificity of polyclonal antisera against LSECtin by enzyme-linked immunosorbent assay. High protein-binding
96-well plates were coated with either purified HIS-LSECtin, purified Bgal-HIS, or BSA. After washing, wells were treated with either a monoclonal antibody against the HIS
epitope (anti-His), a control monoclonal antibody (antiCD86), polyclonal antisera against LSECtin (ADS-1, ADS-3, ADS-4), or the corresponding preimmune sera. Bound
antibodies were detected using HRP-conjugated goat antirabbit and goat antimouse polyclonal antisera. Quantification was done on a microplate enzyme-linked
immunosorbent assay reader at 450 nm. (B) Specificity of polyclonal antisera against LSECtin by Western blot. Whole cell extracts were obtained from COS-7 cells transiently
transfected with full-length LSECtin, the A2 LSECtin isoform (LSECtin A2), or mock-transfected cells (Mock). Ten micrograms of each whole cell extract was subjected to
Western blot using the ADS-1 or ADS-4 polyclonal antisera specific for LSECtin. (C) Whole cell lysates were obtained from immature and mature MDDC, and 10 pg of each
extract was subjected to Western blot using the ADS-1 anti-LSECtin polyclonal antiserum either alone (left panel) or in the presence of an excess of the immunizing peptide
(right panel). Lysates from mock- and LSECtin-transfected COS-7 cells were included as controls. The position of the LSECtin protein is indicated by an arrowhead, and
nonspecific bands are denoted as NS. (D) Immature MDDC were lysed in 1% Brij 98 lysis buffer at 37°C and fractionated by sucrose density gradient centrifugation. The
low-density Brij 98-insoluble fractions 2-4 (lanes 2-4, Rafts) and the high-density Brij 98-soluble fractions 6-8 (lanes 6-8, soluble) were separated by 12.5% SDS-PAGE under
reducing conditions, and the distribution of LSECtin was determined by immunoblotting. Cytoskeletal-associated Rafts (CAR), obtained by solubilization of the cell pellet with
Brij98 + Octyl D-glucoside in lysis buffer, were analyzed in parallel (lane 9, CAR). Ten micrograms of each fraction was subjected to Western blot, and the distribution of
LSECtin and ganglioside GM1 in the distinct fractions was determined by immunoblotting with the ADS-1 polyclonal antisera (LSECtin) or cholera toxin-HRP (GM1). The

experiment was done on MDDC from two independent donors, and one of them is shown.

lectin was readily detectable on the cell surface either by flow
cytometry (Figure SA) or by immunoprecipitation of biotin-labeled
cell surface proteins (Figure 5B) with polyclonal antisera (ADS-3,
ADS-4) or the anti-LSECtin SOTO1 monoclonal antibody. Whereas
K562-LSECtin and mock-transfected cells exhibited similar bind-
ing of VSV, expression of full-length LSECtin conferred K562
cells the ability to bind viral particles pseudotyped with Ebola or
Marburg virus GP (Figure 5C). The viral binding to full-length
LSECtin was almost completely abrogated in the presence of the
ADS-1 polyclonal antiserum (Figure 5D), confirming the specific-
ity of the interaction. In agreement with these results, K562-
LSECtin cells specifically bound soluble Ebola virus glycoprotein
GP1 (see subsequently). LSECtin also displayed Ebola GP1-
binding ability when expressed on in vitro generated dendritic
cells. Although HIV gp120 binding to MDDC was exclusively
inhibited by anti-DC-SIGN antibodies, Ebola GP1 binding to
MDDC was partially dependent on LSECtin (Figure 5E). In fact,
complete abrogation of GP1 binding to MDDC was only observed
in the presence of anti-LSECtin antiserum (ADS-1) and anti-DC-SIGN
antibodies (MR1) (Figure SE). Therefore, LSECtin displays pathogen-
recognition capability when expressed on hematopoietic cells.

