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Las quimioquinas se definen como citoquinas quimiotacticas (Chemotactic
cytokines), un nombre que subraya su papel como quimioatrayentes. Sin embargo, a
pesar de esta denominacidn, estas moléculas no controlan exclusivamente la
quimiotaxis sino también otras funciones celulares. Las células dendriticas (CDs) son
presentadoras de antigeno profesionales capaces de iniciar la respuesta inmunologica
mediante la activaciéon de los linfocitos T virgenes. En la fase de diferenciacion
denominada de CDs madura (CD mad), llevan a cabo la presentacion en los ganglios
linfaticos de antigenos capturados, en una fase de diferenciacion previa, en las zonas de
inflamacién. Para llevar a cabo su funcidn, las CDs mad deben migrar a través a través
de los vasos linfaticos hasta los ganglios, donde se produciré la presentacion antigénica
a los linfocitos T. La quimioquina CXCL12, ligando de los receptores CXCR4 y
CXCR?7, se expresa en los vasos linfaticos aferentes y en los ganglios linfaticos, lo que
sugiere que es muy probable que las funciones de las CDs mad puedan estar reguladas
por este ligando.

En esta Tesis Doctoral mostramos que CXCL12 regula in vitro la quimiotaxis y
la supervivencia de las CDs mad humanas e in vivo la migracion de las CDs murinas a
los ganglios linfaticos y también su supervivencia. Ademas, aportamos informacion
sobre los mecanismos moleculares mediante los cuales CXCL12 regula esas dos
funciones simultdneamente en las CDs mad humanas. CXCL12 estimula el receptor
CXCR4, pero no a CXCR7, que no se expresa en las CDs. CXCL12 induce la
activacion de dos vias, la primera que incluye Gi, G;,, PI3K-a, -y y -8, Akt, nTORCI y
la segunda, que incluye Gi, Gy, las isoformas PI3K-a, -y y -8, Erk1/2 y mTORCI.
Sorprendentemente, todos los componentes de ambas vias son necesarios para que
CXCLI12 controle la quimiotaxis y la supervivencia de las CDs mad, aunque la
contribucion en la regulacion de cada una de las funciones de cada efector es
cuantitativamente diferente.

Ademas, la estimulacion de las CDs con CXCL12 induce la fosforilacion
inhibidora de FoxO1 dependiente de Akt, lo cual hace que este factor de transcripcion se
transloque desde nticleo -donde controla la expresion de la proteina pro-apoptdtica Bim-
al citosol. La regulacion de la actividad de FoxO1 es independiente de la via de Erk1/2 y
del efector comun de ambas vias mTORCI. Por otro lado, a diferencia de lo que se
observa con los demas elementos regulados por CXCL12, FoxOl1 regula apoptosis en
las CDs mad, pero no la quimiotaxis en respuesta a CXCL12, lo que sugiere existen
componentes en las rutas analizadas capaces de regular selectivamente sélo una de las
funciones estudiadas.

Finalmente, cuando se comparan las vias de sefializacion inducidas por CXCR4
con aquellas inducidas por CCR7 (que también regula la quimiotaxis y la supervivencia
de las CDs), se observa que los receptores de quimioquinas pueden emplear los mismos
elementos sefializadores organizados de diferente manera para regular las mismas
funciones en las CDs humanas.
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1.1 El Sistema inmune v la respuesta inmunologica

El sistema inmunitario constituye un sistema de defensa multifuncional que
protege a los animales de la invasion de patogenos provenientes del entorno y frente a
alteraciones en las propias células del organismo que pudieran dar lugar a enfermedades
como el cancer. La respuesta inmune es el resultado de la coordinacion de la respuesta
inmune innata y la respuesta inmune adaptativa (Fearon 1996).

La respuesta inmune innata, que proporciona la primera linea de defensa contra
una infeccion, esta constituida mayoritariamente por mecanismos que no son
especificos de un patdogeno determinado, sino que estan presentes incluso antes de que
se produzca una infeccidbn. Abarcan componentes celulares y moleculares que
reconocen productos del metabolismo microbiano conservados entre diversos
microorganismos, a los que se denomina “patrones moleculares asociados a patogenos”
(Medzhitov 2001). En la inmunidad innata participan las barreras fisicas como los
epitelios, diferentes tipos celulares como los linfocitos NK (Natural Killer), células
fagociticas como neutrofilos, macréfagos, células dendriticas (CDs) y diversos
componentes antimicrobianos usados por el huésped, como las proteinas del
complemento.

Microorganismo
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Figura 1. Respuesta inmune ante un patégeno. Los mecanismos de la inmunidad innata constituyen la primera
defensa ante una infeccion, mientras que las respuestas adaptativas se desarrollan después. La cinética de ambas
respuestas aqui mostrada es aproximada y depende del tipo de infeccion.

La respuesta inmune adaptativa se desarrolla solo frente a la sustancia que
indujo su iniciacidon y estd mediada por los linfocitos T y los linfocitos B. Este tipo de
respuesta confiere al organismo la capacidad de generar clones de linfocitos especificos

para una casi ilimitada variedad de antigenos y la denominada “memoria
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inmunolégica”, es decir, la capacidad de responder nuevamente a un determinado
antigeno si el organismo vuelve a estar expuesto a ¢l. Para que se inicie esta respuesta
inmune se requiere el reconocimiento del antigeno que la induce por parte de los
linfocitos que poseen los receptores especificos para ese antigeno, y la posterior
activacion de dichos linfocitos (Litman 2010). Las células encargadas de la presentacion
antigénica son las llamadas células presentadoras de antigenos (CPAs). Estas células,
entre las que se encuentran las CDs, reconocen e incorporan patogenos, a los cuales
procesan para presentarlos posteriormente a los linfocitos (Trombetta 2005).

1.2 Ciclo biologico v funcion de las CDs

Las CDs son potentes células presentadoras de antigeno que poseen la propiedad
de activar a los linfocitos T virgenes o naive. Al igual que los monocitos y los
macrofagos, las CDs se originan en la médula 6sea a partir de progenitores derivados de
c¢lulas madre hematopoyéticas con un potencial de diferenciacion mieloide. Tras
sucesivas etapas de diferenciacion, las pre-CDs pasan al torrente sanguineo desde donde
se extravasaran a los tejidos en forma de CDs inmaduras (Geissmann 2010), aunque
también se han descrito poblaciones de monocitos que dan lugar a diferentes
subpoblaciones de CDs (Serbina 2008). Las CDs emplazadas en los tejidos periféricos
(no linfoides) estan en un estado denominado “inmaduro” (CD inm) y tienen como
funcion la de actuar como “centinelas” frente a agentes infecciosos. Durante esta fase
las CDs muestran gran habilidad para internalizar y procesar antigenos de patogenos
que capturan mediante macropinocitosis, fagocitosis y endocitosis mediada por
receptores de manosa (Sallusto 1995). Estas CDs inm expresan en su membrana
receptores que reconocen quimioquinas que son producidas en los focos inflamatorios y
que atraen a las CDs hacia los sitios donde se origin6 la infeccion (Steinman 1991). Sin
embargo, para que las CDs puedan desencadenar el inicio de la respuesta inmune
adaptativa es necesario que sean capaces de activar a los linfocitos T, lo cual solo les es
posible tras pasar por un proceso de diferenciacion denominado “maduracion”
(Steinman 1991; Banchereau 1998) que las convierte en CDs maduras (CDs mad).

Este proceso de maduracion comienza cuando las CDs detectan “sefiales de
peligro”, como productos microbianos (ej. LPS, (LipoPoliSacarido)) o citoquinas
inflamatorias (ej. TNFa (Tumor Necrosis Factor a)), y conlleva cambios fenotipicos
como el aumento en los niveles de MHCI y II y de moléculas coestimuladoras como
CD80, CD86, caracteristicas que hacen que las CDs pasen de ser detectores y
procesadores de patdogenos a ser potentes presentadoras de antigeno y activadoras de
linfocitos T. Ademas, las CDs mad pierden la expresion de receptores de quimioquinas
inflamatorias y comienzan a expresar CCR7, lo cual les permite salir de los lugares
donde ha comenzado la respuesta y migrar hacia los ganglios linfaticos guiadas por los
ligandos de CCR7, las quimioquinas CCL21 (presente en los vasos linfaticos aferentes y
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en las zonas T de los ganglios linfaticos) y CCL19 (presente en esta ultima localizacion
y también secretada por las propias CDs) (Cyster 1999; Baekkevold 2001).
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Figura 2. Ciclo biolégico de las CDs. Los precursores de médula dsea pasan a la sangre donde se diferencian a CDs
de sangre periférica. Estas migran desde los vasos sanguineos hacia los tejidos periféricos, donde residen como CDs
inmaduras, que capturan y procesan antigenos. Tras su exposicion a las “sefiales de peligro”, comienzan a madurar y
migran hacia los ganglios linfaticos, en los cuales, como CDs maduras, presentan los antigenos a los linfocitos T.
Estos linfocitos T sufren un proceso de activacion y proliferacion y migran a los tejidos donde las CDs captaron los
antigenos para eliminar la infeccion.

Una vez localizadas en las zonas T de los ganglios, las CDs mad presentaran los
antigenos capturados en la fase de CD inm a los linfocitos T para que las células T que
poseen el TCR especifico para la carga antigénica de las CDs mad experimenten un
proceso de activacion y proliferacion (Mempel, Henrickson et al. 2004). La activacion
de los linfocitos T en los 6rganos linfoides secundarios por parte de las CDs mad induce
unos cambios en los patrones de expresion de las moléculas de adhesion y receptores
quimiotacticos de estos linfocitos, que determinard que se dirijan al lugar de infeccion
donde las CDs captaron los antigenos (Dudda and Martin 2004).
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INMADURAS MADURAS

LOCALIZACION Organos y tejidos Vaso_s aft_are’n’Fes
ganglios linfaticos
MHC Il +++
MHC Il +
CD80+++
FENOTIPO CD80 -/+
CD86+++
CD86 -/+
CD83+
FUNCION Captacion de antigenos Presentacion antigénica
CAP. ENDOCITICA Elevada Baja
CCR1, CCR2, CCR5,
RECEPTORES CCR6, CXCR1, CCR7, CXCR4
CXCR2,CXCR4

Figura 3. Tabla comparativa de CDs inmaduras y maduras. En la tabla se muestran algunas de las caracteristicas
que distinguen a las CDs inmaduras de las CDs maduras.

Existe ademds una subpoblacion de CDs, denominadas “semi-maduras”, que
expresan CCR7 y migran a los ganglios linfaticos de forma constitutiva, incluso en
ausencia de inflamacion. Estas CDs regulan a los linfocitos T autorreactivos para
inducir tolerancia periférica (Steinman 2002; Ohl, Mohaupt et al. 2004; Probst, McCoy
et al. 2005)

2.1 Las quimioquinas

Las quimioquinas (del inglés chemokines: CHEMOtactic cytoKINES) son
pequenios polipéptidos (8-14 KDa) que actGan como quimioatrayentes celulares
mediante la activacion de sus receptores especificos (Rollins 1997). A excepcidén de
CX3CLI (fractalquina), que es una proteina de membrana, todas las quimioquinas son
proteinas secretadas. Gracias a su carga positiva son capaces de unirse a los
proteoglicanos sulfatados o a proteinas polisialiladas presentes en la superficie celular o
en la matriz extracelular (Webb 1993; Rey-Gallardo, Delgado-Martin et al. 2011). Asi,
una vez que son liberadas tienden a permanecer concentradas localmente formando
gradientes estables. Las quimioquinas y sus receptores, junto con las moléculas de la
matriz extracelular y sus receptores especificos, juegan un papel fundamental en la
organizacion de la migracién de los leucocitos en el sistema inmunolédgico (Baggiolini
1998; Bromley, Mempel et al. 2008).

16



cisteinas unidas por puentes disulfuro
30-s

Figura 4. Esquema de la estructura terciaria
de una quimioquina. La estructura secundaria
de todas las quimioquinas consta de un
segmento amino-(N)-terminal flexible que
precede a las cisteinas conservadas, seguido de
tres laminas 3 antiparalelas y una hélice a en el
extremo carboxilo-(C)-terminal (Allen, Crown
et al. 2007). Estas ultimas estructuras estan
separadas entre si por tres lazos denominados

laminas
antiparalelas

a hélice

30-s, 40-s y 50-s respectivament€.

Las quimioquinas presentan en su secuencia cuatro residuos de cisteina muy
conservados, de manera que la posicion relativa de las dos primeras permite clasificar
las quimioquinas en cuatro familias (i) CC, en las cuales las cisteinas son adyacentes,
(i1)) CXC, que tienen un aminodcido no conservado entre ambas cisteinas, (iii) C, que
presentan solo dos cisteinas conservadas en lugar de cuatro, y (iv) CX3C, con tres
aminoacidos no conservados entre las dos primeras cisteinas (Murphy, Baggiolini et al.
2000; Zlotnik 2008)
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Quimioquinas Inflamatorias
Quimioquinas Homeostaticas

Figura 5: Clasificacion funcional de las quimioquinas y sus receptores. Se muestran las quimioquinas clasificadas
en base a su funcion en tres grupos: quimioquinas inflamatorias o inducibles (rojo), quimioquinas homeostaticas o
constitutivas (verde) y quimioquinas que pueden actuar como inflamatorias y homeostaticas (amarillo). También se
muestran los receptores para cada quimioquina y los tipos de leucocitos que expresan estos receptores
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Desde el punto de vista funcional las quimioquinas se dividen en dos grupos:
homeostaticas (o constitutivas) ¢ inflamatorias (o inducibles), aunque algunas
quimioquinas pueden ejercer ambas funciones . Las quimioquinas
homeostaticas, son responsables de la migraciéon basal de los leucocitos y de la
organizacion de los organos linfoides secundarios. Por el contrario, las quimioquinas
inflamatorias son sintetizadas en zonas de inflamacion, es decir, su presencia es
transitoria, y permiten el reclutamiento de los leucocitos a estos lugares (Cyster 1999;
Sallusto 2000; Schaerli and Moser 2005). Terminados estos procesos, las quimioquinas
inflamatorias dejan de secretarse en las zonas correspondientes.

2.2 Los receptores de quimioquinas

Las quimioquinas ejercen su funcion a través de su unidn a receptores
especificos denominados receptores quimiotacticos. Estos receptores pertenecen a la
familia de receptores heptahelicoidales acoplados a proteinas G heterotriméricas
(GPCRs). Se han descrito hasta el momento unos 20 receptores quimiotacticos
funcionales diferentes y otros tres receptores, denominados ‘“scavenger”, que no
sefializan pero que unen, internalizan y, en algunos casos, degradan, sus quimioquinas
especificas, retirdndolas del medio y ayudando asi a terminar la respuesta inmune

(Weber 2004; Graham 2009). Ademas, es importante mencionar la promiscuidad
existente entre las quimioquinas y sus receptores, ya que una misma quimioquina puede
activar diversos receptores y un mismo receptor puede ser activado por diferentes
quimioquinas. Se desconocen las razones exactas de las consecuencias funcionales de
esta aparente redundancia, pero es posible que las diferentes combinaciones de
receptores y ligandos junto con las de otras moléculas implicadas permitan un ajuste
mas preciso de las respuestas inmunes (Mantovani 1999).

Los receptores quimiotacticos estdn constituidos por siete hélices alfa
transmembrana conectadas por tres lazos extracelulares y otros tantos situados en el
interior de la célula. Su extremo N-terminal esta expuesto fuera de la membrana
mientras que el extremo C-terminal se encuentra en el citoplasma. La capacidad de los
receptores de quimioquinas de sefializar tras la union de sus ligandos se debe en gran
parte a la presencia, en el segundo lazo intracelular, del motivo DRY (Aspartico,
Arginina, Tirosina), una region muy conservada que estd implicada en la induccion de
sefiales intracelulares y que no existe o esta alterada en los receptores scavenger (Allen
2007).

Al igual que ocurre con las quimioquinas, los receptores quimiotdcticos se
clasifican en cuatro grupos: CC, CXC, C y CX;C, en funcién del tipo de quimioquina/s
que unen (Murphy, Baggiolini et al. 2000; Zlotnik 2000). Asimismo se pueden
clasificar, al igual que sus ligandos, en homeostaticos o inflamatorios, si estdn
involucrados en la regulacion de uno u otro proceso.
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2.3 Las proteinas G heterotriméricas

La estimulacion por sus ligandos de los receptores de quimioquinas implica el
acoplamiento funcional del receptor con proteinas G heterotriméricas que actlian como
transmisores de las sefales intracelulares del receptor. Estas proteinas G estan
constituidas por una subunidad o, una subunidad § y una subunidad y. Las subunidades
B y y forman un dimero muy estable que s6lo puede disociarse en condiciones
desnaturalizantes, por lo cual G, constituye una Unica unidad funcional. Las proteinas
G heterotriméricas se clasifican en 4 familias en funcion de la subunidad o que
contienen: o, O/, Og/11 Y 213 (Cabrera-Vera 2003). Se han descrito 21 subunidades o
diferentes, 6 B y 12 y. El heterotrimero afy puede estar formado por cualquier
combinacion de las tres subunidades, de manera que la expresion diferencial y la
localizacion de las diferentes subunidades es clave para la especializacion en la
sefializacion a través de los GPCRs (Robishaw and Berlot 2004). En este sentido es
importante sefalar que las CDs expresan especificamente algunos tipos concretos de
subunidades a, 3 y ¥ de proteinas G (Resultados sin publicar MA Vega y AL Corbi).

Efector

Segundos
mensajeros

Figura 6: Ciclo de las proteinas G. Las proteinas G heterotriméricas estan inhibidas en condiciones de reposo
porque la subunidad o permanece en su forma inactiva (a-GDP) asociada al dimero Py, que también esta inactivo. La
asociacion del ligando al receptor lo activa y hace que actue como GEF favoreciendo el intercambio de GDP por GTP
en la subunidad a. En su forma activa (a0 -GTP) la subunidad a se disocia del dimero Py, que resulta asi activado. La
actividad GTPasa intrinseca de la subunidad o convierte el GTP en GDP, generando de nuevo a-GDP que se asocia
con el dimero By inhibiéndolo. Las RGSs inhiben la actividad de las subunidades a y las GDIs impiden la disociacion
del GDP, evitando asi la acumulacion de proteina G activa

19



En condiciones de reposo, es decir, en ausencia de ligando, la subunidad o esta
unida al GDP y se encuentra fuertemente asociada al dimero By, constituyendo de esta
forma un trimero que representa la forma inactiva de la proteina G heterotrimérica.
Cuando el ligando interacciona con el extremo N-terminal y los lazos extracelulares del
receptor se induce un cambio en la conformacion del receptor. El receptor actuara ahora
como un GEF (Guanidin nucleotide Exchange Factor), es decir, como un
intercambiador de nucledtidos que permite la liberacion del GDP de la subunidad o y su
sustitucion por GTP (Hamm 1998), de forma que esta subunidad pase asi a su estado
activo. Consecuentemente, se produciré la disociacion del dimero Py y la subunidad a,
que quedan libres para interaccionar con sus efectores. En este sentido, la subunidad a-
GTP y el dimero Py pueden interaccionar con diferentes moléculas diana, lo cual les
permite regular diferentes vias de sefializacion (Cabrera-Vera 2003). El ciclo de las
proteinas G se completa, cuando las RGSs (Regulators of G protein Signaling),
estimulan la actividad GTPasa intrinseca de la subunidad a, lo que provoca la liberacion
del GTP, que es nuevamente sustituido por el GDP. Aumenta asi la afinidad de la
subunidad o por el dimero fy, lo cual permite que se asocien de nuevo, y vuelvan a su
estado inactivo

Los receptores de quimioquinas se acoplan preferentemente, aunque no
exclusivamente, a proteinas de la familia Ga,,, (Thelen 2001), se ha visto también que
regulan especificamente la quimiotaxis a través de la interaccion con miembros de esta
familia de proteinas G. Este hecho se ha comprobado mediante el empleo de la toxina
pertisica (PTX), la cual ADP-ribosila proteinas de la familia o; inhibiéndolas e
impidiendo su disociacion del dimero Py (Hsia 1984; Van Dop, Yamanaka et al. 1984).
Sin embargo, para discriminar si son las proteinas o; o las Py las implicadas en la
regulacion de una funcidon determinada son necesarias otras estrategias como el empleo
de ARN de interferencia o construcciones COmMoO OlTransducing, O PATK-CT que inhiben
especificamente al dimero (y. Estas estrategias han permitido establecer que este
dimero estd implicado en la regulacion de la quimiotaxis (Arai, Tsou et al. 1997;
Neptune, liri et al. 1999).