To compare the sugar-specificity of LSECtin with that of
DC-SIGN, which acts as an Ebola virus attachment factor,> we
performed sugar affinity experiments by incubation of extracts
from DC-SIGN- and LSECtin-transfected K562 cells with Man-
nan-, N-acetyl-glucosamine-, and N-acetyl-galactosamine-agarose.
Both the full-length and the A3/4 isoform were not retained by

Mannan-agarose, whereas DC-SIGN bound to this matrix (Figure
6A). However, both LSECtin isoforms were specifically retained
by N-acetyl-glucosamine-agarose (Figure 6B) but not by N-acetyl-
galactosamine-agarose (Figure 6C). LSECtin from MDDC exhib-
ited the same sugar specificity, because it was retained by
N-acetyl-glucosamine-agarose but not by Mannan-agarose (Figure
6D). Therefore, and in agreement with the results of pathogen-
binding experiments, LSECtin exhibits a sugar-binding specificity
that differs from that of the structurally related DC-SIGN lectin on
both K562 transfectants and in vitro generated dendritic cells.

Finally, we evaluated the ability of LSECtin to act as an
antigen-capturing receptor by performing internalization experi-
ments with LSECtin-specific ligands. Engagement of LSECtin by
SOTOL1 led to a rapid loss of the molecule from the cell surface
(50% reduction after 2 minutes, 80% after 15 minutes) but did not
affect the cell surface levels of CD29 (Figure 7A). To find out
whether antibody engagement triggered LSECtin internalization or
shedding, a similar experiment was performed using permeabilized
cells. No reduction in LSECtin levels was observed when cells
were permeabilized before the addition of the secondary fluores-
cent antibody (Figure 7A), although to a lower extent, the addition
of GP1 onto K562-LSECctin cells also resulted in down-regulation
of LSECtin without affecting the expression of the CD29 integrin
subunit (Figure 7B). Altogether, these results indicate that LSECtin
is internalized on ligation on the cell surface and might thus
participate in antigen binding and uptake at the early stages of an
immune response.
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Figure 4. LSECtin expression on the cell surface of monocyte-derived dendritic cells and thymic-cell subsets. (A) Cell extracts were obtained from monocytes along
the MDDC differentiation pathway by treating them with GM-CSF plus IL-4 for the indicated periods of time. In parallel, extracts were obtained from GM-CSF-generated
macrophages after a 48-hour treatment with medium (MDM), IL-4 (AAM®), or interferon-y (CAM@). In all cases, 10 pg of each lysate was subjected to Western blot for
detection of LSECtin with the ADS-1 polyclonal antiserum and B-actin expression determined in parallel for loading control purpose. (B) Cell surface expression levels of
LSECtin in monocyte-derived dendritic cells from three independent donors as determined with the antiLSECtin SOTO1 monoclonal antibody. The supernatant from the
P3 X 63 myeloma was used as negative control (X63). (C) MDDC were allowed to differentiate on glass coverslips, fixed (paraformaldehyde 2%), washed, and incubated with
either a polyclonal antiserum against LSECtin (ADS-1) or preimmune serum. After washing, cells were incubated with a 1:500 dilution of Alexa 488-labeled goat anti-rabbit IgG
(F(ab'),) antiserum. Nuclei were counterstained with 4’,6-diamidino-2-fenilindol diclorhidrato (DAPI). Coverslips were mounted in Dako Cytomation fluorescent mounting
medium (Dako, Glostrup, Denmark) and representative fields photographed through an HCX PL APO lens (63.0 X 1.40 oil objective), with a 1.400000 numerical aperture on
a TCS-SP2-ADBS confocal laser LEICA scanning system (LEICA MICROSYSTEMS GmbH, Wetzlar, Germany). (D) Expression of LSECtin in human thymic cell populations.
Human thymic cell preparations were depleted of thymocytes by centrifugation on Ficoll after rosetting with sheep erythrocytes. The resulting population was then stained with
either PE-labeled anti-CD123 and FITC-labeled BDCA2 or with FITC-labeled anti-CD14 and PE-labeled anti-CD13 antibodies. The BDCA2* CD123" (plasmacytoid DC
[pDC]), CD14* CD13* (macrophages [Md]), and CD14-CD13* (myeloid DC [MyDC]) subsets (left panels) were simultaneously stained with the anti-LSECtin SOTO1

monoclonal antibody followed by incubation with an APC-labeled goat anti-mouse antiserum (right panels).