3.1 La quimioquina CXCL12

CXCL12, también denominada SDF-1 (del inglés Stromal Derived Factor-1),
pertenece a la categoria de las quimioquinas homeostaticas. Su estructura consiste en
tres laminas beta antiparalelas y una alfa-hélice suprayacente. Es el extremo N-terminal
(residuos 1-8) el que interacciona con el receptor. Concretamente, sus dos primeros
aminoacidos (Lys y Pro) serian responsables de la activacion del receptor, mientras que
los seis siguientes serian los involucrados en la uniéon al mismo (Crump 1997). La
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composicion rica en aminodcidos basicos de CXCL12 permite su union a los
glucosaminoglicanos (GAGs) o proteinas polisialiladas de carga negativa presentes en
la superficie celular, lo cual estabiliza la union de esta quimioquina con su receptor.

Hasta hace poco se habian descrito dos isoformas de CXCL12, CXCL12ay
CXCLI12p, que se generan por splicing alternativo de dicho gen (Tashiro, Tada et al.
1993). Ambas isoformas mantienen idéntica secuencia aminoacidica a excepcion de de
la presencia de 4 aminoacidos adicionales en el carboxilo terminal de CXCLI12p3
(Shirozu, Nakano et al. 1995). Sin embargo, mas recientemente han sido descritas otras
cuatro variantes de CXCL12 denominadas CXCL12y, CXCL12¢,, CXCL12d vy
CXCL120 y que también son resultado del corte alternativo de exones.
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aferentes

Corteza endotelial alta

V Capsula
ay { Vénula

Paracorteza Localizacion de
CXCL12 dentro del ganglio
linfatico. Marcajes
Foliculo linfoide inmunohistoquimicos han
secundario mostrado  la  presencia de
CXCL12 en la luz de las
vénulas endoteliales altas
(Okada, Ngo et al. 2002), las

Vena linfatica
— regiones foliculares y
Foliculo linfoide

Médula

Centro germinal

parafoliculares y en las dareas

paracorticales de los ganglios

Vaso linfatico linfaticos (Gonzalez, Bermejo et
eferente al. 2010)

sie rimario
Arteria linfatica P

La variante més extendida, y a la que nos referiremos en todo momento en esta
tesis, es CXCL12a (Janowski 2009). CXCL12 se expresa constitutivamente en una gran
variedad de tejidos, como en células estromales, c€lulas endoteliales, fibroblastos de la
dermis, vasos linfaticos y cé€lulas de la médula de los ganglios linfaticos (Pablos 1999;
Hargreaves 2001; Kabashima 2007). Ademads, su expresion en estos lugares puede
aumentar si se produce una exposicion a estimulos inflamatorios (Timmer 2007). Como
todas las quimioquinas homeostaticas, CXCL12 se ocupa de regular el trafico
leucocitario y la arquitectura de los 6rganos linfoides secundarios, pero ademas se ha
descrito su implicacion en multitud de procesos como la diferenciacion de los linfocitos
B (Nagasawa 1996), la migracion de las células madre hematopoyéticas a la médula
osea (Lapidot 2005 ), la migracion de las células germinales primordiales (Boldajipour,
Mahabaleshwar et al. 2008), el desarrollo y modulacion del sistema nervioso (Li 2008)
etc. Los ratones deficientes para esta quimioquina mueren al poco de nacer con
alteracion del desarrollo cardiaco y defectos en la hematopoyesis y mielopoyesis
(Nagasawa 1996).
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Figura 8: Esquema de algunas rutas de transduccién de sefiales inducidas por CXCL12.

Ademas de los procesos fisiologicos mencionados, CXL12 también juega un
papel importante en el desarrollo y evolucion de varias patologias. Se ha descrito, por
ejemplo, su implicacién en la migracion metastatica de algunos tipos de células
cancerosas (Kaifi, Yekebas et al. 2005; Zhang, Lu et al. 2007; Woo, Hong et al. 2008;
Yoshitake 2008), asi como su papel inhibidor en la entrada y replicacion del virus del
VIH en las células a través del receptor CXCR4 (Bleul, Farzan et al. 1996; Oberlin,
Amara et al. 1996). Por otro lado, dado que el promotor de CXCL12 contiene dos sitios
de unién de HIF-1a y que este factor se encuentra sobreexpresado en tejidos hipdxicos
o danados, se han observado unos niveles elevados de CXCL12 en estos tejidos, lo cual
permite la quimioatraccién de las células madre especificas de tejido circulantes
(Ceradini, Kulkarni et al. 2004). La desregulacién de su funcién como quimioatrayente
de leucocitos también genera situaciones patoldgicas por una inflamacion excesiva de
los tejidos, como puede ocurrir en el caso de la esclerosis multiple (McCandless 2008) o
la artritis reumatoide (Kim, Cho et al. 2007).

En el caso concreto de las CDs, experimentos in vitro demuestran que CXCL12
es un potente quimioatrayente para estas células (Humrich, Humrich et al. 2006; Ricart,
John et al. 2011). Ademas, estudios realizados in vivo demuestran que si se bloquea la
unioén de esta quimioquina con su receptor la migracion de las CDs a los ganglios se
encuentra alterada (Kabashima 2007) y que el tratamiento con anticuerpos bloqueantes
de CXL12 impide la migracion de las células de Langerhans desde la epidermis hacia la
dermis tras un estimulo inflamatorio (Ouwehand, Santegoets et al. 2008). Esta misma
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estrategia permitid demostrar que CXCL12 regulaba la supervivencia de las CDs
timicas mediante la modulacion del ratio entre las proteinas Bcl-2 y Bax (Hernandez-
Lopez 2008).

Como ya se ha comentado, para llevar a cabo sus funciones las quimioquinas
deben unirse a sus receptores especificos. Durante mucho tiempo se habia considerado
que CXCL12 se unia de manera Unica al receptor de quimioquinas CXCR4 (Bleul,
Farzan et al. 1996; Oberlin, Amara et al. 1996) una conviccion reforzada por la gran
similitud en los fenotipos de los ratones deficientes en ambas proteinas (Ma, Jones et al.
1998). Sin embargo, de forma mas reciente se ha descubierto que el anteriormente
considerado “receptor huérfano” RDC1, renombrado CXCR7, también es capaz de unir
CXCLI12 (Balabanian, Lagane et al. 2005).

3.2 El receptor CXCR4

Como el resto de receptores de quimioquinas, CXCR4 contiene siete dominios
transmembrana unidos por lazos intra y extracelulares, asi como un dominio N-terminal
extracelular y un C-terminal que se encuentra en el interior de la célula. Este receptor
fue inicialmente descrito como un receptor huérfano y denominado, literalmente,
“Receptor con Siete Dominios Transmembrana Derivado de Leucocitos (LESTR, del
inglés leukocyte-derived seven-transmembrane domain receptor), y mas tarde fusina
una vez que se descubrid su capacidad como correceptor del virus del VIH en los
linfocitos CD4+ (Feng 1996; Oberlin, Amara et al. 1996). Este hecho junto con su
capacidad para mediar la metéstasis de gran variedad de canceres y su importancia en la
funcionalidad del sistema inmune han propiciado que sea uno de los receptores de
quimioquinas mejor estudiado.

CXCR4 es el receptor de quimioquina mas ampliamente expresado y puede
encontrarse en multitud de tipos celulares. Ademas, tiene una importancia vital en
muchos procesos fisiologicos, comenzando por el desarrollo embriologico de diversos
tejidos como vasos sanguineos, musculos, células germinales primordiales, cerebelo,
etc. (Tachibana 1998; Zou 1998; Odemis 2005). También se ha demostrado
ampliamente su expresion constitutiva en células del sistema nervioso (neuronas,
microglia, oligodendrocitos, etc.) donde es responsable de la regulacién de multitud de
procesos como la migracion de los progenitores neuronales o la correcta elongacion de
los axones (Li 2008).
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Figura 9: Esquema de la uniéon de CXCL12 a CXCR4 en dos pasos. El primer paso en la interaccion entre la
lamina B, el lazo 50-s y el lazo N de CXCL12 y la region extracelular de CXCR4 facilita un anclaje eficiente de la
quimioquina al receptor. En el segundo paso el flexible extremo N terminal de CXCL12 encuentra el lugar de unién
entre las hélices transmembrana de CXCR4, de manera que se induce un cambio conformacional en el receptor que
desencadena la activacién de la proteina G acopladas al mismo (Brelot 2000). La interaccién de CXCR4 con su
ligando CXCL12 puede ser bloqueada de forma muy especifica y eficaz por la unidn al receptor del agonista
AMD3100 (Donzella 1998; Fricker 2006)

Diversas poblaciones de células madre hematopoyéticas expresan este receptor
de quimioquinas (Miller 2008) y en el caso del sistema inmune se ha descrito la
expresion de CXCR4 por linfocitos T, linfocitos B, monocitos, macrofagos, neutréfilos,
eosindfilos y CDs, donde que regula multitud de funciones ademas de la quimiotaxis,
como la apoptosis, la supervivencia o la fugotaxis (Suzuki 2001; Vlahakis 2002;
Vianello, Kraft et al. 2005; Eash, Greenbaum et al. 2010). Los ratones deficientes en
CXCR4 mueren al poco de nacer y presentan alteraciones hematopoyéticas y en el
desarrollo cardiaco y cerebelar.

Ademas, como ocurre con CXCL12, este receptor estd implicado en diversos
procesos patoldgicos como la infeccion por VIH, la metastasis y angiogénesis en
multitud de tipos de céancer (Zlotnik 2008), desérdenes neurodegenerativos (Mines
2007) y enfermedades inmunes como el WHIM (Hernandez 2003).

3.3 El receptor CXCR7

A pesar de que su gen fue clonado como posible GPCR ya en 1991 (Libert,
Passage et al. 1991), ha seguido siendo considerado un “receptor huérfano™ hasta hace
relativamente poco, cuando se describio su gran afinidad tanto por CXCL12 como por
la quimioquina CXCL11 (Balabanian, Lagane et al. 2005; Burns 2006), a su vez ligando
del receptor quimiotactico CXCR3.

Tanto la sefalizacion, funcionalidad e incluso la presencia o no de este receptor
en determinados tipos celulares ha estado siempre rodeada de controversia. Con
respecto a su capacidad sefializadora, a pesar de que se ha descrito que los receptores de
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quimioquinas se acoplan esencialmente a proteinas G de la familia Gi (Thelen 2001),
este hecho no se ha observado en CXCR7, posiblemente por una alteracién en la
secuencia DRYLAIV del segundo lazo intracelular, imprescindible para el acoplamiento
del receptor a las Gi (Thelen and Thelen 2008). Ademaés, la union de CXCL12 6
CXCLI1 a CXCR7 tampoco induce movilizacion de flujo de calcio, que es una
caracteristica tipica de la sefializacion mediada por receptores de quimioquinas (Burns
2006). Sin embargo, se ha descrito su implicaciéon en diversos procesos tanto
fisiologicos como patologicos, como la migracion neuronal (Sanchez-Alcaiiz, Haege et
al. 2011; Wang, Li et al. 2011), la migracion de las células de primordio de la linea
lateral (Valentin, Haas et al. 2007), el desarrollo cardiaco (Sierro, Biben et al. 2007;
Gerrits, van Ingen Schenau et al. 2008) o la quimiotaxis, supervivencia y proliferacion
de diferentes tipos de cancer (Burns 2006; Begley, MacDonald et al. 2007; Miao, Luker
et al. 2007). Estas observaciones plantean la cuestion de mediante qué mecanismos
moleculares es CXCR7 capaz de ejercer su funcionalidad. Se ha sugerido que la
sefializacion inducida por este receptor estaria mediada por P-arrestinas (Luker 2009;
Rajagopal, Kim et al. 2010), moléculas que también permitirian la internalizacion del
receptor e incluso la activacion de MAPKs (Wang, Li et al. 2011). CXCR7 podria
actuar como co-receptor para CXCR4, modulando la sefalizacion proveniente de
CXCLI12 (Levoye, Balabanian et al. 2009). En algunos casos se ha comprobado que se
comporta como un receptor no funcional o decoy une y elimina el exceso de CXCL12,
con lo cual podria modular la funcionalidad de CXCR4 (Boldajipour, Mahabaleshwar et
al. 2008; Naumann, Cameroni et al. 2010). También se ha sugerido que existe una
correlacion entre la funcionalidad y sefializacion de CXCR7 y CXCR4 (Hartmann,
Grabovsky et al. 2008), aunque esta variaria segun el tipo celular.

Se ha descrito que CXCR7 se expresa en diversos tipos de células cancerosas
(Sun, Cheng et al. 2010), neuronas de diferentes zonas del sistema nervioso (Sanchez-
Alcaiiiz, Haege et al. 2011; Wang, Li et al. 2011) cé€lulas sanguineas como linfocitos T,
linfocitos B, CD mad, y monocitos (Balabanian, Lagane et al. 2005; Infantino, Moepps
et al. 2006; Sanchez-Martin, Estecha et al. 2011). Sin embargo, también la expresion o
no de CXCR7 en ciertos tipos celulares genera controversia, como refleja un articulo
publicado recientemente en el que se sostiene que CXCR7 no se expresa en leucocitos
humanos o de raton (Berahovich, Zabel et al. 2011).

La apoptosis es un proceso fisiologico regulado genéticamente que controla la
muerte celular, y cuya ejecucion es fundamental durante el desarrollo embrionario y
para el mantenimiento de la homeostasis tisular (Prindull 1995). En el individuo adulto
estd implicada en el mantenimiento del nimero adecuado de células en los tejidos. El
programa apoptotico debe estar muy finamente regulado ya que cualquier alteracion en
este proceso puede generar defectos durante el desarrollo, enfermedades autoinmunes,
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neurodegeneracion o cancer (Thompson 1995; Igney and Krammer 2002; Zahir and
Weaver 2004). Sin embargo, la apoptosis también darse como medio de defensa cuando
las células estdn dafiadas o en respuesta a una gran variedad de estimulos fisioldgicos y
patolégicos.

La apoptosis es un mecanismo altamente conservado que fue descrito por
primera vez en 1972 (Kerr 1972). La duracion del proceso de apoptosis es muy variable
(se ha estimado que in vivo oscila entre 6 y 24 horas dependiendo del tipo celular
(Gavrieli, Sherman et al. 1992)) y no ocurre de un modo sincrénico dentro de una
poblacién. Consta de diferentes fases bien documentadas; durante la fase de iniciacion
los estimulos pro-apoptoticos activan la maquinaria central de la apoptosis; esta
activacion dard lugar a la aparicion de los cambios morfologicos caracteristicos de la
apoptosis que comienzan durante la siguiente fase, la fase efectora. Estos cambios
incluyen la formacion de “burbujas” en la membrana, la disminuciéon del tamafio
celular, la condensacion de la cromatina, la fragmentacién del ADN y la pérdida de la
adherencia celular (Saraste and Pulkki 2000). En esta fase se produce también un
cambio en la localizacion de fosfatidilserina (PS), que pasa de estar en la cara
citoplasmatica de la membrana a estar expuesta en la superficie (Savill and Fadok 2000;
Savill and Fadok 2000). Finalmente, se produce la fase de degradacion, en la cual se
forman los denominados cuerpos apoptoticos, fragmentos cerrados de membrana
plasmaética que contienen organulos celulares y restos nucleares y que son reconocidos y
eliminados por células fagociticas. Este reconocimiento es posible gracias a la PS
expuesta en el exterior de la membrana plasmatica de las células apoptoéticas.

La generacion de estos cuerpos apoptoticos, que mantienen el contenido celular
atrapado en el interior de una membrana, confiere al procesos apoptdtico otra de sus
caracteristicas distintivas que es la ausencia de inflamacion posterior al proceso. En el
caso de la necrosis, por el contrario, se produce la ruptura de la membrana plasmatica y
la liberacion del contenido celular, lo cual inicia un proceso inflamatorio necesario para
la eliminacion de los restos celulares (Leist and Jaitteld 2001).

La apoptosis puede tener lugar a través de dos vias principales, una via
extrinseca o dependiente de receptores de muerte y una via intrinseca o mitocondrial.
Los mecanismos de regulacion y de sefalizacion implicados en ambas vias son
complejos, sin embargo ambas convergen en la activacion de caspasas efectoras, que
degradan componentes vitales y conducen a la muerte celular (Strasser, O'Connor et al.
2000; Jin and El-Deiry 2005) (ver ).
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Figura 10. Apoptosis por via extrinseca e intrinseca. La apoptosis a través de la via extrinseca comienza cuando
ligandos de receptores de muerte (por ejemplo, FasL) se asocian a sus receptores induciendo su oligomerizacion y
permitiendo el reclutamiento de proteinas adaptadoras con dominios de muerte y de caspasa-8, formandose un
complejo denominado DISC en el que se produce la activacion de la caspasa iniciadora de esta via (caspasa-8)
(Ashkenazi and Dixit 1998). La via intrinseca puede ser activada por diversos estimulos, como privacion de factores
de crecimiento o tras estrés oxidativo, que alteran el balance entre miembros anti- y pro-apoptoticos de la familia Bcl-
2 a favor de estos ultimos. Esto hace que se activen Bax y Bak favoreciendo la liberacion de citocromo ¢ de la
mitocondria. De este modo se forma un complejo denominado apoptosoma que contiene citocromo c¢, Apaf-1 y
procaspasa-9, en el cual se produce la activacion de la caspasa iniciadora de esta via (caspasa-9 iniciadora en la via
mitocondrial (Hakem, Hakem et al. 1998), seguida por la activacion de caspasas efectoras (Shi 2002)

4.2 La familia de proteinas Bcl-2

Se considera que, la progresion hacia la apoptosis depende del balance entre las
proteinas pro- y anti-apoptoticas de la célula. Los miembros de la familia Bcl-2, juegan
un importante papel en este proceso. Se clasifican funcionalmente en proteinas pro-
supervivencia y proteinas pro-apoptdticas (Youle and Strasser 2008).

Los miembros pro-supervivencia: (como Bcl-2 y Bcl-XL), interaccionan e
inhiben proteinas pro-apoptdticas. La reduccion de su expresion produce un aumento en
la apoptosis (Veis, Sorenson et al. 1993; Opferman, Letai et al. 2003) y su
sobreexpresion induce supervivencia celular (Danial 2007). Los miembros pro-
apoptoticos se dividen a su vez en proteinas tipo Bax/Bak, que aumentan la
permeabilidad de la membrana mitocondrial, y las proteinas con dominios BH3 (como
Bad y Bim,), que inducen apoptosis gracias a su elevada afinidad por los miembros pro-
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supervivencia de la familia Bcl-2, mediante la cual producen su inhibicion (Borner
2003).

4.3 Las caspasas

Las caspasas constituyen una familia de cistein proteasas que actian en la fase
ejecutora de la apoptosis proteolizando componentes celulares, lo cual finalmente
conduce a la destruccion y muerte celular. Son sintetizadas como zimogenos sin
actividad enzimatica y tienen tres dominios diferentes: un prodominio, una subunidad
p20 y una subunidad pl10. Para su activacion es necesario un corte que separa el
prodominio y otro que libera las subunidades p20 y p10. Se clasifican en dos grupos,
caspasas iniciadoras (caspasa-1, -2, -4, -5, -8, -9, -10, -11, -12), que se unen a grandes
complejos moleculares para activar a mas caspasas, y caspasas efectoras (caspasa-3, -6,
-7), activadas por caspasas iniciadoras y que llevan a cabo el corte de multiples sustratos
(Earnshaw, Martins et al. 1999).

4.4 La apoptosis en el contexto de las CDs

Los diferentes tipos celulares del sistema inmune mantienen su nimero
relativamente constante después del desarrollo, dado que esta homeostasis es
imprescindible para mantener un equilibrio funcional en este sistema (Hildeman,
Jorgensen et al. 2007). Para que cualquier tipo celular sea capaz de mantener un tamafo
poblacional constante es importante que su tasa de muerte celular programada esté en
equilibrio con la de renovacion celular. En el caso de las CDs, y dado que existe gran
heterogeneidad en cuanto a las propiedades funcionales y fenotipicas de cada una de las
subpoblaciones existentes, esta tasa de reciclaje celular depende del tipo de CD del que
hablemos. Por ejemplo, se ha descrito, mediante marcaje con BrdU, que la vida media
de las CDs en el bazo es de aproximadamente dos dias (Kamath, Pooley et al. 2000),
mientras que las células de Langerhans tienen una cinética de renovacion mas lenta
(Kamath, Henri et al. 2002).