Ligand-induced endocytosis is a property shared by lectins
involved in antigen capture and presentation and is dependent
on the presence of internalization motifs in the cytoplasmic tail.?
To determine the molecular basis for the antibody-induced
LSECtin internalization, two potential internalization motifs
similar to those present in other lectins (Y6SKW and E“E'"9)
were mutated and assayed for internalization capability. Muta-
tion of either Y® (to F®) or EMED (to A“A) significantly
reduced the ligand-induced internalization of LSECtin (Figure
7C). Although mutation of Y exhibited a stronger effect at early
time points (2 minutes), disruption of both motifs (LSECtin
DM) reduced internalization to a higher extent than each
individual mutations (after 5 or 15 minutes) (Figure 7C). By
contrast, mutation of the three tryptophan residues within the
cytoplasmic tail (W2!GRW**VHW,?” LSECtin 3W/3A) had no
effect (Figure 7C). Therefore, the ability of LSECtin to be
internalized on ligand binding is dependent on the integrity of
both YCSKW and EE'S motifs in the cytoplasmic tail. LSECtin
was found to be internalized at a similar rate in MDDC, because
only 20% of LSECtin molecules remain on the cell membrane
15 minutes after antibody engagement (Figure 7D). Therefore,
LSECtin is internalized after engagement in both transfectants
and monocyte-derived dendritic cells, suggesting its involvement
in antigen capture and internalization by myeloid cells.

Discussion

The gene cluster in chromosome 19p13.2 includes the C-type
lectin-encoding genes CD23, DC-SIGN (CD209), LSECtin, and

DC-SIGNR, with the first three of them arranged adjacent to one
another and in the same orientation. In the present report, we
demonstrate that LSECtin, originally defined as a liver and lymph
node sinusoidal-specific lectin,’ can be induced by IL-4 on human
peripheral blood monocytes and is expressed by in vitro generated
dendritic cells and alternatively activated macrophages as well as
by ex vivo thymic myeloid cells. The IL-4 dependence of LSECtin
expression resembles the cytokine responsiveness of the DC-SIGN
and CD23 genes, whose expression is either induced or up-
regulated by IL-4,'026 and suggests a common mechanism for their
coordinated up-regulation in IL-4-treated monocytes. Moreover,
and like DC-SIGN and CD23, LSECtin is internalized on ligand
binding. Therefore, DC-SIGN, CD23, and LSECtin comprise a
cluster of structurally related lectin genes expressed on myeloid
cells regulated by IL-4 and involved in antigen capture. At present,
we have no explanation for the discrepancy between the previously
reported lack of LSECtin mRNA detection in MDDC? and the data
presented in this article, especially considering that MDDC were
generated following an identical protocol. LSECtin expression in
MDDC is consistent with its induction in alternatively activated
macrophages, which share a number of membrane markers with
MDDC,!! and with the presence of LSECtin mRNA in peripheral
blood and thymic dendritic cells. Therefore, it can be concluded
that LSECtin exhibits a wider cell type distribution than DC-SIGN
and CD23 being expressed in both hematopoietic and nonhematopi-
etic cell lineages.

Like in the case of other C-type lectins,?’ three distinct
alternatively spliced isoforms can be predicted for LSECtin based
on the sequences of the amplified mRNAs. The LSECtin gene gives
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Figure 5. Pathogen-recognition ability of LSECtin. (A) Generation of LSECtin stable transfectants. K562 cells were transfected with an empty vector (Mock) or with an LSECtin
expression vector (LSECtin) and grown in G418-containing selective medium. LSECtin expression was determined by indirect immunofluorescence with a polyclonal antiserum against
LSECtin (ADS-4) or the SOTO1 anti-LSECtin monoclonal antibody. Preimmune polyclonal antiserum (Preimm.) and the supernatant from the P3 X 63 myeloma (X63) were used as
controls. (B) Mock-transfected K562 cells (Mock) or K562-LSECtin cells stably transfected with full-length LSECtin (LSECtin) were surface-labeled with a water-soluble and
membrane-impermeable biotin derivative (EZ-linked Sulfo-NHS-LC-Biotin; Pierce, Rockford, IL), washed, lysed, and immunoprecipitated with polyclonal antisera against LSECtin (left
panel, ADS-3; right panel, ADS-4) or preimmune serum. Precipitated material was resolved by SDS-PAGE under reducing conditions and subjected to Western blot with HRP-streptavidin.
(C) Binding of Ebola and Marburg pseudovirus to LSECtin-transfected cells. Mock-transfected and K562-LSECtin transfectants were challenged with vesicular stomatitis virus (VSV),
Marburg or Ebola virus GP pseudotypes, and cells were assayed for luciferase expression 48 hours postinfection. (D) Inhibitory effect of the ADS-1 anti-LSECtin polyclonal antiserum on
the Ebola pseudovirus binding to LSECtin. The experiment was performed like in D, but cells were preincubated for 10 minutes at room temperature with the preinmune or ADS-1
polyclonal antibodies before viral addition. (E) Binding of Ebola virus GP1 and HIV gp120 to MDDC. Cells were incubated with the recombinant proteins either in the absence or in the
presence of antibodies against DC-SIGN (MR1), LSECtin (ADS-1), or both and binding measured by flow cytometry. Protein binding is measured as relative fluorescence, which indicates
the binding observed in each experimental condition relative to the binding detected in the presence of preimmune antiserum (considered as 100). The level of expression of LSECtin and
DC-SIGN in the assayed MDDC is illustrated in the upper panel.