La adecuada regulacion de la duracion de la vida media en las CDs es muy
importante. Se ha comprobado que ratones modificados genéticamente en los cuales la
supervivencia de las CDs se encuentra incrementada, por ejemplo reduciendo la
expresion de Bim en las células, presentan, en general, una mayor activacion de
linfocitos T y/o B (Nopora 2002; Chen 2006; Chen 2007). En algunos casos incluso
aumenta la produccion de anticuerpos anti-nucleares y los ratones desarrollan sintomas
de autoinmunidad (Chen 2006; Chen 2007). Por otro lado, también se ha observado que
ratones Bcl2”” y Bel-x.””, en los cuales aumenta la apoptosis de las CDs, muestran un
defecto en la activacion de la respuesta inmune adaptativa (Jung, Unutmaz et al. 2002;
Hou and Van Parijs 2004).
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Multitud de factores, tanto intrinsecos como extrinsecos, regulan la vida media
de las CDs. Durante su maduracion, por ejemplo, se produce un incremento en la
expresion de: (i) proteinas anti-apoptoticas de la familia de Bel-2, como Bel-x;, (Park,
Lee et al. 2002), (i1) inhibidores de la sefalizacion de receptores de muerte, como
cFLAR (Leverkus, Walczak et al. 2000), (iii) proteinas inhibidoras de apoptosis, IAPs
(Park, Lee et al. 2002) o receptores de quimioquinas inductores de sefiales pro-
supervivencia, como CCR7 (Escribano, Delgado-Martin et al. 2009). El incremento de
este tipo de moléculas favoreceria la supervivencia de las CDmad. La formacion de la
sinapsis inmunologica entre una CD y un linfocito T también altera la vida media de las
CDs, ya que induce la activacion de Akt que, a su vez, regula la translocacion del NF-
kB, factor transcripcional pro-supervivencia, al nucleo y la de FoxOl, factor pro-
apoptotico, al citoplasma de la célula, evitando asi que la CD sufra apoptosis mientras
dura la sinapsis (Riol-Blanco, Delgado-Martin et al. 2009). El empleo por parte de la
CD de todos estos mecanismos apunta a la necesidad de que la vida media de las CDs
esté estrechamente regulada.

La quimiotaxis es la funcion celular mediante la cual las células detectan
diferencias en la concentracion de moléculas quimioatrayentes y responden a dichas
diferencias mediante la polarizacion celular y la migracion hacia la fuente del
quimioatrayente (Iglesias and Devreotes 2008). Este proceso es crucial para los
organismos eucariotas. En los mamiferos juega un papel fundamental durante el
desarrollo embrionario y en el correcto funcionamiento del sistema inmune, asi como en
la regeneracion de los tejidos. La quimiotaxis también es importante en procesos
patolégicos como la metéstasis y las enfermedades inflamatorias.

La quimiotaxis supone la coordinacion de determinados procesos
independientes. Para migrar siguiendo un gradiente extracelular, la célula debe detectar
el quimioatrayente presente a su alrededor e identificar la direccion en la que se
encuentra la mayor concentracion. Este proceso, denominado “deteccion del gradiente”,
puede producirse incluso cuando las concentraciones de quimioatrayente difieren hasta
en s6lo un 1% a lo largo de la célula (Zigmond 1977). Asi, cuando las células son
expuestas a un gradiente quimiotactico de determinadas proteinas, como los
componentes de las rutas de sefializacion dependientes de proteinas G, se translocan
preferentemente a la zona de la célula mas cercana a la fuente del quimioatrayente
(frente de avance) (Parent, Blacklock et al. 1998). Gracias a las sefiales desencadenadas
en el frente de avance, que regulan la reorganizacion del citoesqueleto, la célula se
polariza y extiende, en la direccion de la migracion, protrusiones en forma de
pseudopodos o filopodios que son estabilizadas mediante la adhesion a la matriz celular
o gracias a la unidén a células adyacentes. Estas adhesiones sirven como lugares de
traccion para facilitar el movimiento celular y se van desensamblando en la parte trasera
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de la célula a medida que se produce su avance, permitiendo asi la migracién
(Lauffenburger and Horwitz 1996).

Quimioquinas
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DIRECCION DEL MOVIMENTO hacia la fuente del gradiente quimiotactico.

5.1 La quimiotaxis en las CDs

Un movimiento eficiente de los leucocitos es imprescindible para el correcto
funcionamiento del sistema inmune. En respuesta a una infecciéon o dafio, factores
locales como quimioquinas y citoquinas inducen la migracion de dichos leucocitos para
orquestar la respuesta inmune contra la agresion. Dentro del sistema inmune, las CDs se
ven particularmente afectadas por estas sefiales dado que durante su vida deben migrar
en multiples ocasiones: (1) como progenitores deben salir desde la médula 6sea y entrar
en el torrente sanguineo (i1) desde la sangre tienen que migrar hacia los tejidos
correspondientes a cada subpoblacion de CDs, (iii) deben moverse través de dichos
tejidos para recoger los antigenos que posteriormente presentardn, (iv) necesitan acceder
a los vasos linfaticos que desembocan en los ganglios, (v) deben migrar a los ganglios y
encontrarse con los linfocitos T a los que presentardn su carga antigénica (Banchereau
1998; Alvarez, Vollmann et al. 2008). En todas estas fases de la vida de las CDs desde
que se produce una infeccion hasta la llegada de estas células a los ganglios los
gradientes quimiotacticos y los receptores de quimioquinas juegan un papel crucial.
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Activacion en los tejidos: este proceso ocurre en respuesta a una gran
variedad de estimulos pro-inflamatorios. Se ha comprobado que la inmensa
mayoria de los estimulos que inducen esta movilizacion lo hacen a través de IL-
I y TNF-a, citoquinas que probablemente aumenten la expresion en la
membrana de las CDs de moléculas de adhesion y receptores de quimioquinas
(Alvarez, Vollmann et al. 2008).

Salida de los tejidos: la elevada persistencia de las CDs en algunos tejidos
sugiere la existencia de un microambiente tisular que mantiene a las CDs
retenidas (Holt, Haining et al. 1994; Ruedl, Koebel et al. 2000), por ejemplo a
través de la presencia de los ligandos de los receptores de quimioquinas
inflamatorias CXCR1, CCRS5, CCR1 y CCR2 expresados por las CDs inm. Se ha
comprobado durante el proceso de maduracion estos receptores dejan de
expresarse en la superficie de las CDs, promoviendo asi la salida de estas cé€lulas
fuera de los tejidos en los que estaban retenidas por los ligandos de estos
receptores (Sallusto, Schaerli et al. 1998).

Migracion intersticial: en esta fase las CDs deben migrar a través de tejidos
ricos en proteinas de la matriz extracelular, para lo cual, durante la maduracion,
aumentan la expresion de enzimas proteoliticas como las metaloproteinasas
MMP-2 y MMP-9 (Ratzinger, Stoitzner et al. 2002). Ademas, la entrada y
migracion hacia los vasos linfaticos aumenta su eficiencia debido al incremento
que se produce durante la maduracion de las CDs en la expresion del receptor
CCR7, cuyo ligando CCL21 se encuentra a lo largo de los vasos y también,
junto con su otro ligando CCL19, en el interior de los ganglios (Martin-
Fontecha, Sebastiani et al. 2003). También se ha sugerido mas recientemente
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que el aumento de la expresion del receptor CXCR4 tras la maduracion de las
CDs contribuye a su migracion hacia los ganglios, en los que su ligando
CXCLI12 se expresa constitutivamente (Kabashima 2007). Recientemente se ha
observado ademads, que también se requiere que las CDs expresen la
quimioquina CCL17 para que se produzca la migracion, dependiente de CXCR4
y CCR7, de estas células a los ganglios (Stutte, Quast et al. 2010).

4. Migracion a través de los vasos linfaticos vy llegada a los ganglios. Ademas

de las quimioquinas secretadas por las células endoteliales y transportadas por la
linfa tras una infeccioén, también juega un papel fundamental el propio flujo
linfatico y la fisiologia del vaso linfatico (los gradientes de presion hidrostatica,
las propiedades contractiles intrinsecas de los vasos y la contraccion de la
musculatura esquelética circundante (Swartz 2001)).

Una vez llegadas al seno subcapsular del ganglio linfatico se piensa que CCR7
guia a las CDs al interior del cortex del ganglio y hace que se posicionen, entre otras
localizaciones, alrededor de las venas endoteliales altas, localizacion rica en CCL19 y
CCL21, donde las CDs se apostaran a la espera de la llegada de los linfocitos T via
sanguinea (Forster, Schubel et al. 1999; Bajénoff, Granjeaud et al. 2003). Se ha
observado que las CDs de diferentes procedencias se localizan en distintas zonas del
ganglio (Kissenpfennig, Henri et al. 2005). El hecho de que CXCL12 se exprese en la
médula ganglionar y en las zonas foliculares puede contribuir a la distribucion de las
CDs (Gonzalez, Bermejo et al. 2010).

La quimiotaxis, por tanto, es imprescindible para que estas células puedan
desplazarse de forma adecuada a y en los ganglios linfaticos y para que la respuesta
inmune se produzca adecuadamente.

Como ya se ha comentado, la uniéon de una quimioquina a su receptor induce un
cambio conformacional en éste que desencadena una cascada de sefializacion
intracelular dependiente principalmente de las proteinas G heterotriméricas, ya sea de la
subunidad o 6 del dimero Py. Esta sefializacion, que resulta en la induccién de
respuestas como la quimiotaxis, el aumento de la supervivencia o la diferenciacion
celular, incluye diversas rutas cuyos componentes varian en funcion del receptor o del
tipo celular. Abajo se comentaran las moléculas sefializadoras mas comunes en el
contexto de los receptores de quimioquinas.
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6.1 Las PI3K

Las PI3Ks (Phospholnositide 3-Kinases) constituyen una familia de enzimas
encargadas de la modificacion de lipidos de membrana. Esta familia la componen tres
clases de quinasas, denominadas clase I, clase Il y clase IIl en funcion de su
especificidad por el sustrato y de su estructura, y comparten su capacidad de fosforilar
el anillo de inositol de los fosfoinositidos (PIs) en la posicion 3° OH (Hawkins, Jackson
et al. 1992). Los productos lipidicos de esta modificacion funcionan como segundos
mensajeros de sefiales intracelulares mediante su union o activacion de sus proteinas
diana. Mientras que se conoce poco de las PI3K de las clases II y III, el efecto de las
PI3KI en el sistema inmune estd bien documentado. Su desregulacion esta ligada a un
gran numero de enfermedades como cancer, diabetes o autoinmunidad (Katso,
Okkenhaug et al. 2001).

. Clase III: El unico miembro de esta familia es Vps34 y contiene una
subunidad reguladora de 150 KDa con actividad serina quinasa intrinseca. Tras
activarse fosforila el lipido PI dando lugar a PI(3)P. Esta PI3K estd implicada en
diversos procesos de trafico vesicular (Vanhaesebroeck and Waterfield 1999).

. Clase II: Consta de PI3K-C2a, PI3K-C28 y PI3K-C2y, que estan
constitutivamente unidas a regiones de membrana. Sus sustratos son PI y PI(4)P,
cuya fosforilacion resulta en los segundos mensajeros PI(3)P y PI(3,4)P,
respectivamente.

. Clase I: Consta de una subunidad catalitica, p110 (c, B,y o 9), y una
subunidad reguladora. Los miembros de esta familia pueden fosforilar PI, P1(4)P
y PI(4,5)P,, dando lugar a PI(3)P, PI(3,4)P, y PI(3.,4,5)P;, respectivamente. Su
localizacion es principalmente citosolica, pero tras la estimulacion con diversos
factores son reclutadas a la membrana, donde se encuentran sus sustratos
(Kapeller 1994). Esta familia de PI3Ks se clasifica en dos subgrupos: clase I, y
clase Ip. La clase I, incluye tres isoformas de las subunidades cataliticas, que
son pl10a, pl10f y pl110d. pl10ay pl10B se expresan de forma ubicua y
p1108 estd presente principalmente en leucocitos. Sus subunidades reguladoras
son miembros de la familia p85 (p85a, p85p y p55y). Estas subunidades tienen
dominios SH; (Src-Homology-2) que les permiten interaccionar con residuos de
tirosina fosforilados y, por tanto, son activadas por tirosina quinasas. La clase I
incluye solo la subunidad catalitica p110y, que estd regulada por una subunidad
plO1. Esta isoforma se expresa predominantemente en leucocitos y es activada
por GPCRs (Murga, Laguinge et al. 1998; Krugmann, Hawkins et al. 1999). Se
considera que, mientras que las PI3K I, sefalizan principalmente activadas por
receptores con actividad tirosin-quinasa (receptores de antigenos, moléculas de
adhesiony receptores de citoquinas entre otros) (Deane and Fruman 2004), la
PI3K-y se activa tras la estimulacion de GPCRs (receptores de quimioquinas y
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de esfingosina 1 fosfato), y mas concretamente del dimero 3y de la proteina G
(Suire, Condliffe et al. 2006). Sin embargo, también se ha observado que PI3K-
B puede ser activada por GPCRs (Guillermet-Guibert, Bjorklof et al. 2008). La
subunidad p110 siempre presenta un dominio de unién a Ras, por lo que todas
las PI3K de clase I pueden ser activadas por Ras-GTP.

. Ciclo de las PI3K.
Cuando la PI3K se activa fosforila al
fosfoinositido PIP2 y lo convierte en
PIP3, capaz de unir y, por lo tanto,
reclutar a la membrana, a proteinas
que contengan el dominio PH. La
fosfatasa PTEN elimina un fosfato
de PIP3 y lo convierte en PIP2 de
nuevo.

Tanto PI(4,5)P, como PI(3,4,5)P; tienen alta afinidad por los dominios PH
(Pleckstrin Homology) (Bottomley, Salim et al. 1998) presentes en numerosas proteinas,
de modo que al unirse a ellos pueden modificar la actividad de dichas proteinas o
inducir su relocalizacién a zonas especificas de la membrana plasmatica. Ese es, por
ejemplo, el caso de la quinasa Akt/PKB, uno de los efectores mas conocidos de PI3K, la
cual es reclutada en la membrana gracias a la unién de su dominio PH a los Pls
(Manning and Cantley 2007).

6.2 Akt

Akt, o PKB (Protein Kinase B), es una serina-treonina quinasa que forma parte
de la familia de proteinas quinasas AGC (proteina quinasa A, proteina quinasa G y
proteinas quinasas C). Existen tres isoformas de Akt distintas: Aktl/PKBa, Akt2/PKBf
y Akt3/PKBy. Las tres proteinas poseen una estructura similar, con un dominio PH en el
extremo N-terminal, que se une preferentemente PI(3,4,5)P; y PI(3,4)P,, un dominio
con actividad serina/treonina quinasa y un dominio regulador en el extremo C-terminal.
Akt posee dos residuos especificos, uno en el dominio quinasa (Thr308) y otro en el
extremo C-terminal (Ser473), que necesitan ser fosforilados para que se active
completamente (Franke 2008) (ver
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Figura 14. Esquema del mecanismo de
activacion de Akt. Una vez activas las
PI3Ks, éstas fosforilan los fosfoinositidos
PIP2 presentes en la membrana y los
convierten en PIP;, lo que favorece el
reclutamiento a la membrana de Akt. Esto
produce un cambio conformacional en Akt
que expone los dos residuos que deben ser
fosforilados. PDK1, que también es reclutada
a la membrana. Esta quinasa fosforila a Akt
en Thr308 y posteriormente mTORC2 la
fosforila en su Ser473 para activar Akt
completamente (Sarbassov, Guertin et al.
2005). Una vez activa, Akt puede fosforilar
multitud de efectores, mediante los que
regula el crecimiento  celular, la
supervivencia y la quimiotaxis.

La actividad de Akt ha sido muy estudiada en diversos tipos celulares y se ha
demostrado su implicacion en multitud de procesos a través de la fosforilacion de sus
proteinas diana, como la regulacion del crecimiento celular (Wullschleger, Loewith et
al. 2006), la proliferacion (Cross, Alessi et al. 1995; Viglietto, Motti et al. 2002;
Welcker, Singer et al. 2003) o la captacién de nutrientes (Ej: glucosa) y el metabolismo
celular en respuesta a factores de crecimiento (Ej: insulina) (Kohn, Summers et al.
1996). También se ha analizado ampliamente la implicacion de Akt en las dos funciones
celulares que atafien a este trabajo, la supervivencia y la migracion.

Akt regula la induccion de supervivencia mediada por factores de crecimiento y
otros estimulos (Marte and Downward 1997). Entre sus sustratos se encuentra BAD, un
miembro pro-apoptotico de la familia Bel-2 cuya su fosforilacion por Akt impide su
funcion (Datta, Dudek et al. 1997). También se ha observado que la fosforilacion de la
caspasa-9 por Akt inhibe su actividad (Cardone, Roy et al. 1998). Otro de los sustratos
de Akt, es NF-xB (Nuclear Factor-xB), un factor de transcripcion que regula la
expresion de proteinas anti-apoptoticas (Romashkova and Makarov 1999). También
GSK3 (Glycogen Synthase Kinase 3), una serina-treonina quinasa que ejerce efectos
pro-apoptoticos en las CDs, es otra de las dianas fosforiladas e inhibidas por Akt para
regular la supervivencia celular (Escribano, Delgado-Martin et al. 2009). También se ha
observado que los factores de transcripcion de la familia de FoxO (Forkhead bOX class
0) son fosforilados e inhibidos por Akt como parte de la sefializacidon pro-supervivencia
inducida por esta quinasa (Escribano, Delgado-Martin et al. 2009; Riol-Blanco,
Delgado-Martin et al. 2009).

En cuanto a la migracion, se ha descrito la implicacion de la ruta PI3K/Akt en
dicho proceso en multitud de sistemas como Dictyostilium (Meili 1999), células
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endoteliales durante la angiogénesis (Morales-Ruiz 2000) y leucocitos (Sotsios 2000),
en ocasiones siendo Akt hallada en el frente de avance de las células migrantes
(Servant, Weiner et al. 2000). A causa de esta relocalizacion de Akt asociada a la
formacion de los lamelipodios necesarios para la motilidad celular se especula con la
posibilidad de que Akt se sirva de la modificacion del citoesqueleto de actina para
regular la migracion de las células. Ademas, aunque todavia se sabe poco sobre la ruta
sefializadora bajo Akt de la que esta quinasa puede servirse para regular la migracion, se
han descrito algunos sustratos que mediarian esta reorganizacion citoesquelética
inducida por Akt, como Girdin, una proteina de unidn actina (Enomoto, Murakami et al.
2005), la enzima eNOS (Endothelial Nitric Oxide Syntase), capaz de unirse a 3-actina e
implicada en la formacion de uniones célula-célula (Montagnani, Chen et al. 2001;
Govers, Bevers et al. 2002), o la propia -actina, cuya fosforilacion directa por Akt
previa estimulacion con IL-6 ha sido descrita recientemente (Ho, Kuo et al. 2011).

6.3 Erkl/2

Erkl y Erk2, del inglés Extracellular Regulated Kinase, forman parte del grupo
de las Erk/MAPK, el primero de los tres grupos de la familia MAPK (Mitogen Activated
Protein Kinase) descubierto (Crews, Alessandrini et al. 1992). También forman parte de
esta familia las MAPK del grupo de JNK y las del grupo de p38 (Widmann, Gibson et
al. 1999). A pesar de que el grupo de las Erk lo componen 8§ miembros (Erkl1- ErkS),
Erkl y Erk2 son los mas estudiados, mientras que la expresion y funcionalidad de los
otros miembros del grupo no ha sido descrita en detalle aun. Erkl y Erk2, que se
expresan en todos los tejidos de los mamiferos, son idénticos en un 83% vy las
diferencias se encuentran tan sélo fuera de su dominio quinasa. Por ello y porque el
papel especifico de cada una de las dos quinasas no ha sido desentrafiado atn es por lo
que habitualmente se hace referencia a ambas proteinas a la vez, denominandolas
Erk1/2. Si se ha observado, sin embargo, que no son completamente redundantes en las
funciones que regulan dado que, aunque Erk2 puede mantener la mayoria de las
funciones fisioldgicas en ausencia de Erkl, los ratones mutantes para Erk2 sufren
letalidad embrionaria (Saba-El-Leil 2003).

Hay una gran cantidad de estimulos extracelulares que pueden modular la
cascada de sefializacion de Erkl1/2, como factores de crecimiento, suero, ligandos de
GPRCs, citoquinas y estrés osmotico entre otros (Chen, Gibson et al. 2001). Las
cascadas de sefializacion de las MAPK comprenden tres niveles de activacion quinasas
secuenciales, de modo que primero las MAPKKKSs fosforilarian a las MAPKKs, las
cuales, por ultimo, activarian a las MAPKs (Chang 2001). Una vez activado, Erk1/2
fosforilard preferentemente sustratos que contengan la secuencia consenso Pro-Xaa-
Ser/Thr-Pro (Gonzalez, Raden et al. 1991). Hasta ahora se han identificado mas de 150
sustratos de Erk1/2, que incluyen desde factores de transcripcion a quinasas, fosfatasas,
proteinas del citoesqueleto, receptores, entre otros. Asi, en funcion del tipo, duracion y
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magnitud del estimulo que lo active y también de la localizacion subcelular de Erk1/2,
esta quinasa puede controlar multitud de respuestas celulares, como proliferacion,
migracion, diferenciacion, supervivencia y apoptosis (Yoon and Seger 2006).
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Se ha descrito que la activacion de Erkl1/2 inhibe la apoptosis inducida por
estimulos como TNFa, FasL, TRAIL, radiacion, estrés osmotico y oxidativo y
privacion de factores de crecimiento, entre otros (Lu and Xu 2006). Entre los sustratos
de Erk1/2 implicados en la regulacion de la supervivencia celular se encuentran Bim
(Biswas and Greene 2002), RSK (p90 ribosomal S6 kinase), que también es capaz de
fosforilar de forma inhibidora a Bad, otra proteina pro-apoptotica de la familia Bcl-2
(Scheid, Schubert et al. 1999), e incluso la caspasa 9, cuya fosforilacion en la treonina
125 por parte de Erk1/2 resulta en la inhibicion de su actividad (Allan, Morrice et al.
2003). Erk1/2 también ha sido implicada en induccidén de apoptosis de varios tipos
celulares, como neuronas y linfocitos T, en respuesta a multitud de estimulos (Cheung
and Slack 2004; Cagnol and Chambard 2010; Teixeiro and Daniels 2010).