rise to both membrane-bound and a transmembrane-lacking poten-  in the THP-1 cell line. In fact, and unlike full-length LSECtin, the
tially soluble isoform (A2 isoform). The relative levels of the LSECtin A2 isoform can be detected in the supernatant of
distinct LSECtin mRNA species appear to be dependent on the cell  transfected cells (data not shown), suggesting that it is stable in the
type: thymic macrophages exhibit equivalent amounts of LSECtin  extracellular milieu and that it might function as an opsonizing
mRNA coding for full-length and truncated (A2 and A3/4) mol- agent. In this regard, a large number of cell surface lectins and
ecules, whereas thymic dendritic cells almost exclusively contain  lectin-like molecules exhibit potentially soluble isoforms,?® and
LSECtin mRNA for the shorter versions of the molecule. Interest-  several soluble lectins display pathogen-recognition capability.?
ingly, and as in the case of DC-SIGN,?’ a significant percentage of  The soluble form of CD23 is found in serum and is generated by
LSECtin mRNA species coding for a transmembrane domain- endogenous or exogenous proteases that cleave CD23 from the
lacking potentially soluble isoform (LSECtin A2) have been cell surface®® and has been described as regulating IgE synthe-
detected not only in dendritic cells (generated in vitro and isolated  sis.?® The availability of the reagents described in the present
ex vivo), but also in alternatively activated macrophages and even article will allow us to determine whether LSECtin can be
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Figure 6. Binding specificity of LSECtin in dendritic cells and
transfectants. Whole cell lysates from K562 cells stably transfected
with full-length LSECtin(LSECtin), the A3/4 isoform (LSECtin A3/4),
DC-SIGN, or mock-transfected (Mock) were loaded onto Mannan- (A),
N-acetyl-glucosamine- (NAcGlc, B), or N-acetyl-galactosamine (NAc-
Gal)-agarose (C) and retained proteins eluted with SDS sample buffer
(SDS-eluted) and analyzed by Western blot using the ADS-1 anti-
LSECtin polyclonal antiserum. As a control, aliquots from nonretained
material (supernatant) were analyzed in parallel. (D) Whole cell
lysates from monocyte-derived dendritic cells were loaded onto
Mannan- or N-acetyl-glucosamine- (NAcGilc)-agarose and retained
proteins eluted with SDS sample buffer (SDS-eluted) and analyzed by
Western blot using polyclonal antisera against LSECtin (ADS-1) or NAcGal-agarnse
DC-SIGN (DSG1). LSECtin  DC-SIGN
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Figure 7. Ligand-induced internalization of LSECtin in transfectants and monocyte-derived dendritic cells. (A) Monoclonal antibody-induced internalization of LSECtin
in K562 transfectants. K562-LSECtin cells were incubated with either the SOTO1 (antiLSECtin) or the P5D2 (antiCD29) antibodies for 30 minutes at 4°C. After extensive
washing in cold phosphate-buffered saline, cells were transferred to 37°C for the indicated time points, fixed, and the presence of cell surface-bound antibodies detected with
FITC-labeled F(ab’), anti-mouse IgG. Where indicated, cells were fixed and permeabilized before addition of the fluorescent secondary antibody (Perm). Values represent the
fluorescence intensity of the cells at the distinct time points relative to the fluorescence intensity of control cells maintained at 4°C. One representative experiment of two is
shown. (B) Ebola GP1-induced internalization of LSECtin. K562-LSECtin cells were either untreated or incubated with Ebola virus GP1-Fc (GP1) for 10 minutes at 37°C,
transferred to 4°C, and the expression of LSECtin or the CD29 integrin (negative control) determined by indirect immunofluorescence with SOTO1 or P5D2 monoclonal
antibodies and FITC-labeled F(ab’)2 anti-mouse IgG. Values represent the fluorescence intensity of the cells at the distinct time points relative to the fluorescence intensity of
control cells maintained at 4°C. Mean =+ standard deviation of three independent experiments is shown (*P = 0.001). (C) Cytoplasmic motifs involved in LSECtin
ligand-induced internalization. K562 cells were transiently transfected with expression vectors for WT LSECtin or LSECtin mutated at Y® (LSECtin Y/F), E™E'S (LSECtin
EE/AA), W2'GRW24VHW?27 (LSECtin 3W/3A), or at both Y® and E'“E'® (LSECtin DM). Twenty-four hours later, cells were washed and incubated with the SOTO1 (anti-LSECtin)
or the P5D2 (anti-CD29) antibodies for 30 minutes at 4°C. After extensive washing in cold phosphate-buffered saline, cells were transferred to 37°C for the indicated time points
(2, 5, 15 minutes), placed on ice, and the presence of cell surface-bound antibodies detected with FITC-labeled F(ab’), anti-mouse IgG. Values represent the fluorescence
intensity of the cells at the distinct time points relative to the fluorescence intensity of control cells maintained at 4°C. Shown are the mean and standard deviation of three
independent experiments. (D) Monoclonal antibody-induced internalization of LSECtin in MDDC. MDDC were incubated with either the SOTO1 (anti-LSECtin) or the TS1/18
(anti-CD18) antibodies for 30 minutes at 4°C. After extensive washing in cold phosphate-buffered saline, cells were transferred to 37°C for the indicated time points and
immediately transferred to 4°C. The presence of cell surface-bound antibodies was detected with FITC-labeled F(ab’), anti-mouse IgG. Relative expression of each protein
was measured by multiplying the percentage of marker-positive cells by their mean fluorescence intensity and is referred to the value obtained for control cells maintained at