Erk1/2 regula también la migracion de diferentes tipos celulares (Vial, Sahai et
al. 2003; Riol-Blanco, Sanchez-Sanchez et al. 2005), tanto mediante la regulacion de la
dindmica de las adhesiones focales (debido, por ejemplo, a la fosforilacion de la
Calpaina (Glading, Chang et al. 2000)) como través de su efector MLCK, el cual, una
vez activado por Erkl1/2, fosforila la cadena ligera de la miosina, promoviendo asi la
polimerizacion de las fibras de actina y la generacion de protrusiones en la membrana
del frente de avance (Klenke 1997; Webb, Donais et al. 2004).
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6.4 FoxO

En mamiferos, la familia de factores de transcripcion de FoxO (Forkhead bOX
0) esta constituida por FoxO1 (FKHR), FoxO3a (FKHRL1), FoxO4 (AFX) y FoxO6é.
Los miembros de esta familia incluyen un dominio FKH (ForKHead) de uniéon a ADN
y por la presencia de tres secuencias consenso que pueden ser fosforilados por Akt
[RXRXXX(S/T)] (Huang and Tindall 2007; van der Horst and Burgering 2007).

Existen multiples mecanismos de regulacion de la actividad de FoxO, muchos de
los cuales se basan en el control de su localizacion. Por ejemplo, la via de PI3K/Akt
resulta en la inhibicion de FoxO induciendo su traslocacion al citoplasma. Cuando se
activa Akt, esta quinasa se trasloca al nucleo y fosforila tres residuos altamente
conservados en todos los miembros de la familia FoxO (T24, S256 y S319 en FoxO1),
generando sitios de union para las proteinas 14-3-3 (Brunet, Bonni et al. 1999; Brunet,
Kanai et al. 2002). Tras la fosforilacion de FoxO en el nucleo se produce su exportacion
al citoplasma. Dado que la unién de las 14-3-3 enmascara la sefial de localizacién
nuclear de FoxO, éste permanece retenido en el citoplasma donde no puede regular la
expresion génica. En condiciones de estrés se activan quinasas como JNK o MST1, que
son capaces de inducir la actividad de FoxO porque estimulan su disociacion de las 14-
3-3, lo cual facilita su transporte al nicleo (Huang and Tindall 2007; van der Horst and
Burgering 2007).
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Modelo de inhibicion de
FoxO. En condiciones pro-apoptéticas
FoxO se localiza en el nucleo donde
puede transcribir genes pro-apoptdticos
como Bim. En presencia de factores pro-
supervivencia se produce la activacion de
Akt, que se transporta al nucleo y
fosforila a FoxO. Esta fosforilacion
genera sitios de union para las proteinas
14-3-3, cuya asociacion a FoxO conduce
a su translocacién y retencion en el
citoplasma, donde puede ser degradado,
impidiéndose de esta manera que lleve a
cabo su actividad transcripcional.

La familia FoxO regula la expresion de genes implicados en un gran nimero de
procesos celulares como la apoptosis, ciclo celular, reparacion de ADN, estrés
oxidativo, diferenciacion celular o metabolismo de glucosa, aunque en esta tesis
doctoral nos centraremos exclusivamente en su papel como regulador de la apoptosis.
En este contexto se ha descrito que FoxO es capaz de transactivar factores implicados
en apoptosis tanto por via extrinseca (por ejemplo incrementando la expresion de FasL)
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(Brunet, Bonni et al. 1999), como por via intrinseca (por ejemplo regulando la
expresion de Bim) (Dijkers, Medema et al. 2000).

6.5 mTORy TORC1

La proteina mTOR (mammalian Target Of Rapamycin) es una serina-treonina
quinasa de alto peso molecular (289 kDa), homologa a la inicialmente descrita TOR de
levaduras (Brown, Albers et al. 1994), que pertenece a la familia de las proteinas
relacionadas con las PI3Ks, o PIKK (Phosphatidyllnositol Kinase-related Kinase). Se
expresa ubicua y constitutivamente y estd implicada, mediante la fosforilacion de sus
sustratos, en multitud de funciones como la prevencion de la apoptosis y la autofagia, la
reorganizacion del citoesqueleto de actina, la biogénesis ribosomal y la iniciacion de la
transcripcion entre otras funciones (Delgoffe and Powell 2009). La importancia
fisiologica de mTOR se demuestra por el hecho de que los ratones deficientes en dicha
quinasa sufren letalidad embrional (Gangloff, Mueller et al. 2004; Murakami, Ichisaka
et al. 2004)

Figura 17. Estructura de mTOR y
organizacion de mTORC1 vy
BRASA mTORC2. mTOR contiene varios
- \ dominios estructurales muy
conservados, como 20 dominios
HEAT (llamados asi por encontrarse
en las proteinas Huntingtin,
Elongation factor 3, PR65/A y TOR)
agrupados en su N terminal vy
probablemente implicados en uniones
proteina-proteina, a los que sigue un
dominio FAT (presente en los
miembros de la familia PIKK FRAP,
ATM y TRRAP) que también se
ATON encuentra en el extremo C terminal de
la proteina con la denominacion
FATC. El dominio quinasa de mTOR
esta localizado entre este C terminal y
el dominio FRB (FKBP12/Rapamycin
Binding) de union de la Rapamicina
(Zoncu, Efeyan et al. 2011).

mTOR se encuentra formando parte de dos complejos proteicos diferentes, el
complejo 1 (mTORCI) y el complejo 2 (mTORC2), que poseen elementos comunes y
elementos exclusivos. Ademas de mTOR, las proteinas mLST8 (mammalian Lethal
with SECI13 protein 8, también conocida como GBL) y DEPTOR (DEP domain-
containing mTOR-interacting protein) son comunes a los dos complejos, mientras que
RAPTOR (Regulatory-Associated Protein of mTOR) y PRAS40 (40 kDa PRo-rich Akt
Substrate, también conocida como AKTISI) son especificos de mTORCI1 y las
proteinas RICTOR (Rapamycin-Insensitive Companion of mTOR), mSIN1 (también
llamada MAPKAPI1, es decir, Mitogen-Activated protein Kinase-Associated Protein 1)
y PROCTOR (PRotein Observed with RICTOR) son exclusivas de mTORC2 (Foster
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and Fingar 2010). Otra caracteristica diferencial de estos dos complejos es su
sensibilidad al inhibidor Rapamicina, un potente macrolido con propiedades
antifingicas secretado por la bacteria Streptomyces hygroscopicus. A pesar de la
capacidad de esta molécula de unirse al dominio FRB de mTOR, previo anclaje al
receptor intracelular FKBP12 (FK506-Binding Protein 12 kDa), la Rapamicina es capaz
de inhibir la actividad quinasa de mTOR cuando se encuentra formando parte del
complejo mTORC1, mientras que su efecto sobre mMTORC?2 parece ser dependiente del
tipo celular y del tiempo de tratamiento (Guertin and Sabatini 2009).

El complejo mTORCI1 integra diversas sefiales intra y extracelulares que
promueven procesos celulares anabolicos e inhiben procesos catabdlicos. De esta
manera, factores de crecimiento o nutrientes (Ej. Amino &4cidos) promueven la
activacion de mTORCI y, por lo tanto, también procesos dependientes de este complejo
como son la sintesis de proteinas, el crecimiento y proliferacion celular entre otros. Sin
embargo, cuando los niveles de estos factores son insuficientes o la célula detecta
sefiales de estrés la actividad de mTORCI se reduce con objeto de mantener las tasas
celulares de biosintesis en niveles suboptimos. Ademas, esta reduccion de la actividad
de mTORCI1 promueve la autofagia, un proceso celular que se da en respuesta a la
escasez de nutrientes y por el cual la célula consigue la energia que necesita mediante el
metabolismo de sus propios constituyentes para la obtencion de aminoacidos y otras
moléculas (Hosokawa, Hara et al. 2009).
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PI3K €<= RAS

Akt RAF
P J_R K * Figura 18. Esquema de los reguladores y efectores de
Rheb Y\ Erk mTORCI1. Cuando la célula es estimulada con factores de
Tsc2 AMPK crecimiento, aminoacidos o citoquinas, se activan diversas

dimero deja de actuar como acelerador de la actividad

vias de sefalizaciéon que convergen en el dimero
Rheb TSC1 V\ENERGIA TSC1/TSC2, al que inhiben. Una vez inhibido, este

x GSK3 GTPasa de Rheb, de manera que esta pequeila GTPasa se
mTORC1 mantiene unida a GTP (activa) y puede, a su vez, activar a
mTORCI. Cuando este complejo se encuentra activo es

mTOR mLST8 . . .
| — capaz de fosforilar y activar a SOK para que esta quinasa
‘ Ragtor pueda, a su vez, fosforilar a la S6 ribosomal, y también a
4E-BP1, de forma que se libere del factor iniciador de la
! X_ traduccion elF4B. Ambos eventos promueven el inicio de
la traducciéon de ARNm vy, por lo tanto, la sintesis de
S6K 4E-BP1 proteinas. En cambio, cuando la célula sufre de escasez de
nutrientes, aumentan los niveles de AMP, lo cual es
' detectado por AMPK y por GSK3, que se activan y

fosforilan a TSC2 en residuos que aumentan su actividad

B DE LA TRADUCE Y inhibidora de mTORCI, frenando asi la sintesis proteica.

La regulacion de la actividad de mTORC1 se lleva a cabo a través del
heterodimero TSCI1/TSC2 (Tuberose Sclerosis Complex). Este dimero inhibe a
mTORCI, debido a que funciona como GAP (GTPase Activating Protein) de la
pequefia GTPasa Rheb (Ras homolog enriched in brain) que es una potente activadora
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de mTORCI1. Asi, TSC1/TSC2 promueven el paso de Rheb desde su estado activo
(GTP-Rheb) a inactivo (GDP-Rheb), impidiendo de esta manera su accion sobre
mTORCI1 (Zhang, Gao et al. 2003). Se considera que el dimero TSC1/TSC2 es el
principal regulador de mTORCI1 ya que gran parte de las vias sefializadoras que
controlan la actividad de este complejo, ya sea inhibiéndolo o activandolo, lo hacen
alterando la funcion de TSC1/TSC2. En el caso de la inhibicion, tanto Akt, efector de la
via de las PI3Ks, como Erk1/2 y p90rsk (RSK), efectores de la via de Ras/MAPK,
fosforilan a TSC2 en residuos que bloquean su actividad (Huang and Manning 2008).
También la quinasa AMPK ejerce su funcion reguladora de mTORC1 mediante la
fosforilacion de TSC2, pero en este caso lo hace en un residuo que aumenta su
actividad, inhibiendo de esta manera a mTORCI1. Se ha visto ademds que esta
fosforilacion de TSC2 mediada por AMPK facilita una posterior fosforilacion
activadora por parte de GSK3f (Inoki, Ouyang et al. 2006).

mTORCI tiene principalmente dos clases de efectores, que son las quinasas
ribosomales S6K1 y S6K2 (a las que denominaré genéricamente S6K), y las proteinas
de union al iniciador de la transcripicion elF4E, 4E-BP1 y 4E-BP2 [(elF4E (eukaryotic
translation initiation factor 4E)-binding proteins 1 y 2]. La fosforilacion de S6K en el
residuo Thr389 por mTORCI1 activa a esta quinasa y la permite fosforilar a la proteina

ribosomica S6 y el factor elF4B para promover la transcripcion del ARNm. Ademas,
mTORCI también puede actuar sobre la expresion de proteinas a nivel transcripcional
mediante la fosforilacion de 4E-BP1 en diversos motivos, que hace que se libere del
factor elF4E, el cual se encuentra unido al ARNm, y permite asi el comienzo de la
transcripcion (Foster and Fingar 2010).
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En esta Tesis Doctoral nos planteamos como objetivo general el estudio de las
funciones reguladas por la quimioquina CXCL12 en las células dendriticas maduras
(CDs mad). Més concretamente nos propusimos estudiar los mecanismos moleculares
empleados por dicha quimioquina para controlar la quimiotaxis y la supervivencia de
estas células.

Los objetivos especificos que nos planteamos fueron los siguientes:

Analizar in vitro las funciones reguladas por la quimioquina CXCL12 en
las CDs mad humanas.

Identificar en las CDs maduras el receptor quimiotactico que controla los
efectos de CXCL12

Estudiar in vivo las funciones que controla CXCL12 en las CDs mad
mediante el empleo de CDs extraidas de raton.

Identificar las moléculas sefializadoras mediante las cuales CXCL12

regula la quimiotaxis y la supervivencia en las CDs humanas y
caracterizar las vias de sefalizacion de que forman parte.
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Las quimioquinas CXCL12, CXCL11 (usados a 12,5 nM), CCL21 y CCL19
(usadas a 18 nM) y el TNFa (usado a 50 ng/ml) se adquirieron de PeproTech (Rocky
Hill, NJ). rhIL-4 (IL4 humano recombinante) y rhGM-CSF se obtuvieron de
Immunotools y se usaron a 1000 U/ml.

Los colorantes vitales CMFDA (5-clorometilfluorescein diacetato) y CFSE
(carboxifluorescein diacetato succinimidil éster) son de Molecular Probes. FLIVO™ es
un péptido inhibidor de caspasas, Val-Ala-Asp (OMe)-fluorometil ketona (VAD-FMK),
conjugado a diferentes fluor6éforos que puede ser empleado in vivo. Sulforodamina B
(SR)-FLIVO (SR, Agps 565 nm; A, >600 nm) es una forma de FLIVO conjugada a
Sulforodamina B que se obtuvo de Immunochemistry Technologies, LLC. El inhibidor
general de PI3K (LY294002, utilizado a 100 uM), el inhibidor especifico de Aktl/2
(usado a 5 uM), el antagonista de CXCR4 (AMD3100, usado a 10uM), la toxina
pertusica (usada a 100 ng/ml), la poli-L-lisina (PLL), el Hoechst 33342, la albumina de
suero bovino (BSA), el LPS (lipopolisacarido, usado a 100 ng/ml), el dextrano
conjugado a FITC (Fluoresceina-5-isotiocianato) y los anticuerpos anti-o. tubulina y
anti-f actina se adquirieron de Sigma-Aldrich (St. Louis, MO). El compuesto
bloqueante de CXCR7 (CCX733, usado a 10 uM) fue proporcionado bajo un acuerdo
de Material Transfer Agreement (MTA) por ChemoCentryx (Mt. View, CA). El ioduro
de propidio (IP), los inhibidores especificos de PI3Ka (PIK-75, usado a 250 nM),
PI3KP (TGX-221, usado a 1 uM) y PI3Ky (AS-605240, usado a 10 uM), los inhibidores
de Erk1/2 (UO126 y PD98059, usado ambos a 5uM) son de Calbiochem (Nottingham,
UK). El inhibidor de isoforma PI3Kd (IC87114, 20 uM) se obtuvo, bajo un acuerdo de
Material Transfer Agreement (MTA), de ICOS Corporation (Bothell, WA). El inhibidor
del complejo mTORCI1 (Rapamicina, utilizada a 100 nM) se obtuvo de Tocris
Bioscience (Ellisville, MO).

La anexina V conjugada a FITC, los anticuerpos conjugados a PE anti-CCR7 y
anti-CD83 y el anticuerpo anti-CXCR4 son de BD Pharmingen (San Diego, CA). Los
anticuerpos para analizar la expresion de CXCR7 por citometria de flujo fueron
proporcionados por el Dr. Marcus Thelen (Institute for Research in Biomedicine,
Bellinzona, Suiza) y por el Dr. Thomas Schall (Departamento de Fisiologia,
Universidad de Vanderbilt Nashville, TN).

El anticuerpo anti-Bim se obtuvo de Affinity BioReagents (Golden, CO). Los
anticuerpos anti-BARK y anti-Ga, son de Santa Cruz Biotechnology (Santa Cruz, CA).
Los anticuerpos anti PI3K p110p, anti-FoxO1, anti-FoxO3, anti-fosfo-FoxO1 (fosfo-
Ser256 y fosfo-Thr24), anti-fosfo-FoxO3 (fosfo-Ser253), anti-fosfo-Erk1/2 (reconoce
fosfo-Thr202 y fosfo-Tyr204 en Erkl, y fosfo-Thr185 y fosfo-Tyr187 en Erk2), anti-
TSC2, anti-fosfo-TSC2 (fosfo-Thr1462), anti-fosfo-p70 S6K (fosfo-Thr389), anti-fosfo-
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Akt (fosfo-Ser473), anti-mTOR, anti-fosfo-mTOR (fosfo-Ser 2448) y anti-fosfo-4E-
BP1 (fosfo-Thr37 y 46) son de Cell Signaling Technology (Beverly, MA).

Se han utilizado ratones de la cepa C57BL/6, concretamente machos de 8-10
semanas. Los animales se mantuvieron en el animalario del Centro de Investigaciones
Bioldgicas bajo condiciones libres de patdgenos y fueron tratados siguiendo las
especificaciones del Comité de Etica del Centro de Investigaciones Bioldgicas con
respecto al cuidado y uso de animales de experimentacion.

1. CDs humanas derivadas de monocitos

Las células mononucleares de sangre periférica (PBMCs) se aislaron a partir de
“Buffy coats” obtenidos de donantes sanos (Centro de Transfusiones de la Comunidad
de Madrid) siguiendo un procedimiento estandar. Las PBMCs se obtienen mediante un
gradiente de Lymphoprep (Nycomed, Noruega). A continuacion se purifican los
monocitos mediante la utilizacion de anticuerpos anti-CD14 acoplados a “bolitas
magnéticas” (Miltenyi Biotech, Alemania), siguiendo las instrucciones del proveedor.
Los monocitos, que se obtienen generalmente con una pureza mayor del 95%, se
resuspenden en RPMI 10% FBS (Fetal Bovine Serum, Cambrex) a una concentracion de
0,8-1x10° células/ml. Posteriormente se induce su diferenciacién hacia célula CDs
anadiendo GM-CSF (1000 U/ml) e IL4 (1000 U/ml). Las células son cultivadas durante
7 dias, afiadiéndoles citoquinas cada 2 dias, tras lo cual se obtiene una poblacion de CDs
inmaduras. La maduracién de las CDs se induce mediante la adicion de 50 ng/ml de
TNFa en presencia de GM-CSF e IL-4 durante 3 dias (Sallusto 1994). El andlisis
fenotipico de las células muestra que la pureza de células CD80+, CD86+, CD83+ y
HLA-DR+ es mayor del 85%. El numero de células CD3+, CD14+, CD16+ 0 CD19+ es
menor del 1%.

2. CDs murinas de bazo

Para la obtencion de las CDs murinas se extraen los bazos de los ratones y se
disgregan en PBS 5 mM EDTA, empleando el émbolo de una jeringuilla. A
continuacion la suspension celular se pasa a través de filtros de 100 wm de diametro
(BD, San Diego, CA) y posteriormente se centrifuga esta suspension a 1500 rpm. El
precipitado celular de resuspende en buffer de MACS (2mM EDTA y 0,5% BSA en
PBS) y se purifican las CDs mediante la utilizaciéon de un anticuerpo anti-CD11c
acoplado a “bolitas magnéticas” (Miltenyi Biotech, Alemania) siguiendo las
instrucciones del fabricante. Generalmente se obtiene un enriquecimiento de un 98% de
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CDs. En algunos casos las células se cultivaron en RPMI 10% FBS a una concentracion
de 1x10° células/ml (Aliberti, Reis e Sousa et al. 2000; Ivankovic-Dikic, Gronroos et al.
2000).

3. Linfoblastos

Los linfoblastos fueron obtenidos a partir de las células CD14 negativas

resultantes de la purificacion de monocitos de “Buffy coats” (ver apartado 1 de

). Estas cé¢lulas se trataron con 10 ug/ml de fitohemaglutinina

(PHA-L, Pharmacia, Barcelona) durante 48 horas en medio RPMI 10% FCS. Los

linfoblastos T humanos obtenidos proliferaron en dicho medio suplementado con 50

U/ml de IL-2 y fueron empleados en los experimentos transcurridos 10-12 dias de su
obtencion (Cabafias and Hogg 1993; Qin, Rottman et al. 1998).

El ARN total de las células fue extraido empleando el kit RNeasy Mini Kit de
Qiagen. A partir de dicho ARN se obtuvo el ADNc mediante el kit de sintesis de ADNc
High Fidelity (Roche, Manheim, Alemania). El ADN resultante fue amplificado por
PCR empleando la Taq polimerasa de Roche y los siguientes oligonucleotidos: para
CXCR7 5'-TGGTCAGTCTCGTGCAGCAC-3' y 5'-
GCCAGCAGACAAGGAAGACC-3', (Infantino, Moepps et al. 2006) y para la
GAPDH que se empled como control, 5'-GGCTGAGAACGGGAAGCTTGTCA-3" y
5'-CGGCCATCACGCCACAGTTTC-3. Las mezclas fueron incubadas a 95°C durante
5 min para la desnaturalizacion inicial, y posteriormente se aplicaron 35 ciclos de
desnaturalizacion a 95°C durante 30 segundos, anillado a 58°C durante 45 segundos y
extension a 72°C durante otros 45 segundos. La reaccion terminé tras una fase final de
extension de 10 min a 72°C. Los productos de la PCR se resolvieron por electroforesis
en un gel de agarosa.

La quimiotaxis en respuesta a las quimioquimas CXCL12, CXCL11 6 CCL21 se
determin6d contando el nimero de células que migraban a través de camaras de
Transwell que incluyen filtros de policarbonato de 5 um de didmetro (Costar, Europe)
insertadas en placas de 24 pocillos. En la cdmara superior se colocaron 10° CDs en 100
ul de RPMI 0.1% BSA, y en la camara inferior 600 ul del mismo medio incluyendo o
no la quimioquina a la concentracion indicada. Tras 120 min, las CDs que migraron
hacia la camara inferior se contaron por citometria de flujo empleando el software
CellQuest (BD Biosciences, San Diego,CA). Para medir la quimiotaxis se calculd el
porcentaje de CDs que se obtuvieron en la cédmara interior en presencia de la
quimioquina con respecto del nimero de células de partida.
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Cuando se usaron inhibidores, las CDs fueron pretratadas durante 1 hora a 37° C
(excepto en el caso de la PTX, cuyo tiempos de pretratamiento fue de 2 horas). En los
experimentos con camaras de tipo Transwell, el inhibidor se coloco tanto en la camara
superior como en la inferior a lo largo de todo el experimento de quimiotaxis.

Para realizar los ensayos de adhesion primero se inmovilizaron 0.25 pg/ml de
fibronectina en PBS sobre placas (de 96 pocillos fondo plano) durante 12 h a 4° C. Las
placas se bloquearon 1 h con BSA 1% a temperatura ambiente y se lavaron dos veces
con PBS. Las CDs en cultivo se lavaron en RPMI 0.1% BSA 20 mM Hepes y se
depositaron en los pocillos a razén de 50x10° CD/pocillo. Posteriormente se dejaron
adherir, en presencia o en ausencia de CXCLI12 o de MgCI2 (20 mM), que fue
empleado como control positivo. Tras 30-40 min de adhesion, las CDs no adheridas se
lavaron con PBS. Tras los lavados las CDs que permanecieron adheridas se fijaron con
formaldehido al 3% en PBS durante 10 minutos, se permeabilizaron con metanol al 2%
en PBS durante 2 minutos y se tifieron con una solucion de cristal violeta 0.5% metanol
20% durante 90 segundos. Tras eliminar el exceso de colorante y redisolver el cristal
violeta en una solucion 1:1 de citrato sodico 0.1 M pH 4.2 y etanol absoluto, la adhesion
se cuantificd mediante un lector de ELISA midiendo la absorbancia a 540 nm.

Para analizar si la motilidad de las células es alterada por la quimioquina
CXCL12 empleamos un método cualitativo y otro cuantitativo.

Por un lado realizamos ensayos de Checkerboard (Martinet, Martinet et al.
1994). Este tipo de ensayo permite dilucidar si un determinado tratamiento induce
quimiocinesis, es decir, incrementa la motilidad de las CDs. Para ello se colocaron las
células en las mismas condiciones indicadas anteriormente pero incluyendo la
quimioquina en las cdmaras superior e inferior. Se considera que la quimioquina induce
quimiocinesis si el nimero de células que migra cuando la quimioquina se encuentra en
ambas camaras es estadisticamente superior a la migracion basal en ausencia de
quimioquinas.

Alternativamente, la velocidad de migracion se cuantifico mediante el uso del
equipo de microscopia multidimensional AF6000 LX de Leica. Para este fin, a las CDs
(en RPMI 0.1% BSA), se les permitié adherirse sobre fibronectina (0.25 ug/ml) durante
30 minutos. Tras ese tiempo, el movimiento de las células fue registrado mediante una
camara monocroma Hamamatsu CCD C9100-02 de alta resolucion conectada a un
microscopio de Optica invertida Leica DMI6000B durante 3 horas mas. Se midieron las
trayectorias de mas de al menos 30 células en cada condicion utilizando el programa
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WCIF Image] (Wayne Rasband National Institutes of Health, USA), y se calculd la
velocidad de movimiento de cada célula en um/seg.

Para analizar la fugotaxis se utilizd el sistema de Transwell afiadiendo
quimioquina solamente en la cdmara superior y se contabiliz6 el nimero de células que
migraron al pocillo inferior al cabo de 120 minutos.

Para determinar si las quimioquinas inducian endocitosis en las CDs se llevo a
cabo un ensayo que permite medir la captacion de dextrano-FITC por parte de las
mismas. Para la realizacion de dicho ensayo las CDs, a razon de 75x10° células por
punto, se mantuvieron en RPMI 10% FCS con 20 mM HEPES y se afiadi6 el marcador
endocitico (dextrano conjugado a FITC) a una concentracion final de 1 mg/ml, asi como
las quimioquinas que correspondiesen. Al cabo de los tiempos indicados en cada caso la
reaccion se pard afiadiendo PBS frio y poniendo las células en hielo. Las CDs fueron
entonces lavadas dos veces con PBS frio y resuspendidas en ese mismo buffer para su
posterior analisis por citometria de flujo. Se tomo6 como valor de la endocitosis ocurrida
en cada condicion al producto de la Intensidad Media de Fluorescencia multiplicado por
el porcentaje de CDs que adquirieron el dextrano. La medida de la sefial obtenida tras la
incubacion de las CDs con el FITC-dextrano en hielo sirviéo como valor del ruido de
fondo de la reaccion.

Las CDs (50x10° células por punto) fueron incubadas durante 30 minutos en
RPMI para reducir el nivel de actividad basal de las moléculas senalizadoras estudiadas.
A continuacion fueron estimuladas o no a los tiempos indicados con la quimioquina
indicada. La estimulacion se detuvo solubilizando las células en tampoén de carga
2xSDS-PAGE (200 mM Tris-HCI, pH 6,8, 0,1 mM sodio ortovanadato, 6% SDS, 1 mM
EDTA, 4% p-mercaptoetanol, 10% glicerol y azul bromofenol). Las proteinas se
resolvieron mediante electroforesis en geles de poliacrilamida con SDS y se
transfirieron a membranas de nitrocelulosa. Una vez bloqueadas las membranas en 5%
de leche desnatada en TBST (TBS 0,1% Tween 20) pH 7.5, se incubaron con los
anticuerpos primarios correspondientes (0,5 pg/ml) en TBST 5% BSA. Antes y después
de incubar las membranas una hora con el anticuerpo secundario acoplado a peroxidasa
(1:5000 en TBST, Santa Cruz Biotechnology, Santa Cruz, CA) se realizaron 3 lavados
sucesivos con TBST. Finalmente se revelaron las bandas inmunoreactivas con ECL
(Pierce, Rockford, IL).

La densitometria de los blots se realizo con el software Multigauge de Fujifilm.
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Las células se analizaron en un citometro de flujo EPICS (Coulter Electronics)
equipado con un laser de Argdn sintonizado a 488 nm capaz de procesar 6 sefiales
simultaneas, 2 de dispersion y 4 de fluorescencia en el rango de 525 a 675 nm. La
expresion de GFP y las tinciones con FITC y CFSE se analizaron en el canal FL1 y para
tinciones realizadas con PE y IP empleamos el canal FL2. El analisis posterior se llevo a
cabo con el programa CXP Analysis (Beckman Coulter).

Tanto el andlisis de las tinciones con Hoechst 33342 para detectar apoptosis
como el estudio de la localizacion nuclear o citoplasmatica de GFP (pGFP y FoxO1-
GFP) se realiz6 empleando un microscopio Axioplan Universal de Zeiss con una
camara CCD Digital Leica DFC 350 FX con un objetivo 63x 6 100x de inmersion en
aceite (Leica Microsystems, Mannheim, Alemania). Las imagenes de microscopia
confocal se tomaron empleando un Microscopio Laser Confocal espectral (CLSM)
Leica TCS SP2 equipado con 9 lineas de laser y sistemas AOTF y AOBS. El anélisis de
las iméagenes se llevo a cabo usando el software Adobe Photoshop 7.0 (Adobe System
Inc.).

El vector de expresion de GFP, pEGFP-C1 se obtuvo de Clontech (BD
Biosciences, Palo Alto, CA). La construccion que codifica FoxO1 fusionado a GFP fue
proporcionada por el Dr. Ferry G. Unterman (VA Chicago Health Care System,
Chicago, USA). La construccion en pcDNA para la Olransducina (), cedida por la Dra.
Pilar de la Pefia (Universidad de Oviedo), permite expresar la subunidad o; de las
proteinas G heterotriméricas que secuestra las subunidades Py de la célula impidiendo la
sefializacion a partir de este dimero. fArk-CT es una construccidon que incluye un
minigen que codifica la parte carboxilo terminal de la quinasa del receptor f3
adrenérgico y que actia como péptido inhibidor de la sefializacién a partir de Gy
(Koch, Hawes et al. 1994). Estd subclonado en el vector de expresion pRKS y tanto
BArk-CT como el propio vector de expresion fueron cedidos por el Dr. Robert
Lefkowitz (Howard Hughes Medical Institute, Duke University, NC).

Los ARNs de inteferencia (siRNA; small interfering RNA) dirigidos contra
FoxO1 y FoxO3 son de Santa Cruz Biotechnology.
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Las CDs fueron nucleofectadas con 5 pg de los cDNAs antes indicados o con 0,8
ug de siRNA. La nucleofeccion se realizd utilizando el nucleofector y el kit de
nucleofeccion de CDs (Lonza, Basel, Suiza) siguiendo las instrucciones del fabricante.

Se indujo apoptosis en las CDs mediante la privacion suero (que incluye factores
de crecimiento, citoquinas y otros factores inductores de supervivencia). Para ello
empleamos el mismo nimero de CDs viables de partida (determinado mediante
exclusion de la tincion con Tripan Blue). Para inducir apoptosis estas CDs son
incubadas en RPMI durante las horas indicadas. Los tratamientos, ya sean con
quimioquinas o con inhibidores, se afiaden a las CDs incubadas en RPMI desde el
comienzo del experimento. Tras el tiempo indicado en cada caso en cultivo se analiz6 la
apoptosis con alguno de los siguientes métodos.

1. Tincion con Hoechst 33342

La morfologia nuclear varia durante el proceso de apoptosis, produciéndose
inicialmente su condensacion y finalmente su fraccionamiento. La tinciéon con Hoechst
33342 permite detectar los cambios morfologicos del nucleo mediante
inmunofluorescencia (Loo 1998). Las CDs se colocaron sobre cubreobjetos recubiertos
con PLL (20 ug/ml) y se incubaron durante 20 minutos a 37°C. Posteriormente se
fijaron con PFA al 4% durante 15 min, se permeabilizaron con metanol frio durante 10
minutos mas, se lavaron 2-3 veces con PBS y se incubaron con una solucion de Hoechst
33342 (5 ug/ml) en PBS durante 15-20 minutos. Finalmente se lavaron los cristales
repetidas veces con PBS y agua destilada y se montaron con medio de montaje Dako
(Dakocytomation, Carpinteria, CA).

2. Tincion con Anexina V-FITC/ IP

Centrifugamos las CDs, las resuspendemos en 100 ul de buffer de anexina (10
mM HEPES (pH 7,4), 0,14 M NaCl, 2,5 mM CaCl,) y anadimos 5 ul de Anexina-V-
FITC. Incubamos durante 15-20 minutos a temperatura ambiente en oscuridad y a
continuacion afiadimos otros 500 ul de buffer de anexina. Para poder diferenciar las
CDs apoptoticas de las necroticas afiadimos ioduro de propidio (IP) a una concentracién
final de 1 ug/ml, y consideramos solo las CDs que son Anexina-V+/IP-. El analisis de
esta tincion se realiza mediante citometria de flujo (Sanchez-Sanchez 2004).
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1. Analisis ex vivo de la quimiotaxis de las CDs a los ganglios popliteos

Tras obtener las CDs de bazo como se explicd anteriormente, éstas fueron
tefiidas con el colorante vital CFSE (5 uM) durante 30 minutos a 37°C en PBS 0,1%
BSA. La reaccion se par6 mediante la adicion de medio completo y tras una
centrifugacion se resuspendieron las CDs tefiidas a una concentracién de 2x10° CDs/ 25
ul RPMI. Se realizaron inyecciones subcutaneas en las almohadillas plantares traseras
de ratones C57BL/6, inyectandose 2x10° CDs en cada pata junto con LPS (100 ng/ml)
asi como con AMD 3100 (4mg/kg de raton) en el caso de los ratones “problema”, o con
el mismo volumen de PBS en el caso de los ratones control. Después de 18 horas, que
es el tiempo necesario estimado para que las CDs inyectadas lleguen a los ganglios
popliteos (Mempel, Henrickson et al. 2004), los animales fueron sacrificados y se
extrajeron los ganglios popliteos. Estos ganglios se disgregaron en PBS 5 mM EDTA
para obtener una suspension celular. Mediante citometria de flujo se analizd el
porcentaje de células CFSE+ con respecto al nimero total de células presentes en los
ganglios en cada caso.

2. Analisis in vivo de la apoptosis de las CDs en los ganglios popliteos

De la misma manera que para el ensayo anterior, las CDs procedentes de bazos
de ratones fueron tefiidas con el colorante vital CMFDA, a una concentracion de 5 uM,
durante 30 minutos, y posteriormente inyectadas en las almohadillas plantares junto con
100 ng/ml de LPS. Tras 18h, cuando las CDs se encontraban ya en los ganglios
popliteos, se realizd una inyeccion intraperitoneal de 4mg/kg de AMD 3100 6 de PBS
en los animales tratados y en los de control, respectivamente. Tras 22 horas, tanto los
animales tratados como los controles fueron inyectados con SR-FLIVO por via
intravenosa. Una hora después los animales fueron sacrificados y se extrajeron los
ganglios popliteos. Estos ganglios se procesaron para su posterior analisis mediante
microscopia multifotén. Para ello se fijaron con PFA 4% (30 minutos), se lavaron con
PBS y se montaron entre dos cubreobjetos de vidrio con medio de montaje para
muestras fluorescentes (Prolong Gold, Molecular Probes).

Las imégenes se tomaron con un objetivo 20x de inmersion en aceite en un
microscopio confocal Leica invertido (TCS-SP2 AOBS spectral system) equipado con
un laser de excitacion de dos fotones (Ti:Zafiro, Mai Tai, Spectra-Physics). La longitud
de onda de excitacion O6ptima para los dos fluorocromos es de 856 nm, y la de deteccion
es de 510-540 nm en el caso del CMFDA y de 560-600 nm para el SR-FLIVO. Los
ganglios linfaticos fueron escaneados por ambos lados hasta una profundidad de 200-
300 um tomando imagenes cada 2 wm. El posterior andlisis de las imagenes se realizo
con el software de confocal de Leica (LCS, Leica Confocal Software).
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Para analizar la apoptosis in vivo cuantificamos la intensidad de la tincion con
SR-FLIVO en las CDs marcadas con CMFDA que llegaron a los ganglios popliteos.
Empleamos la herramienta de cuantificacién del LCS, que permite trazar regiones de
interés lineales y proporciona las graficas con el perfil de intensidad tanto del CMFDA
como del SR-FLIVO a lo largo de la region de interés. Por tanto utilizamos esta
herramienta para trazar una region de interés en cada célula marcada con CMFDA y
obtenemos los valores de maxima amplitud tanto de SR-FLIVO como de CMFDA.
Como medida de la incorporacién de SR-FLIVO vy, por tanto, de la apoptosis de las CDs
in vivo, empleamos el valor obtenido al dividir la maxima amplitud de SR-FLIVO entre
la maxima amplitud de CMFDA para cada célula (Riol-Blanco, Delgado-Martin et al.
2009). De este modo evitamos posibles mediciones erroneas como consecuencia de un
cruce de canales.

Los datos son representados como la media + SEM (Standard Error of the
Mean). El andlisis estadistico se llevo a cabo empleando el test de la t de Student “no
pareado”, considerando como significativo los valores con una p <0,05. “N” indica el
numero de experimentos independientes llevados a cabo.
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Con el fin de estudiar las funciones reguladas por la quimioquina CXCL12 en
las CDs obtuvimos monocitos a partir de sangre periférica de donantes sanos y los

diferenciamos hacia CDs maduras (ver ). Con estas células
llevamos a cabo ensayos de quimiotaxis en respuesta a un gradiente de CXCL12
mediante el sistema de Transwell (ver ). En cada experimento

tomamos como medida de la quimiotaxis el porcentaje de CDs que habian migrado
hacia el pocillo inferior en presencia de CXCL12 con respecto al nimero total de CDs
empleadas. En todos los experimentos realizados el porcentaje de migracion hacia
CXCLI12 (quimiotaxis) fue significativamente mayor que el porcentaje de migracion
basal de las CDs. Concretamente las CDs migraron de media 49 +5 veces mas siguiendo
el gradiente de la quimioquina . Para descartar que el efecto observado
fuese causado por una posible alteracion en la adhesion de las CDs inducida por
CXCL12, se realizaron ensayos de adhesion estética de estas células sobre una matriz de
fibronectina (FN) (ver ). Dado que no se observo efecto
alguno de CXCL12 sobre la adhesion de estas células se puede interpretar
que los resultados obtenidos en los ensayos de Transwell se deben exclusivamente al
efecto de la quimioquina sobre la quimiotaxis de las CDs. Este resultado corrobora en
nuestro modelo experimental las observaciones publicadas por otros grupos (Kabashima
2007; Ouwehand, Santegoets et al. 2008).

Se ha visto en el caso del receptor CCR7 que una misma quimioquina es capaz
de controlar tanto la direccion de la migracion de las CDs (quimiotaxis) como la
velocidad de su movimiento (Riol-Blanco, Sanchez-Sanchez et al. 2005). Para analizar
si CXCLI12 también era capaz, de la misma manera, de regular la velocidad de la
migraciéon de las CDs utilizamos dos estrategias diferentes, una cualitativa y otra
cuantitativa. En primer lugar recurrimos al denominado ensayo de tipo
“Checkerboard”, consistente en afiadir CXCL12 tanto en el pocillo inferior como en el
pocillo superior del sistema de Transwell ya descrito (ver ). De
esta manera, aunque las CDs estan inmersas en quimioquina, no se establece ninglin
gradiente. Si la presencia de la quimioquina en ambas cdmaras hubiese aumentado la
migracién de las CDs con respecto a su migracion basal, estariamos hablando de un
aumento de la motilidad, o quimiocinesis, de dichas células inducido por la quimioquina

, como ocurre cuando dicho experimento se realiza con CCL21, un ligando
de CCR7. En el caso de CXCL12 este aumento no se produce, lo cual indica que esta
quimioquina no induce quimiocinesis en las CDs.
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Figura 1. CXCL12 regula la quimiotaxis pero no la motilidad ni la fugotaxis de las CDs. A) (i) Se realiz6é un
ensayo tipo Transwell (ver ) con o sin CXCL12 en el pocillo inferior. Tras 120 min, las CDs

que migraron hacia la cdmara inferior se contaron mediante citometria (representaciéon de la media +£SEM del
aumento de la migracion de las CDs en presencia de CXCL12 con respecto a la migracion basal. **p<= 0.01. N=60
experimentos). Se resuspendieron las CDs en RPMI 0,1% BSA y se colocaron en pocillos tapizados con FN
durante 40 min en presencia o no de CXCL12. Se afiadi6 MgCl2 como control positivo. Tras lavar con PBS y fijar
con formaldehido se tifieron las células con cristal violeta y se midié la absorbancia a 540 nm de cada pocillo (se
representa la media +SEM de los valores relativos de absorbancia. **p<= 0.01. N=3 experimentos). B) Para analizar
la motilidad celular se emple6 primero (i) un ensayo en Transwell de Checker Board anadiendo CXCL12 6 CCL21
como control también en el pocillo superior (se representa la media £SEM del aumento de porcentaje de migracion
con respecto al basal. **p<= 0.01. N=3 experimentos) y también se midid, mediante videomicroscopia, la
velocidad de migracion de las CDs adheridas a fibronectina en presencia o ausencia de CXCL12 (se representa la
media £SEM de la velocidad migratoria medida en wm por minuto. N=3 experimentos). C) Se analizé la posible
fugotaxis de las CDs respecto de CXCL12 mediante un analisis tipo Transwell en el que se afiadieron también dos
concentraciones de CXCL12 so6lo en los pocillos superiores (en la grafica se muestra el porcentaje de células que
migran al pocillo inferior en un experimento representativo. N=3 experimentos).