4°C (considered as 100). One representative experiment of two is shown.

detected in serum and whether soluble LSECtin might also
influence the IgE network.

Evaluation of the sugar specificity in precipitation assays has
revealed that LSECtin interacts with N-acetyl-glucosamine
(NACcGIc) but is not retained by N-acetyl-galactosamine (NAcGal)
or Mannan. Although previously described to interact with Man-
nan,’ our results are in agreement with the lack of Mannan-binding
reported by Gramberg et al,'® despite the presence of the EPN motif
in calcium-binding site 2 that mediates Mannose/NAcGlc binding
in other C-type lectins.?! Thus, LSECtin specificity is distinct from
CD23, which binds better to Gal-NAcGal-containing structures
than to Gal-NAcGlc-structures,”® and would also differ from
DC-SIGN in their ability to be retained by Mannose-containing
matrices (Figure 6). Therefore, available data suggest that the three
lectins encoded within the 19p13.2 gene cluster are not functionally
redundant in terms of sugar-binding specificity. The different
carbohydrate specificity of DC-SIGN and LSECtin is further
suggested by the distinct aggregation behavior of their correspond-
ing transfectants in K562 cells.??

The nonredundant sugar specificity of the three lectins would
also imply that DC-SIGN, CD23, and LSECtin differ in their
pathogen-recognition capabilities. In fact, our results and those of
others!? indicate that this is indeed the case, because LSECtin does
not mediate the binding and uptake of DC-SIGN-interacting
pathogens such as HIV, hepatitis C virus," Leishmania, Candida,
or Aspergillus (data not shown). However, although the failure
of K562-LSECtin to capture these pathogens is in agreement
with the inability of Mannan-agarose matrix to retain LSECtin,

these results should be interpreted with caution, because DC-
SIGN-dependent pathogen-recognition activities are greatly
dependent on the cell surface level of expression.?? Therefore,
an extensive analysis of the sugar-binding specificity of LSECtin
should be performed before ruling out its ability to interact with
DC-SIGN-interacting pathogens.

Several distinct motifs (tyrosine-based, dileucine-based, glu-
tamic-rich sequences) have been identified as responsible for the
internalization of dendritic cell lectins involved in antigen capture
for subsequent presentation.?® In the case of LSECtin, its ligand-
induced internalization ability is dependent on two internalization
motifs (YSKW and EE!) within the cytoplasmic tail of the
molecule, which is devoid of a dileucine motif. Analysis of the
LSECtin cytoplasmic tail reveals the presence of a tryptophan-rich
sequence that conforms to the consensus WXYWXYWXY, where
X is a small amino acid and Y is a positively charged residue.
Although this sequence resembles motifs found in cytoskeletal and
extracellular proteins, its disruption had no effect on LSECtin
internalization, which leads us to hypothesize its involvement in
signal transduction. The internalization ability of LSECtin fits well
with the effector functions of macrophages and dendritic and
sinusoidal cells, which constitutively capture extracellular material
either for scavenging purposes or for antigen processing and
presentation. Along this line, the presence of LSECtin in thymic
macrophages and dendritic cells, which are involved in central
tolerance induction,3* is suggestive of a role for LSECtin in antigen
presentation and tolerance. On the other hand, the expression of
LSECtin in MDDC indicates that the molecule could be a potential
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target molecule in vaccination strategies, a capacity already

demonstrated for DEC-205 and DC-SIGN.3%3¢ If so, determination

Authorship

of the LSECtin specificity might be helpful to understand whether

the molecule participates in triggering immune responses (through
recognition of PAMPs) or preferentially acts as a tolerance-
inducing receptor (through capture of self-antigens).

Acknowledgments

This work was supported by the Ministerio de Educacion y Ciencia
(grants SAF2005-0021, AGL2004-02148-ALI, and GEN2003-
20649-C06-01/NAC) and Fundacion para la Investigacion y Preven-
cion del SIDA en Espaiia (FIPSE 36422/03) to ALC. A.D.S. was
supported by a FPI predoctoral grant (BES2004-4405) from

Ministerio de Educacion y Ciencia (Spain).

References

1.

10.

1.

12.

13.

Contribution: A.D.S. designed the research and performed the
experiments; L.A.F, E.GM., LM.P, and PM. performed the
research (lipid raft preparation, thymic cell separation, Ebola-
binding assays); M.L.T., M.C., M.Z., R.D., and EB. provided

reagents and supervised individual experiments; and A.L.C. super-
vised research and wrote the paper.
Conflict-of-interest disclosure: The authors declare no compet-

ing financial interests.

Correspondence: Angel L. Corbi, Centro de Investigaciones
Biol6gicas, Consejo Superior de Investigaciones Cientificas,
Veldzquez 144, 28 006 Madrid, Spain; e-mail: acorbi@cib.csic.es.

Soilleux EJ, Barten R, Trowsdale J. DC-SIGN; a
related gene, DC-SIGNR; and CD23 form a clus-
ter on 19p183. J Immunol. 2000;165:2937-2942.

Cambi A, Figdor CG. Dual function of C-type lec-
tin-like receptors in the immune system. Curr
Opin Cell Biol. 2003;15:539-546.

Schjetne KW, Thompson KM, Aarvak T, Flecken-
stein B, Sollid LM, Bogen B. A mouse C kappa-
specific T cell clone indicates that DC-SIGN is an
efficient target for antibody-mediated delivery of T
cell epitopes for MHC class Il presentation. Int
Immunol. 2002;14:1423-1430.

Geijtenbeek TB, Torensma R, van Vliet SJ, et al.
Identification of DC-SIGN, a novel dendritic cell-
specific ICAM-3 receptor that supports primary
immune responses. Cell. 2000;100:575-585.

Feinberg H, Mitchell DA, Drickamer K, Weis WI.
Structural basis for selective recognition of oligo-
saccharides by DC-SIGN and DC-SIGNR. Sci-
ence. 2001;294:2163-2166.

Figdor CG, van Kooyk Y, Adema GJ. C-type lectin
receptors on dendritic cells and Langerhans cells.
Nat Rev Immunol. 2002;2:77-84.

van Kooyk Y, Geijtenbeek TB. DC-SIGN: escape
mechanism for pathogens. Nat Rev Immunol.
2003;3:697-709.