Para complementar esta observacion realizamos experimentos de
videomicroscopia en los que las CDs, a las que se les habia permitido adherirse sobre
una matriz de FN, eran estimuladas con CXCL12 6 con PBS, que fue empleado como
control. Registramos las trayectorias de cada CDs mediante un videomicroscopio y
analizamos las imagenes obtenidas para cuantificar la velocidad a la que se movian las
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células en cada caso . El resultado fue que la velocidad media de las
células, de 8 wm/minuto, no variaba de forma significativa en presencia de CXCL12.

Se ha observado en diferentes poblaciones de células T que CXCL12 es capaz de
inducir fugotaxis, es decir, de hacer que las células migren en contra del gradiente de
esta quimioquina (Poznansky, Olszak et al. 2000; Vianello, Kraft et al. 2005). Quisimos
comprobar si CXCL12 inducia el mismo tipo de quimiorrepulsion en las CDs, para lo
cual empleamos de nuevo el sistema de Transwell ya mencionado. En este caso la
quimioquina, en dos concentraciones diferentes, fue colocada solo en el pocillo
superior, de manera que si se hubiese producido una quimiorrepulsion causada por
CXCLI12 el nimero de CDs contabilizadas en el pocillo inferior habria sido mayor que
en el control sin quimioquina . Sin embargo, la migracion de las CDs no
vari6 en ningun caso, lo que indica que CXCL12 no regula fugotaxis en estas cé¢lulas.

Otra de las funciones de las CDs maduras que se ha visto que puede ser regulada
por quimioquinas es su capacidad endocitica (Yanagawa and Onoe 2003). Esta
caracteristica es de vital importancia para que las CDs inmaduras puedan llevar a cabo
su cometido de captacion de patdgenos y presentacion antigénica (Rossi and Young
2005), pero se ha observado que dicha capacidad se mantiene durante y tras la
maduracion de estas células (Drutman and Trombetta 2010; Platt, Ma et al. 2010).
Quisimos saber si también CXCL12 podia modular esta funcion en las CDs maduras,
para lo cual analizamos la cantidad de dextrano conjugado a FITC que las CDs eran
capaces de captar a 37°C tras estimularlas durante 5 6 30 minutos con CXCL12

. Tomamos como control positivo el aumento de la endocitosis de este péptido tras
la estimulacion de las CDs con CCL19, quimioquina que incrementa la capacidad
endocitica de las CDs (Yanagawa and Onoe 2003), y pudimos observar que la cantidad
de marcaje FITC-dextrano en las CDs en presencia de CXCL12 era similar al detectado
en las células sin tratar, lo que indica que la estimulacion de las CDs con esta
quimioquina no altera su capacidad endocitica.

Kabashima y colaboradores (Kabashima, Sugita et al. 2007) han observado que
CXCLI12 regula la maduracion de su modelo de CDs de ratén, de modo que quisimos
analizar si un fenémeno similar se producia en las CDs humanas derivadas de monocito.
Para ello tomamos CDs inmaduras tras 7 dias de cultivo en medio completo con las
citoquinas GM-CSF e IL-4 y anadimos una dosis sub-0ptima del estimulo madurativo
(12,5 ng/ml de TNF a) junto con CXCL12 6 con CCL19, que se ha observado que
induce la maduracion de las CDs, como control positivo (Marsland, Béttig et al. 2005).
Tras 15 horas de cultivo se midi6 mediante citometria de flujo la expresion en la
membrana celular de algunos marcadores fenotipicos de maduracion de CDs como son
las proteinas CD83, CD86 y CCR7 . A diferencia de lo que ocurre tras la
estimulacion con CCL19, la presencia de CXCL12 no altera la expresion en membrana
de dichos marcadores, que se mantienen en niveles equivalentes al control sin
quimioquina, lo que sugiere que en las CDs humanas CXCL12 no regula la maduracion.
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Figura 2. CXCL12 no regula la endocitosis ni la maduracion de las CDs. A) Las CDs fueron incubadas a 37°C
con FITC-dextrano (un péptido sintético marcado con el colorante FITC que las CDs pueden capturar por la via
endocitica) durante los tiempos indicados y en presencia o en ausencia de CXCL12. Se empled la quimioquina
CCL19, que induce endocitosis en las CDs, como control positivo. Como control negativo se incubaron las CDs con
FITC-dextrano a 4°C. El valor de “Intensidad relativa de fluorescencia” se obtiene de multiplicar la intensidad media
por el porcentaje de células marcadas en cada caso (se muestra un experimento representativo. N=3 experimentos).
B) Para analizar el grado de maduracion de las CDs se incubaron las CDs inmaduras con los anticuerpos que
reconocen las proteinas de membrana CCR7, CD86 y CD83, cuya expresion aumenta en las CDs maduras, y se
analizo la expresion de dichos marcadores mediante citometria en presencia o en ausencia de CXCL12. Se empled la
quimioquina CCL19, que induce la maduraciéon de las CDs, como control positivo (se muestra un experimento
representativo. N=2 experimentos).
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Otros grupos han demostrado el papel de CXCL12 en la supervivencia de varios
tipos celulares, incluyendo diferentes tipos de células cancerosas (Yan Zhou 2002;
Kryczek, Wei et al. 2007), células madre (Lataillade, Clay et al. 2002) y leucocitos
(Suzuki 2001; Vlahakis 2002). A la vista de estos datos decidimos estudiar si también
en las CDs humanas maduras derivadas de monocito la quimioquina CXCL12 inducia
proteccion ente la apoptosis inducida por la privacion de los nutrientes y otros factores
inductores de la supervivencia presentes en el suero. Para ello se transfirieron las cé€lulas
del medio completo a un medio carente de suero (RPMI solo), al que se afiadio
CXCLI12 6 un volumen similar de PBS en el caso del control. Tras un periodo de 40
horas de privacion de suero se analizd el porcentaje de CDs que habian sufrido
apoptosis.

Existen varias estrategias para la deteccion de células apoptoticas, todas ellas
basadas en el andlisis de caracteristicas morfologicas o bioquimicas asociadas a este
proceso (Saraste 2000). Elmore clasifico los ensayos de deteccion de apoptosis en 6
tipos en funcién del indicador de apoptosis analizado: (1) alteraciones citomorfoldgicas,
(i1) fragmentacion del ADN, (ii1)) deteccion de caspasas, sustratos proteolizados,
reguladores e inhibidores, (iv) alteraciones de la membrana, (v) deteccion de apoptosis
en muestras completas de tejido (vi) ensayos mitocondriales. (Elmore 2007). Nosotros
hemos optado por métodos de dos tipos. En el primero nos basamos en la observacion
de modificaciones en la morfologia del nucleo (tipo (1)), como es el cambio en la
condensacion y la fragmentacion de la cromatina, que puede ser observado mediante
tincion con Hoechst 33342 . Esta técnica es una de las més fiables dado que
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la condensacion nuclear es exclusiva del proceso apoptético, por lo que fue la técnica de
eleccion en el resto de la presente tesis. Tras cuantificar el nimero de CDs que
presentaban nucleos condensados o fragmentados después de la privacion de suero
pudimos observar que el porcentaje de células en proceso de apoptosis en presencia de
CXCLI12 era un 48,3% con respecto del control, es decir, CXCLI12 indujo una
reduccién de casi un 52% en la apoptosis en estas células.
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Figura 3. CXCL12 regula la supervivencia de las CDs. Las CDs se mantuvieron en RPMI durante 40 horas en
presencia o en ausencia de CXCL12. La apoptosis de las CDs tras ese periodo se analiz6 de dos formas. A) Mediante
tincion con Hoetchs, se contabiliz6 la cantidad de nucleos fragmentados o condensados, indicadores de muerte celular
por apoptosis (se representa la media £SEM del porcentaje de CDs con nucleos apoptéticos en presencia de CXCL12
con respecto al control sin quimioquina. **p<= 0.01. N=12 experimentos). B) Tras la tincioén de las CDs con Anexina
FITC e loduro de Propidio (IP) se analizaron por citometria las CDs tefiidas y se consideraron apoptdticas aquellas
que presentaban tincion para Anexina pero no para IP (se representa la media +SEM del porcentaje de CDs Anexina+
y IP- con respecto del control sin quimioquina. **p<= 0.01. N=3 experimentos).

También se cuantifico la presencia de fosfatidil serina (PS) en la cara externa de
la membrana plasmatica de las células mediante el estudio de la unioén de anexina V-
FITC analizada por citometria de flujo (deteccion de alteraciones en la
membrana, tipo (iv)). El porcentaje de CDs FITC positivas fue, consistentemente con lo
obtenido anteriormente, menor en el caso de las células cultivadas en presencia de
CXCLI12 que en el control, en este caso un 43,8% con respecto al 100% del control, es
decir, se produjo una reduccion de mas del 56% en la apoptosis de las CDs.

Los resultados obtenidos mediante las técnicas descritas demuestran que, en las
CDs humanas derivadas de monocitos, la quimioquina CXCL12 induce proteccion ante
la apoptosis generada por la eliminacion de los factores presentes en el suero. Durante el
desarrollo de esta tesis resultados similares fueron publicados por Hernandez-Lopez y
colaboradores en CDs timicas humanas (Hernandez-Lopez 2008), y por Kabashima y
colaboradores en CDs de raton derivadas de médula 6sea (Kabashima, Sugita et al.
2007).

La conclusion, por tanto, de este apartado es que la quimioquina CXCL12
induce tanto quimiotaxis como aumento de la supervivencia de las CDs humanas
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derivadas de monocito, pero no regula la adhesion en ausencia de flujo, la velocidad
migratoria, la fugotaxis, la capacidad endocitica o la maduracion de estas células.

Como se ha comentado en la introducciéon, CXCL12 puede unirse a dos
receptores, CXCR4 y el mas recientemente descubierto CXCR7 (Balabanian, Lagane et
al. 2005). Quisimos clarificar cudl de los dos receptores estaba implicado en cada una de
las dos funciones que CXCL12 regula en las CDs.
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Figura 4. CXCRT7 no se expresa en
las CDs. Se extrajo el ARN de
CDinm, de CDmad de 2 donantes
independientes y de células Hela y
fue sometido a retrotranscripcion. El
ADN resultante, o similar volumen
de agua como control negativo del
proceso, se amplific6 empleando
unos oligonucledtidos  disefiados
contra la secuencia génica de
CXCR7. Se amplific6 GADPH
como control de que los niveles de
ADN eran similares en todos los
casos. B) Las CDs fueron incubadas
con un anticuerpo que detecta
CXCR4 y con dos anticuerpos
diferentes que reconocen
especificamente CXCR?7. La
expresion de ambos receptores fue
analizada por citometria. Se empled
la linea celular Hela, que si expresa
CXCR7, como control positivo. Se
presenta la expresion de cada uno de
los receptores (gris claro) comparada
con el marcaje obtenido empleando
un anticuerpo irrelevante (gris
0SCuro). (Experimento
representativo. N=3 experimentos).

Dada la controversia con respecto a CXCR7 que encontramos en la literatura,
tanto en cuanto al tipo de sefializacion que desencadena como a las funciones que regula
e incluso a si se expresa o no en determinado tipo celular, decidimos empezar con el
estudio de su nivel de expresion en nuestro modelo celular. Durante el desarrollo de esta
tesis se ha publicado un trabajo del doctor T.J. Schall y colaboradores, en el que afirman
que CXCR7 no se expresa en leucocitos humanos o de raton (Berahovich, Zabel et al.);

sin embargo, en dicha publicacion no se hace referencia a la presencia o no de CXCR7
en CDs, y a la vista los datos de Infantino y colaboradores (Infantino, Moepps et al.
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2006) decidimos primeramente analizar mediante PCR la presencia del ARN mensajero
de CXCR7 en las CDs. Para ello, extrajimos el ARN de CDs inmaduras y maduras, asi
como de cé¢lulas Hela, que fueron empleadas como control positivo. Mediante un
ensayo de retrotranscripcion obtuvimos el ADN correspondiente y, posteriormente,
amplificamos dicho ADN por PCR empleando unos oligonucle6tidos especificos para la
secuencia de CXCR7. Como se observa en la al correr el resultado de la
amplificacion en un gel de agarosa pudimos comprobar que las CDs humanas, a
diferencia de las c€lulas Hela, expresan muy poco o nada CXCR?7.

Dado que este resultado estaba en clara oposicion a lo observado por Infantino y
colaboradores, quisimos comprobar también si podiamos detectar CXCR7 en la
membrana de las CDs humanas. Para ello incubamos por un lado CDs maduras y por
otro cé¢lulas Hela, que nos sirvieron como control positivo de expresion de CXCR7, con
un anticuerpo anti-CXCR4, con dos anticuerpos anti-CXCR7 diferentes (cedidos
generosamente por los doctores T. Schall y M. Thelen) y con un anticuerpo control, y
medimos el marcaje en cada caso mediante citometria de flujo. Como se puede observar
en la , el receptor CXCR4 se expresa abundantemente en la membrana de los
dos tipos celulares mostrados, mientras que ninguno de los dos anticuerpos anti-CXCR7
detecta este receptor en la membrana de las CDs.
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0,1% y se dejaron migrar ambos tipos celulares
durante 2 horas hacia las quimioquinas indicadas (se
representa el porcentaje de migracion con respecto al
numero inicial de células en cada caso. Experimento
representativo. N=3 experimentos).
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Este resultado sugeria que el responsable de los efectos de CXCL12 sobre las
CDs era el receptor CXCR4. Quisimos corroborar completamente esa afirmacion
realizando pruebas funcionales. Se sabe que CXCR7 sirve de receptor también a la
quimioquina CXCLI11 (Burns 2006), la cual, ademas, puede unirse al receptor
quimiotactico CXCR3 (Cole 1998). Sirviéndonos del hecho de que este ultimo receptor
no se expresa en las CDs derivadas de monocito (Vanbervliet 2003), realizamos ensayos
de quimiotaxis con CXCL11. De producirse una induccion de la migracion de las CDs
hacia esa quimioquina dicho efecto estaria necesariamente mediado por CXCR7. Sin
embargo, en ninguno de los 3 ensayos de Transwell realizados con CXCLI11 se vio
migracion de las CDs hacia esa quimioquina , a pesar de que el efecto que
caus0 CXCLI11 sobre la migracion de los linfoblastos, que si expresan CXCR3
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(Stanford and Issekutz 2003), demuestra la funcionalidad de esta quimioquina. Este
resultados, por tanto, es coherente con la ausencia de deteccion de CXCR7 en la
membrana de las CDs.

Ademads, también empleamos la estrategia de bloquear la union de la
quimioquina a cada uno de sus receptores en ensayos de quimiotaxis y de apoptosis con
CXCL12 y analizar como se alteraban dichas funciones en cada caso. Los resultados
obtenidos fueron coherentes con lo esperado. Mientras el bloqueante de la union de
CXCL12 a CXCR4, AMD3100 (Fricker 2006), bloqued la quimiotaxis de las CDs en
respuesta CXCL12 por completo, el bloqueante de CXCR7, CCX733 (Hattermann,
Held-Feindt et al. 2010), no produjo ningtin efecto sobre dicha funcion , lo
que indica que todo el efecto producido por CXCLI12 en este sentido es debido a
CXCRA4. El hecho de que la quimiotaxis de las CDs en respuesta a CCL21, ligando de
CCR7, no se altere tras emplear ninguno de los inhibidores confirma la especificidad de
los inhibidores empleados y descarta un posible efecto de dichos antagonistas sobre la
motilidad celular.
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Figura 6. CXCR4, pero no CXCR7, regula la quimiotaxis y la supervivencia de las CDs. Las CDs fueron
incubadas una hora con 10 uM de AMD3100, de CCX733 o un volumen equivalente de DMSO en el caso del control
A) Se analiz6 la quimiotaxis de las CDs hacia CXCL12 6 hacia CCL19, que fue empleado como control de que la
migracion de las CDs era correcta en todos los casos (se representa la media +SEM de los porcentajes de migracion
de 4 experimentos realizados. **p<= 0.01). B) Tras el tratamiento con los bloqueantes, el suero fue eliminado y las
CDs mantenidas en cultivo en presencia o no de CXCLI12 durante 40 horas. La cantidad de CDs apoptdticas se
analizé mediante cuantificacion de nticleos tefiidos con Hoetchs (se representa la media +SEM del porcentaje de CDs
apoptoticas en cada caso. **p<= 0.01. N=3 experimentos)

En el caso de la regulaciéon de la supervivencia recurrimos a la misma estrategia
de emplear los bloqueantes de ambos receptores para analizar el efecto sobre la
inhibicion que CXCL12 tiene de la apoptosis de las CDs inducida por la privacion de
suero. En la se puede observar que la presencia de CXCL12 protege de la
apoptosis a las cé€lulas que fueron cultivadas en ausencia de suero. Ademas, dicha
proteccion se anula cuando las CDs se incuban también con AMD3100, lo que permite
atribuir todo el efecto protector a CXCR4. Sin embargo, la proteccion no varia cuando
se tratan las CDs con el inhibidor de CXCR7. Este resultado indica que la proteccion
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inducida por CXCL12 frente a la apoptosis en las CDs esta mediada por CXCR4 y no
por CXCR7.

La conclusion final de este apartado es que la presencia de CXCR7 no se detecta
en la membrana de las CDs y que ademas los efectos ejercidos por CXCL12 sobre la
quimiotaxis y la supervivencia son reguladas por CXCR4.

Hasta ahora hemos estado hablando exclusivamente del papel de CXCL12 y su
receptor CXCR4 en las CDs humanas. Quisimos averiguar si este comportamiento se
reproducia de la misma manera en las CDs de ratén y si CXCL12, a través del receptor
CXCR4, regulaba la supervivencia y la quimiotaxis de las CDs en un ambiente
complejo como el ganglio linfatico (GL) in vivo. Inyectamos CDs extraidas de los bazos
de ratones C57BL/6 en las almohadillas plantares de otros tantos ratones aceptores con
objeto de comprobar el efecto del bloqueante de CXCR4, AMD3100, sobre el nimero
de CDs que llega a los ganglios popliteos y sobre su viabilidad en términos de
resistencia a la apoptosis.

Para ello, primeramente se marcaron las CDs humanas con el colorante intravital
verde CFSE y se inyectaron en las almohadillas plantares traseras junto con 4 mg/(kg de
raton) de AMD3100 6 PBS en el caso del control. Tras las 18 horas necesarias para que
las CDs lleguen a los ganglios (Mempel, Henrickson et al. 2004; Riol-Blanco, Delgado-
Martin et al. 2009) se extrajeron los ganglios popliteos y se disgregaron. En todos los
experimentos realizados se hall6 un menor niimero de células marcadas en los ganglios
en los que las CDs se inyectaron acompafiadas de AMD3100 ( ), siendo la
media del porcentaje de células verdes con respecto al numero de células ganglionares
analizadas de 0,11% en el control, y de 0,03% en las inyectadas con AMD3100, como
se observa en la
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. CXCR4 regula la migracién de las CDs al ganglio in vive. Inyectamos por via subcuténea (s.c.) 2x10°
CDs marcadas con CFSE en las almohadillas plantares traseras de ratones aceptores resuspendidas en un volumen de
PBS que contenia 4 mg/(kg de raton) de AMD3100 y 100 ng/ml de LPS, 6 s6lo PBS y LPS en el caso del control. 18
horas después se extrajeron los ganglios y se disgregaron. La suspension celular resultante se analizd mediante
citometria para cuantificar el porcentaje de células verdes presentes en el ganglio en cada caso. Se representa la
media =SEM del porcentaje de CDs CFSE+ halladas en el ganglio respecto al total de células del ganglio (** p<0,01.
N=4 experimentos).