Bashirova AA, Geijtenbeek TB, van Duijnhoven
GC, et al. A dendritic cell-specific intercellular ad-
hesion molecule 3-grabbing nonintegrin (DC-
SIGN)-related protein is highly expressed on hu-
man liver sinusoidal endothelial cells and
promotes HIV-1 infection. J Exp Med. 2001;193:
671-678.

Liu W, Tang L, Zhang G, et al. Characterization of
a novel C-type lectin-like gene, LSECtin: demon-
stration of carbohydrate binding and expression
in sinusoidal endothelial cells of liver and lymph
node. J Biol Chem. 2004;279:18748-18758.

Relloso M, Puig-Kroger A, Pello OM, et al. DC-
SIGN (CD209) expression is IL-4 dependent and
is negatively regulated by IFN, TGF-beta, and
anti-inflammatory agents. J Immunol. 2002;168:
2634-2643.

Puig-Kroger A, Serrano-Gomez D, Caparros E, et
al. Regulated expression of the pathogen recep-
tor dendritic cell-specific intercellular adhesion
molecule 3 (ICAM-3)-grabbing nonintegrin in
THP-1 human leukemic cells, monocytes, and
macrophages. J Biol Chem. 2004;279:25680-
25688.

Soilleux EJ, Morris LS, Leslie G, et al. Constitu-
tive and induced expression of DC-SIGN on den-
dritic cell and macrophage subpopulations in situ
and in vitro. J Leukoc Biol. 2002;71:445-457.

Engering A, Van Vliet SJ, Geijtenbeek TB, Van
Kooyk Y. Subset of DC-SIGN(+) dendritic cells in

15.

20.

21.

22.

human blood transmits HIV-1 to T lymphocytes.
Blood. 2002;100:1780-1786.

. van Lent PL, Figdor CG, Barrera P, et al. Expres-

sion of the dendritic cell-associated C-type lectin
DC-SIGN by inflammatory matrix metalloprotein-
ase-producing macrophages in rheumatoid arthri-
tis synovium and interaction with intercellular ad-
hesion molecule 3-positive T cells. Arthritis
Rheum. 2003;48:360-369.

Engering A, van Vliet SJ, Hebeda K, et al. Dy-
namic populations of dendritic cell-specific
ICAM-3 grabbing nonintegrin-positive immature
dendritic cells and liver/lymph node-specific
ICAM-3 grabbing nonintegrin-positive endothelial
cells in the outer zones of the paracortex of hu-
man lymph nodes. Am J Pathol. 2004;164:1587-
1595.

. Granelli-Piperno A, Pritsker A, Pack M, et al. Den-

dritic cell-specific intercellular adhesion molecule
3-grabbing nonintegrin/CD209 is abundant on
macrophages in the normal human lymph node
and is not required for dendritic cell stimulation of
the mixed leukocyte reaction. J Immunol. 2005;
175:4265-4273.

. Mukhtar M, Harley S, Chen P, et al. Primary iso-

lated human brain microvascular endothelial cells
express diverse HIV/SIV-associated chemokine
coreceptors and DC-SIGN and L-SIGN. Virology.
2002;297:78-88.

. Pohlmann S, Soilleux EJ, Baribaud F, et al. DC-

SIGNR, a DC-SIGN homologue expressed in en-
dothelial cells, binds to human and simian immu-
nodeficiency viruses and activates infection in
trans. Proc Natl Acad Sci USA. 2001;98:2670-
2675.

. Gramberg T, Hofmann H, Moller P, et al. LSECtin

interacts with filovirus glycoproteins and the spike
protein of SARS coronavirus. Virology. 2005;340:
224-236.

Dominguez-Soto A, Puig-Kroger A, Vega MA,
Corbi AL. PU.1 regulates the tissue-specific ex-
pression of dendritic cell-specific intercellular ad-
hesion molecule (ICAM)-3-grabbing nonintegrin.
J Biol Chem. 2005;280:33123-33131.

de Yebenes VG, Carrasco YR, Ramiro AR, Tor-
ibio ML. Identification of a myeloid intrathymic
pathway of dendritic cell development marked by
expression of the granulocyte macrophage-
colony-stimulating factor receptor. Blood. 2002;
99:2948-2956.

Serrano-Gomez D, Dominguez-Soto A, Ancochea
J, Jimenez-Heffernan JA, Leal JA, Corbi AL. Den-
dritic cell-specific intercellular adhesion molecule
3-grabbing nonintegrin mediates binding and in-
ternalization of Aspergillus fumigatus conidia by
dendritic cells and macrophages. J Immunol.
2004;173:5635-5643.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caparros E, Munoz P, Sierra-Filardi E, et al. DC-
SIGN ligation on dendritic cells results in ERK
and PI3K activation and modulates cytokine pro-
duction. Blood. 2006;107:3950-3958.
Wool-Lewis RJ, Bates P. Characterization of
Ebola virus entry by using pseudotyped viruses:
identification of receptor-deficient cell lines. J Vi-
rol. 1998;72:3155-3160.

Alvarez CP, Lasala F, Carrillo J, Muniz O, Corbi
AL, Delgado R. C-type lectins DC-SIGN and L-
SIGN mediate cellular entry by Ebola virus in cis
and in trans. J Virol. 2002;76:6841-6844.
Kijimoto-Ochiai S. CD23 (the low-affinity IgE re-
ceptor) as a C-type lectin: a multidomain and mul-
tifunctional molecule. Cell Mol Life Sci. 2002;59:
648-664.

Mummidi S, Catano G, Lam L, et al. Extensive
repertoire of membrane-bound and soluble den-
dritic cell-specific ICAM-3-grabbing nonintegrin 1
(DC-SIGN1) and DC-SIGN2 isoforms. Inter-indi-
vidual variation in expression of DC-SIGN tran-
scripts. J Biol Chem. 2001;276:33196-33212.
Cambi A, Koopman M, Figdor CG. How C-type
lectins detect pathogens. Cell Microbiol. 2005;7:
481-488.

Ji X, Gewurz H, Spear GT. Mannose binding lec-
tin (MBL) and HIV. Mol Immunol. 2005;42:145-
152.

Shakib F, Schulz O, Sewell H. A mite subversive:
cleavage of CD23 and CD25 by Derp 1 en-
hances allergenicity. Immunol Today. 1998;19:
313-316.

Drickamer K. Engineering galactose-binding ac-
tivity into a C-type mannose-binding protein. Na-
ture. 1992;360:183-186.

de la Rosa G, Yanez-Mo M, Samaneigo R, et al.
Regulated recruitment of DC-SIGN to cell-cell
contact regions during zymosan-induced human
dendritic cell aggregation. J Leukoc Biol. 2005;
77:699-709.

Mahnke K, Knop J, Enk AH. Induction of tolero-
genic DCs: 'you are what you eat.” Trends Immu-
nol. 2003;24:646-651.

Wu L, Shortman K. Heterogeneity of thymic den-
dritic cells. Semin Immunol. 2005;17:304-312.
Bonifaz L, Bonnyay D, Mahnke K, Rivera M, Nus-
senzweig MC, Steinman RM. Efficient targeting of
protein antigen to the dendritic cell receptor DEC-
205 in the steady state leads to antigen presenta-
tion on major histocompatibility complex class |
products and peripheral CD8+ T cell tolerance. J
Exp Med. 2002;196:1627-1638.

Tacken PJ, de Vries IJ, Gijzen K, et al. Effective
induction of naive and recall T-cell responses by
targeting antigen to human dendritic cells via a
humanized anti-DC-SIGN antibody. Blood. 2005;
106:1278-1285.



	E.J. Pavón. CD38 y LUPUS.pdf
	Increased association of CD38 with lipid rafts in T cells from patients with systemic lupus erythematosus and in activated normal T cells
	Introduction
	Material and methods
	Patients and healthy controls
	T lymphocyte isolation
	Antibodies and reagents
	FACS analysis
	Detergent solubilization of cells at 37°C
	Fractionation of floating rafts by sucrose gradient ultracentrifugation
	Densitometric and statistical analysis

	Results
	A significant percentage of CD38 is insoluble in Brij 98 at 37°C in PBMC from SLE patients
	Increased association of CD38 with floating rafts in PBMC from SLE patients
	Increased CD38 expression in SLE T cells and T cell subsets
	CD38 is associated with floating rafts in ex vivo SLE T cells
	Increased CD38 expression and insolubility in Brij 98 upon mitogenic stimulation

	Increased lipid raft expression and altered CD4:CD8 ratio in ex vivo SLE T cells
	Recapitulation in normal T cells upon mitogenic stimulation


	Discussion
	Acknowledgments
	References