Para analizar la apoptosis empleamos un modelo de analisis de la supervivencia
in vivo que hemos puesto a punto en el laboratorio y que nos permite cuantificar, como
se observa en la , la cantidad de apoptosis que sufren en el ganglio las CDs
previamente marcadas e inyectadas en el raton (Escribano, Delgado-Martin et al. 2009;
Riol-Blanco, Delgado-Martin et al. 2009). Inyectamos CDs extraidas de bazo de ratones
y marcadas con CMFDA, en las almohadillas plantares traseras de ratones C57BL/6.
Tras 18 horas les inyectamos intraperitonealmente el bloqueante AMD3100 6 un
volumen similar de PBS en el caso de los ratones control. Al cabo de 22 horas les
inyectamos, por via intravenosa, SR-FLIVO, un agente unido a un fluoréforo rojo que
detecta las caspasas activas. Tras extraer los ganglios popliteos €éstos se examinaron
mediante microscopia multifoton y los resultados del examen fueron cuantificados con
el software de confocal de Leica, con el que se obtuvo el valor de la intensidad de la
tincion roja (caspasas activas) para cada célula marcada en verde (CDs-CMFDA
inyectadas) . La representacion de los resultados obtenidos en tres
experimentos diferentes muestra que la media del ratio de la intensidad
roja con la intensidad de verde fue siempre mayor en el caso de los ganglios de los
ratones que habian sido tratados con AMD3100, de manera que la media de dicho ratio,
de 0,35 en el caso del control, pasa a ser de 0,55 en el caso de los ratones inyectados con
AMD3100. Este resultado indica que las CDs en las que CXCR4 se encontraba
bloqueado tenian mayor cantidad de caspasas activas y, por consiguiente, fueron mas
apoptoticas que las CDs en las que CXCL12 podia inducir sefializacion.
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Figura 8. CXCR4 regula la supervivencia de las CDs in vivo. Explicacion del procedimiento de medicion de

apoptosis in vivo. Inyectamos por via subcuténea (s.c.) 2x10° CDs marcadas con CMFDA en presencia de 100
ng/ml de LPS en las almohadillas plantares traseras de ratones aceptores. 18 horas después inyectamos
intraperitonealmente (i.p.) 4 mg/(kg de ratén) de AMD3100 6 de PBS, como control. Después de 22 horas
inyectamos SR-FLIVO por via intravenosa (i.v.) para tefiir las CDs apoptdticas. Tras 2 horas los animales son
sacrificados y los ganglios popliteos extraidos y escaneados mediante microscopia multifoton. Analisis de las
imagenes obtenidas. A la izquierda se muestran imagenes representativas de una seccion de los ganglios popliteos
obtenidas mediante microscopia multifoton, tanto del canal-1 que representa las CDs tefiidas con CMFDA como del
canal-2 que representa la tincion con SR-FLIVO, y la superposicion de ambas. También se muestran dos regiones de
interés (ROI) lineales realizadas con el software confocal de Leica (LCS) empleado para analizar la apoptosis de las
CDs in vivo. A la derecha se muestran las graficas obtenidas con la herramienta de cuantificacion del LCS que
representan la intensidad de la tincion tanto de CMFDA como de SR-FLIVO para las ROI seleccionadas en la imagen
de la izquierda. Como puede observarse la intensidad de la tincion de SR-FLIVO varia entre ambas células. El
parametro que empleamos como indicador del grado de apoptosis de las CDs tefiidas con CMFDA es la relacion entre
la maxima intensidad de SR-FLIVO y la de CMFDA para cada célula. (Ver ). Grafica
que representa el valor de apoptosis (relacion entre el valor de méxima intensidad de SR-FLIVO y CMFDA) obtenido
para las CDs de ratones tratados con PBS 0 AMD3100 en 3 experimentos independientes. **p<0,01.

En conjunto estos resultados nos indican que también en las CDs murinas
CXCLI12 regula simultdneamente la quimiotaxis y la supervivencia a través del receptor
CXCRA4.

Una vez conocidas las funciones en las que estd implicado el eje
CXCL12/CXCR4 en las CDs quisimos profundizar en los mecanismos moleculares de
que se sirve dicha quimioquina para regular estos procesos. Se sabe que la quinasa Akt
esta implicada tanto en la regulacion de la quimiotaxis como de la supervivencia en
diferentes tipos celulares (Marte 1997; Sasaki and Firtel 2006) por lo que fue la primera
molécula cuya implicacion decidimos estudiar. Para comprobar st CXCL12 inducia la
activacion de Akt estimulamos las CD con la quimioquina durante diferentes tiempos y
luego lisamos las células y analizamos los lisados mediante Western Blot empleando un
anticuerpo que reconocia especificamente la forma de Akt fosforilada en la serina 473
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(forma activa de Akt). Como se observa en la figura , CXCL12 induce una
activacion temprana y sostenida de Akt que comienza en el primer minuto de
estimulacion, llega a su méximo a los 3 minutos y va decayendo hasta llegar a niveles
basales una hora después.

También la MAPK Erk1/2 se ha descrito como moduladora de la quimiotaxis y
la supervivencia de varios tipos celulares, incluidas las CDs (Klenke 1997; Lai,
Chaudhary et al. 2001; Riol-Blanco, Sanchez-Sanchez et al. 2005; Lu 2006), por lo que
también quisimos estudiar el efecto que CXCL12 producia sobre la fosforilacion
activadora de esta proteina a lo largo del tiempo. De la misma manera que ocurria con
Akt, la estimulacion de las CDs con la quimioquina inducia una fosforilacion temprana
de Erk1/2 que se mantenia hasta una hora después.

Dado que los receptores de quimioquinas suelen inducir sefializacion a través de
proteinas G de la familia Gi (Thelen 2001), quisimos comprobar si esto ocurria también
en el caso de CXCRA4. Para ello las CDs fueron pretratadas con toxina perttsica (PTX),
una toxina que ADP-ribosila e inhibe especificamente las sefales dependientes de Gi.
(Van Dop, Yamanaka et al. 1984). Posteriormente, las células control y las pretratadas
con PTX fueron estimuladas o no con CXCL12. A continuacion se estudi6 el efecto de
dicha estimulacion sobre la activacion de Akt y Erk1/2. Como se observa en la

, el tratamiento con la toxina inhibi6 completamente la fosforilacion de ambas
quinasas, lo cual indica que las proteinas G; median su activacion inducida por
CXCL12.
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. Las quinasas Akt y Erk1/2 son estimuladas por CXCL12 via dimero Gg, de las proteinas Gi. A) Tras
mantener las CDs en RPMI durante 30 minutos se las estimul6 las con CXCL12 durante los tiempos indicados. Para
determinar la activacion de Akt y Erk1/2 por Western Blot se emplearon anticuerpos especificos contra las formas
fosforiladas de Akt y de Erk1/2 y también contra la B-actina para controlar la carga (experimento representativo. N=4
experimentos). B) (i) Las CDs fueron tratadas con 100 ng/ml de PTX durante 2 horas y después transferidas a RPMI
durante 30 minutos. Posteriormente se las estimulé con CXCL12 durante 3 minutos y se analizo la fosforilacion de
Akt y Erk1/2 utilizando anticuerpos especificos para las formas activadas de ambas quinasas y a-tubulina como
control de carga (experimento representativo. N=4 experimentos). (ii) Se nucleofectaron las CDs con la construccién
Bark-CT, capaz de inhibir al dimero G, de las proteinas G. Tras 15 horas las CDs transfectadas se transfirieron a
RPMI durante 30 minutos y posteriormente fueron estimuladas con CXCL12 durante 3 minutos. Se analizé mediante
Western Blot la fosforilacion de Akt y de Erk1/2 y se empled u anticuerpo anti a-tubulina como control de carga.
También se muestra la expresion del péptido empleando un anticuerpo especifico de Park-CT (experimento
representativo. N=4 expermientos).

Se ha descrito ampliamente que la sefalizacion inducida por este tipo de
receptores depende del dimero Gg, y no de la subunidad o de las proteinas G (Arai
1997; Neptune 1997; Neptune 1999); sin embargo, el uso de PTX no permite dilucidar
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cual de los dos estd controlando la activacion de Akt y Erk1/2 porque esta droga impide
la disociacion de las subunidades a y Py, y, por tanto, bloquea a ambos componentes.
Para diseccionar el papel especifico de G, nucleofectamos las CDs con BARK-CT, una
construccion que codifica la parte carboxilo-C-terminal de GRK2. Este péptido
funciona como un inhibidor de la sefializacion a partir de G, porque secuestra e inhibe a
este dimero (Koch, Hawes et al. 1994). A continuacidn se estimularon o no las CDs con
la quimioquina CXCL12 durante 3 minutos. Al analizar la activacion de Akt y Erk1/2
en ambos casos observamos que en las c€lulas en las que el dimero Gy, estaba inhibido
no se detectaba apenas fosforilacion de ninguna de las dos quinasas dependiente de
CXCLI12 . En la figura también se puede comprobar los niveles de
expresion de Bark-CT después de la nucleofeccion.

Como se ha mencionado en la introduccidn, las quinasas de la familia PI3K
median la sefalizacion inducida por receptores de quimioquinas (Riol-Blanco, Sanchez-
Sanchez et al. 2005). Mediante el uso del inhibidor general de PI3K LY294002
quisimos comprobar si la fosforilacion de Akt y Erk1/2 dependiente de CXCL12 en las
CDs estaba sujeta a la actividad de esa familia de quinasas, para lo cual tratamos a las
c€lulas con LY294002 y después las estimulamos o no con CXCL12. En la
se puede observar que la fosforilacion activadora tanto de Akt como de Erk1/2 se anula
tras la inhibicién de PI3K. Una vez demostrada la implicacion de esta familia de
quinasas en la sefializacion dependiente de CXCL12 quisimos acotar qué isoformas,
dentro de la familia de las PI3K de clase I, estaban implicadas en dicha sefializacion.
Para ello recurrimos al empleo de inhibidores especificos de cada una de las PI3K de la
clase 1A (PI3K-a, -By -8) y de la PI3K IB (PI3K-y) y pretratamos a las CDs de la
misma manera que hicimos con el inhibidor general LY294002

A B Inhibidores
Control LY 294002
Control PI3Ka PI3KB PI3Ky PI3K$
CXCL12 - + - +
CXCL12 - + - + - + - + - +
b -l -Akt
Q ? - -.' S o W | p-Akt
. ; " | eErkare

- - - - | p-Erk1/2

a-Tub

. La fosforilacién de Akt y Erk1/2 inducida por CXCL12 depende de PI3Ka, y y 9. Las CDs se
trataron durante una hora con 100 uM del inhibidor general de PI3Ks LY294002 y posteriormente estimuladas
durante 3 minutos con CXCL12. Se analizd por Western Blot la fosforilacion de Akt y Erk1/2 y se empled la a-
tubulina como control de carga (experimento representativo. N=4 experimentos). Se trataron las CDs con los
inhibidores especificos de las PI3K-a, -f, -y y -0 a las concentraciones indicadas (ver )
durante una hora y luego se les estimuldé con CXCL12 durante 3 minutos. Se analizd por Western Blot la fosforilacion
de Akt y Erk1/2 y se emple6 la un anticuerpo anti a-tubulina para analizar la carga (experimento representativo. N=4
experimentos).

De esta manera comprobamos que tanto la PI3K-a como la -y son esenciales en
la activacion de Akt y Erk1/2 inducida por CXCL12, ya que al inhibir su actividad se
anula casi por completo la fosforilacion de ambas quinasas, y que la PI3K-0 juega un
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papel menos importante en esta sefializacion. Sin embargo, la inhibicion de la actividad
de la PI3K-p, a pesar de la elevada expresion de esta proteina en las CDs (no mostrado)
no causé ningun efecto sobre la activacion de Akt ni sobre la de Erk1/2.

Control Akt inh UO126 Figura 11 No existe una relaciéon jerarquica

entre Akt y Erkl1/2 en las CDs. Las CDs se

cxcu1z - + -+ -+ trataron durante una hora con 5 uM del inhibidor
—— || N p-Akt de Erk1/2 (UO126) y del inhibidor de Akt, (Akt1,2
inhibitor), y posteriormente estimuladas durante 3

— - || p-Erk1/2 minutos con CXCL12. Se analiz6 por Western Blot

la fosforilacion de Akt y Erk1/2 y se empled la o-

--m a-Tub tubulina como control de carga (experimento

representativo. N=4 experimentos).

Por ultimo, para establecer si las actividades de Akt y de Erkl/2 eran
interdependientes, es decir, si se encontraban formando parte de la misma ruta de
sefializacion, como se ha comprobado en otros casos (Curnock 2002), empleamos
inhibidores especificos de las dos quinasas (Akt 1/2 inhibitor para Akt y UO126 para
Erk1/2) y, tras estimular o no las CDs con CXCL12, analizamos la actividad de las dos
quinasas en cada caso. Los resultados mostrados en la Figura 11 indican que la
inhibicion de Akt no altera la actividad de Erk1/2 y que el bloqueo de esta ultima
tampoco tiene efecto sobre la fosforilacion de Akt, es decir, no existe una relacion
jerarquica entre ellas tras la estimulacion de las CDs con CXCL12.

Modelo 1. Modelo de las vias de sefializacion inducidas
por CXCL12. La estimulacion de las CDs con CXCL12
induce la activacion de vias de sefializacion intracelulares.
En primer lugar se activan proteinas G heterotriméricas de
la familia o;. Esta activacion induce la disociacion de las
subunidades de la proteina G. El dimero G, de estas
proteinas activa la via de las via de PI3K(a/y/d). Estas
quinasas inducen la activacion tanto de Akt como de la
MAPK Erkl1/2. Ambas quinasas forman parte de rutas
independientes.

Siguiendo con el analisis de la sefializacion intracelular inducida por CXCL12 y
dado que se conoce que Akt regula positivamente al complejo mTORCI, quisimos
comprobar si CXCL12 inducia la activacién de dicho complejo en las CDs. Akt activa a
mTORC]1 mediante la fosforilacion inhibidora en la treonina 1462 de la GTPasa TSC2,
molécula que cuando esta activa inhibe a la pequefia GTPasa Rheb, es decir, la mantiene
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en la forma GDP-Rheb. En su forma activa, es decir, unida a GTP, la pequeiia GTPasa
Rheb activa a mTORCI, lo que quiere decir que TSC2 inhibe a dicho complejo
(Thomson 2009). Para analizar si CXCL12 regula mTORCI estimulamos las cé€lulas
con CXCL12 durante diferentes tiempos y luego analizamos la fosforilacion de
moléculas vinculadas mTORC1 a diferentes niveles, como son la GTPasa TSC2, la
propia mTOR vy las dianas de este complejo, S6K y 4E-BP1. En la se puede
observar que la estimulacion de las CDs con CXCL12 indujo una rapida fosforilacion
inhibidora de TSC2. Consistentemente con esta cinética, se observa el aumento de la
fosforilacion de la treonina 389 de S6K y de las treoninas 37 y 46 de 4E-BP1, ambas
proteinas diana de mTORCI. Por altimo, también comprobamos que CXCL12 indujo la
fosforilacion de mTOR en la serina 2448, un residuo que es “retro-fosforilado” por la
quinasa S6K tras su activacion por mTORC1 (Ma 2009).

A CXCL12 B
t (mi H P
(mmz = T 1’ '3 - ?0 = - (I) (") Vector  Qransd
(S e S s e s | o-mTOR —_—
- Control PTX cXcL12 = + = +
L e e — - | p-TSC2 cxcLiz - + - + . p-TSc2
% = == = | p-4E-BP1 p-TSC2 s p-4E-BP1

o e S s A% -5 B [ —amam] v

. La actividad de mTORCI1 es estimulada por CXCL12 via dimero 3y de las proteinas Gi. Tras
mantener las CDs en RPMI durante 30 minutos las células se estimularon con CXCL12 durante los tiempos
indicados. Para determinar la actividad del complejo mTORCI1 se emplearon anticuerpos especificos para la forma
fosforilada de TSC2, las formas fosforiladas de las proteinas diana del complejo, 4E-BP1 y S6K, y la forma de
mTOR fosforilada por S6K. Se empled un anticuerpo anti a-tubulina como control de carga. B) (i) Las CDs fueron
tratadas con 100 ng/ml de PTX durante 2 horas y después transferidas a RPMI durante 30 minutos. Posteriormente se
las estimulé con CXCL12 durante 3 minutos y se analizo la actividad de mTORCI1 utilizando anticuerpos especificos
para las forma fosforiladas de TSC2 y 4E-BP1 y un anticuerpo anti o-tubulina como control de carga. (ii) Se
nucleofectaron las CDs con 1a Ofransqucina- 1ras 15 horas se transfirieron a RPMI durante 30 minutos y fueron
estimuladas con CXCL12 durante 3 minutos. Se analiz6 la fosforilaciéon de TSC2 y de 4E-BP1 y se analizaron los
niveles de a-tubulina como una medida de la carga. Se muestra la expresion del péptido mediante un anticuerpo anti
OlTransducina (€N cada caso se muestra un experimento representativo. N= 4 experimentos).

Para analizar la implicacion de los elementos sefalizadores estudiados hasta
ahora en la activacion de mTORC1 procedimos como se indico anteriormente y, para
empezar, inhibimos la sefializacion dependiente de Gi mediante el tratamiento con PTX,
y de By mediante la nucleofeccion de las CDs con Ottransducine. COMo se muestra en la

, ambos tratamientos anularon el aumento de la fosforilacion inducido por la
estimulacion de las CDs con CXCL12 tanto de TSC2, como de 4E-BP1.

De la misma manera, mediante el uso de los inhibidores de las diferentes
isoformas de PI3K, procedimos a estudiar cudl era la contribucion de cada una de ellas
al aumento de la actividad del complejo mTORCI mediado por CXCL12. Tras el
tratamiento de las CDs con los inhibidores y su posterior estimulacion con la
quimioquina, estudiamos mediante Western Blot tanto el nivel de fosforilacion
inhibidora de TSC2 como la de 4E-BP1 y comprobamos asi que cada una de las
isoformas contribuye a la actividad de mTORC1 de modo similar al efecto que ejercen
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sobre Akt y Erk1/2 (Figura 13A). Asi, las isoformas PI3K-a y -y tienen un gran efecto
sobre la actividad de mTORCI1 debido a que inducen la fosforilacion inhibidora de
TSC2, la PI3K-8 también contribuye, pero en menor medida, y la actividad de PI3Kf3

no influye sobre la actividad del complejo.
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Figura 13. La activaciéon de mTORC1 inducida por CXCL12 depende de PI3K-a, -y, -8, Akt y de Erk1/2. A)
Se trataron las CDs con los inhibidores especificos de las PI3K-a, -f, -y y -0 a las concentraciones indicadas (ver
“Material y Métodos™) durante 1 hora y luego se las estimulé con CXCL12 durante 3 minutos. Se analizd la
actividad de mTORCI1 con anticuerpos para forma fosforiladas de TSC2 y de 4E-BP1 y se empled la a-tubulina
como control de carga. B) Las CDs fueron tratadas durante 1 hora con 5 uM del inhibidor de Akt o de Erk1/2 (C)) y
luego fueron estimuladas 3 minutos con CXCL12. Se emplearon anticuerpos especificos contra las formas
fosforiladas de TSC2 y 4E-BP1 para analizar la actividad de mTORCI1, un anticuerpo contra la forma fosforilada y
activa de Akt (B) o de Erk1/2 (C) como control de la actividad del inhibidor y la a-tubulina como control de carga
(en cada caso se muestra un experimento representativo de 4 realizados).

También empleamos el inhibidor de Akt para comprobar que la actividad de
mTORCI estimulada por CXCL12 dependia de esta quinasa. Como se observa en la
Figura 13B, cuando no hay actividad de Akt no se produce fosforilacion de TSC2 y,
por lo tanto, al no estar esta molécula inhibida, tampoco se induce la fosforilacion de
4E-BP1 dependiente de CXCL12 ni de mTOR en el residuo fosforilado por S6K. Dado
que se ha descrito que Ekrl/2 también puede regular la actividad de mTORC1 (Ma,
Chen et al. 2005) y sabemos que esta quinasa se activa en las CDs cuando éstas se
estimulan con CXCL12, quisimos comprobar si Erk1/2 influia sobre mTORCI. Con
este fin analizamos el efecto de la inhibicion de la actividad de Erkl1/2 sobre la
fosforilacion de la diana de mTORCI1, 4EB-P1. Para ello tratamos las CDs con el
inhibidor de Erk1/2, UO126, y estudiamos tanto la fosforilacion de 4E-BP1 y mTOR
como la de TSC2 tras estimular o no las células con CXCL12. Como se puede ver en la
Figura 13C, mientras que la fosforilacion de TSC2 en la treonina 1462 no se altera tras
el tratamiento con el inhibidor, la inhibiciéon de la actividad de Erkl1/2 produce una
disminucién de la fosforilacion de 4E-BP1 y del residuo de mTOR que es diana de la
quinasa S6K. Estos resultados indican que Erk1/2 modula la actividad del complejo
mTORCI.

Control Rapa.

Figura 14, mTORCI1 no regula a Akt ni a Erk1/2. Se trataron las

cxcriz = + -+ . .
CDs con 100 nM del inhibidor del complejo mTORC1 Rapamicina

p-Akt durante 1 hora y luego se las estimuldé con CXCL12 durante 3 minutos.
p-Erk1/2 Se analiz6 la activacion de Akt y Erk1/2 mediante sendos anticuerpos
especificos y también se empleé un anticuerpo contra la forma
. p-4E-BP1 fosforilada de 4EB-P1 para comprobar la eficacia del inhibidor. Como
TUB control de carga se analizd la a-tubulina (experimento representativo.

o-

N=3 experimentos).
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Por ultimo empleamos el inhibidor especifico de mTORCI1 Rapamicina, para
comprobar si la vinculacion entre Akt y mTORCI y entre Erk1/2 y mTORC]1 era mutua
o tenia “una sola direccién”. Pretratamos a las CDs con Rapamicina y después
estimulamos o no a las células con CXCL12. En la Figura 14 podemos comprobar que
aunque la Rapamicina inhibe la actividad de mTORCI1 medida en funcion de la
fosforilacion de 4E-BP1, no hay efecto de este complejo sobre la fosforilacion de Akt y
Erk1/2 dependiente de CXCL12.

prot. G;
(o +B7)

Inhibidores especificos

Modelo 2. Modelo de las vias de sefializacion
inducidas por CXCL12. La estimulacion de las
CDs con CXCLI12 induce la activacion proteinas
G heterotriméricas de la familia ;0. Esta
activacion induce la disociacion de las
subunidades de la proteina G. El dimero fy activa
a Akt y a Erkl/2. Akt induce la fosforilacion
inhibidora del inhibidor de mTORCI1, TSC2, lo
que resulta en una activacion de este complejo y

i) — o

%
/
Rapamicina\/ 7

Y\

(sek | (4EBP1]

en un aumento de la fosforilacion de sus proteinas
diana 4E-BP1 y S6K. Erkl/2 también induce la
activacion de mTORCI1, aunque no influye en la
fosforilacion de TSC2 por Akt.

Una vez conocida la cascada de sefializacion inducida por CXCL12 y sabiendo
que la estimulacion de las CDs con dicha quimioquina induce quimiotaxis y
supervivencia, quisimos averiguar cuales de las moléculas descritas regulaban cada una
de las dos funciones observadas. Para ello tratamos a las CDs con los inhibidores ya
empleados anteriormente y estudiamos el efecto de la inhibicion de cada una de las
proteinas de la ruta sobre la migracion y la apoptosis de las CDs.
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. El dimero By de las proteinas Gi regula la quimiotaxis y la supervivencia de las CDs inducida por
CXCL12. Las CDs fueron tratadas con 100 ng/ml de PTX durante 2 horas o nucleofectadas con la construccion que
codifica a 1a Oirmnsducina durante 15 horas Se transfirieron las células a RPMI 0,1% BSA y se les sometié a
quimiotaxis a través de Transwells hacia CXCL12 durante 2 horas mas (se representa la media +SEM de los
porcentajes de migracion hacia CXCL12 de las CDs tratadas con respecto del control sin tratamiento. N=3
experimentos. **p<0,01). B) Tras el tratamiento, el suero de las CDs fue eliminado y las CDs dejadas en cultivo en
presencia o no de CXCL12 durante 40 horas. La cantidad de CDs apoptoticas se analiz6 mediante cuantificacion de
nucleos tefiidos con Hoetchs (se representa la media +SEM del porcentaje de CDs vivas en presencia de CXCL12 tras
el tratamiento con los inhibidores con respecto al control sin tratamiento. N= 3 experimentos. **p<0,01. *p<0,05).

Comenzamos estudiando las primeras moléculas de la ruta, las proteinas G, para
lo cual tratamos a las CDs con PTX por un lado para inhibir toda la sefalizacion
dependiente de proteinas Gi, y por otro las nucleofectamos con Olrransducina para bloquear
a Gg,. Realizar ensayos de migracion en Transwell con dichas celulas y, como se
observa en la , comprobamos que ambos tratamientos reducian
significativamente el porcentaje de migracion de las CDs hacia CXCL12. Dicho
porcentaje disminuy6 un 87% en el caso de la PTX y en un 70% cuando se bloqued
Gg,- También quisimos demostrar el papel de estos componentes sefializadores en la
regulacion de la supervivencia mediada por CXCL12, para lo cual indujimos apoptosis
a las CDs anteriormente descritas mediante privacion de suero. Tifiendo las células con
Hoetchs, analizamos la cantidad de CDs que presentaban nucleos apoptoticos tras la
estimulacion con CXCL12 tanto en el caso de las células tratadas con la PTX como en
las que fueron nucleofectadas con la Oirransducina. Al representar el porcentaje de CDs
vivas que quedaron tras la privacion de suero en presencia de CXCL12 con respecto de
dicho porcentaje en el control sin tratamiento se puede observar que la
proteccion inducida por CXCL12 ante la apoptosis se ve reducida un 81,3% cuando se
anula la sefializaciéon dependiente de proteinas Gi mediante la PTX, y que esta
disminucidn es idéntica en el caso del bloqueo del dimero By con la Orransducina-

También quisimos analizar el papel que jugaban cada una de las isoformas de
PI3K anteriormente mencionadas en la regulacion de la apoptosis y la quimiotaxis. Para
ello tratamos a las CDs con los inhibidores especificos de la PI3K-a, -f,-yy-0 y
sometimos a dichas células a los ensayos de migracion e induccidon de apoptosis ya
descritos. Los resultados en el caso de los ensayos de Transwell muestran
que al inhibir la actividad de la isoforma -a de las PI3K la migracion hacia CXCL12 se
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ve disminuida un 88%, mientras que cuando se bloquea la actividad de la PI3K-f la
quimiotaxis de las CDs no se ve alterada significativamente. También la inhibicion de
las PI3K-3 y -y tiene efecto sobre la quimiotaxis de las CDs inducida por CXCL12,
aunque en menor medida que el causado por el bloqueo de la isoforma -, ya que en el
caso de la isoenzima -y se produce una inhibicion del 53% y en el de la -9 la inhibicion
es tan solo del 35%. Similares resultados se observan al analizar los efectos de estos

inhibidores sobre la supervivencia inducida por CXCL12 .
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. PI3K-a, -y y -0 regulan la quimiotaxis y la supervivencia de las CDs inducida por CXCL12. Se

trataron las CDs con los inhibidores especificos de las PI3K-a, -f, -y v -0 a las concentraciones indicadas (ver

) durante 1 hora. Se sometié a las CDs a quimiotaxis a través de Transwells hacia

CXCL12 durante 2 horas mas (se representa la media £SEM de los porcentajes de migracion hacia CXCL12 de las

CDs tratadas con respecto del control sin tratamiento. N=4 experimentos. **p<0,01). B) Tras el tratamiento, el suero

de las CDs fue eliminado y las CDs mantenidas en cultivo en presencia o no de CXCL12 durante 40 horas. La

cantidad de CDs apoptoticas se analizd mediante cuantificacion de nucleos tefiidos con Hoetchs (se representa la

media £SEM del porcentaje de CDs vivas en presencia de CXCLI12 tras el tratamiento con los inhibidores con
respecto al control sin tratamiento. N=4 experimentos *p<0,05, **p<0,01).

% relativo de quimiotaxis en resp. a CXCL12
% relativo de CDs vivas en resp. a CXCL12

Asi, cuando las CDs fueron previamente tratadas con el inhibidor de PI3K-a el
porcentaje de células vivas en presencia de CXCLI12 con respecto del control sin
tratamiento fue de tan solo un 19,7%, efecto similar al obtenido cuando en las CDs la
actividad de la isoforma -y estaba bloqueada. La PI3K-0 también juega un papel
importante en la regulacion de esta funcidon ya que cuando ésta es inhibida la proteccion
inducida por CXCL12 disminuye aproximadamente un 75%. Sin embargo y también de
forma similar a lo que ocurria con la quimiotaxis, la inhibicion de la actividad de la
PI3K-f no produjo ningun efecto significativo sobre la supervivencia mediada por
CXCLI12.

Empleamos la misma estrategia para estudiar la implicacion de las quinasas Akt
y Erk1/2 en la regulacion de las dos funciones controladas por CXCL12. Respecto a
Akt, podemos observar en la que cuando dicha quinasa se encuentra
inhibida la quimiotaxis dependiente de CXCL12 disminuye hasta el 35,7% con respecto
al control, lo que indica que Akt juega un papel importante en la regulaciéon de la
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quimiotaxis de las CDs hacia CXCL12. Ademas, al someter a las células tratadas con el
inhibidor de Akt a privacion de suero para inducir apoptosis y comparar su
supervivencia en presencia y ausencia de CXCL12, se observa que la
ausencia de la actividad de la quinasa Akt disminuye la resistencia inducida por
CXCLI12 a la apoptosis en un 82,5%, lo cual apunta a que esta quinasa también es
fundamental en la regulacion de esta segunda funcion.
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. Akt y Erk1/2 regulan la quimiotaxis y la supervivencia de las CDs inducida por CXCL12. Se
trataron las CDs con 5 uM de los inhibidores especificos de Akt (Aktl,2 inhibitor) y de Erk (UO126 y PD98059)
durante 1 hora A) Se sometio a las CDs a quimiotaxis a través de Transwells hacia CXCL12 durante 2 horas mas (se
representa la media £SEM de los porcentajes de migracion hacia CXCL12 de las CDs tratadas con respecto del
control sin tratamiento. N=6 experimentos. *p<0,05, **p<0,01). Tras el tratamiento, el suero de las CDs se
mantuvieron en cultivo en presencia o no de CXCL12 durante 40 horas. La cantidad de CDs apoptdticas se analizd
mediante cuantificacion de ntcleos tefiidos con Hoetchs (se representa la media £SEM del porcentaje de CDs vivas
en presencia de CXCL12 tras el tratamiento con los inhibidores con respecto al control sin tratamiento. N=6
experimentos. **p<0,01).

Por otro lado, en lo que respecta a la contribucion de Erk1/2 a la quimiotaxis de
las CDs dependiente de CXCL12, el empleo del inhibidor especifico UO126 redujo en
un 45% la migracion de las células hacia la quimioquina frente a las células control sin
tratar. Esta implicacion de Erk1/2 en la quimiotaxis de las CDs regulada por CXCL12
se corrobord al emplear, en ensayos similares, PD98059, otro inhibidor especifico de
Erk1/2 . Estos mismos tratamientos se aplicaron a las CDs para realizar
los ensayos de medicion de apoptosis con y sin CXCL12. Los resultados fueron, de
nuevo, similares con ambos inhibidores, y mostraron que Erk1/2 contribuye de forma
importante a la ampliacion de la supervivencia de las CDs dependiente de CXCL12.
Como se observa en la , cuando Erk1/2 se encuentra inhibida la cantidad de
células vivas en presencia de CXCLI12 disminuye, con respecto al control sin
tratamiento, hasta un 26,7% en el caso del UO126, y hasta el 25,3% con el PD98059.
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mTORCI1 regula la quimiotaxis y la supervivencia de las CDs inducida por CXCL12. Se trataron las
CDs con 100 nM de el inhibidor del complejo mTORC1 Rapamicina durante 1 hora A) Se analiz6 la quimiotaxis de
las CDs hacia CXCL12 mediante Transwells durante 2 horas mas (se representa la media =SEM de los porcentajes de
migracion hacia CXCL12 de las CDs tratadas con respecto del control sin tratamiento. N=7 experimentos. **p<0,01).
Tras el tratamiento, las CDs fueron mantenidas en cultivo en presencia o no de CXCL12 durante 20 horas. La
cantidad de CDs apoptoticas se analizo mediante cuantificacion de nticleos tefiidos con Hoetchs (se representa la
media +SEM del porcentaje de CDs vivas en presencia de CXCL12 tras el tratamiento con el inhibidor con respecto
al control sin tratamiento. N=6 experimentos. **p<0,01).

Por ultimo quisimos analizar el papel del complejo mTORCI, cuya actividad
esta regulada tanto por Akt como por Erkl/2, en la regulacién de las dos funciones
mediadas por CXCL12 que estamos estudiando. Para ello empleamos Rapamicina, un
inhibidor que bloquea la actividad de mTORCI1. Pudimos comprobar asi que las CDs
que previamente habian sido tratadas con este inhibidor presentaban un menor
porcentaje de migracion con respecto a la quimiotaxis hacia CXCL12 que observada en
las CDs control (sin tratar) . Concretamente la migracion de las CDs que
tenian inhibida la actividad de mTORC1 disminuia hasta el 70%, un descenso menor al
ocasionado por los inhibidores de Akt o de Erkl/2. Sin embargo, al emplear la
Rapamicina en ensayos de apoptosis en los que las CDs permanecian 20 horas sin suero
en presencia o ausencia de CXCL12 observamos que el porcentaje de
células que no presentaban nucleos apoptoticos en presencia de CXCL12 disminuia
desde el 100% del control sin tratamiento, al 25,7%, lo que indica que la actividad del
complejo mTORCI es importante para que CXCL12 induzca supervivencia en las CDs.

Es importante sefialar que ninguno de los tratamientos mencionados (ni la
expresion de Olrransducina N1 12 incubacion con ninguno de los inhibidores) produjo efecto
significativo sobre la migracion basal de las CDs, lo cual estd indicando que el efecto
final sobre la migracion hacia CXCL12 se debe exclusivamente a la alteracion de la
quimiotaxis y no de la motilidad celular.

En suma, todos y cada uno de los elementos sefializadores activados por

CXCL12 estudiados hasta el momento en las CDs, estan implicados en la regulacion de
la quimiotaxis y la supervivencia inducida por CXCL12 en estas células.
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Como ya se ha comentado, los miembros de la familia de factores de
transcripcion FoxO (Forkhead bOX O), poseen en su estructura varias secuencias
consenso para Akt (van der Horst 2007). Su fosforilacion por Akt hace que estos
factores se transloquen del nucleo al citoplasma, lo cual impide que regulen la expresion
de proteinas pro-apoptéticas como Bim (Dijkers 2000). En el caso de las CDs, se ha
comprobado que cuando se disminuyen los niveles de FoxO1 en estas células mediante
la nucleofeccion con un siRNA especifico para esta molécula, también se reduce la
expresion de Bim en las células (Riol-Blanco, Delgado-Martin et al. 2009). Teniendo
esto en cuenta, quisimos investigar el comportamiento de los miembros de la familia
FoxO tras la estimulacion de las CDs con CXCL12. Para empezar, estimulamos a las
CDs con CXCL12 a diferentes tiempos y analizamos si habia fosforilacion de FoxO1 y
FoxO3 en los sitios fosforilados por Akt. Asi, comprobamos que se inducia
fosforilacion en la serina 256 de FoxOl1 y en la serina 253 de FoxO3 a los 5 minutos de
la estimulacién con CXCL12 . Coherentemente con esta inhibicién, en la
figura también se observa como al eliminar el suero del medio de cultivo de las CDs se
produce un aumento progresivo de la expresion de la proteina pro-apoptotica Bim que
se impidi6 al estimular a las CDs con la quimioquina

A CXCL12 B
min 0 5 10 60
S e | p-FoxO1 Sin suero CXCL12
- FoxO1 min_0 10 60 0 5 10 60
Bim
. - -Fox03 -
— p-FoxO a-Tub

La estimulacion de las CDs con CXCL12 induce la fosforilacién inhibitoria de FoxO1 y FoxO3 y
evita la expresion de Bim A) Tras mantener las CDs en RPMI durante 30 minutos se estimularon las células con
CXCL12 durante los tiempos indicados. Para determinar la fosforilacion de FoxO1 y FoxO3 por Western Blot se
emplearon anticuerpos especificos para dichas formas de las proteinas. Para analizar los niveles totales de FoxO1 y
FoxO3 tras la estimulacion se emplearon anticuerpos especificos para FoxO1 y FoxO3. Se analizé la $-actina para
determinar los niveles de carga (experimento representativo. N=3 experimentos). Se mantuvieron las células sin
suero hasta 60 minutos en presencia o no de CXCL12 y se fueron tomando muestras de CDs y lisandolas a los
tiempos indicados. Se determinaron los niveles de Bim por Western Blot mediante un anticuerpo especifico anti-Bim
y se empleo la a-tubulina como control de carga (experimento representativo. N=3 experimentos).

Una vez detectado que CXCL12 inducia la fosforilacion de FoxO1 y FoxO3,
quisimos estudiar la implicacion de estos factores de transcripcion en las funciones
reguladas por la quimioquina en las CDs. Para ello redujimos la cantidad de FoxO1 y
FoxO3 en las CDs mediante siRNAs especificos para cada una de las dos proteinas y
posteriormente analizamos el efecto de dicha reduccion sobre la apoptosis por privacion
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de suero y sobre la quimiotaxis. Como se observa en la , cuando en las CDs
hay menor cantidad de FoxO1 y FoxO3 disminuye el porcentaje de células apoptoticas
cuantificadas en funcion de la morfologia de sus nucleos tefiiddos con Hoetchs. Sin
embargo, a pesar de que en todos los casos se produjo una buena disminucion de la
cantidad de FoxO1 y FoxO3 respectivamente , no se aprecid efecto alguno
sobre la quimiotaxis de las CDs hacia CXCL12 . Estos datos nos estan
indicando que FoxO1 y FoxO3 no estan implicados en la regulacion de la quimiotaxis
mediada por CXCL12 pero si juegan un papel importante en la supervivencia de las
CDs, dado que inducen apoptosis.
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. FoxO1 y FoxO3 inducen apoptosis en las CDs pero no influyen en su migracion hacia CXCL12. Se
nucleofectaron las CDs con ARNs de interferencia (siRNA) especificos para FoxO1 o FoxO3 y con un ARN aleatorio
como control. Tras mantener en cultivo 40 horas a las CDs se realizaron los experimentos. A) Se tifieron las CDs con
Hoetchs para analizar su viabilidad. (se representa la media del porcentaje de células apoptdticas con respecto a las
CDs nucleofectadas con el siRNA control. N= 3 experimentos. *p<0,05). B) Se transfirieron las CDs a RPMI 0,1%
BSA y se les permitié migrar hacia CXCL12 mediante un sistema de Transwell durante 2 horas. (se representa la
media +SEM de los porcentajes de migracion hacia CXCL12 respecto del control. N= 3 experimentos). C) Las CDs
de las tres condiciones fueron lisadas y los niveles de FoxO1 y FoxO3 con respecto al control fueron analizados por
Western Blot mediante el empleo de sendos anticuerpos especificos. Se empled un anticuerpo anti a-tubulina para
analizar el nivel de la carga.

Llegados a este punto nos parecid interesante estudiar como CXCL12 regulaba a
FoxOl. Dado que se ha descrito que la fosforilacion en la Ser 256 de esta proteina
induce su translocacion desde el nucleo al citoplasma, quisimos analizar si la
estimulacion de las CDs con CXL12 producia ese efecto en este factor de transcripcion.
Para ello nucleofectamos las CDs con una construccion que codificaba la proteina
FoxO1 conjugada a GFP, o con el vector GFP en el caso del control. Estas células
fueron sometidas a privacion de suero durante 3 horas, suficiente para que FoxOl
aparezca mayoritariamente en el nucleo, y luego puestas en presencia o ausencia de
CXCL12 durante una hora mas. Como se observa en la , casi el 70% de las
células transfectadas que fueron estimuladas con CXCL12 presentan claramente GFP-
FoxOl1 citopldsmico, a diferencia de las CDs control, en las cuales la fluorescencia
verde es mayoritariamente nuclear. Por otro lado, las CDs nucleofectadas con el vector
GFP muestran en ambos casos fluorescencia citopldsmica.
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Figura 21. CXCL12 induce la translocacién de FoxO1l desde el nucleo al citoplasma. Las CDs fueron
nucleofectadas con pGFP o FoxO1-GFP, 15-18 horas después de la transfeccion las células fueron transferidas a
RPMI durante otras 3 horas y después puestas en presencia o no de CXCLI12 durante 1 hora para inducir la
translocacion de FoxO1 al nticleo. Posteriormente las CDs se colocaron sobre cubreobjetos recubiertos con PLL y se
procesaron para inmunofluorescencia realizando la tincion con Hoechst 33342 para poder identificar el ntcleo celular
y determinar si la GFP se localiza en el nucleo o en el citoplasma. A) Se muestran imagenes representativas de CDs
control y tratadas con CXCL12 y B) una grafica que representa el porcentaje de CDs que presentan GFP localizada
en el citoplasma (Se representa la media £ SEM de 3 experimentos realizados. **p<0,01).

Una vez caracterizada la funcionalidad de FoxOl en las CDs tras su
estimulacion con CXCL12, con el fin de caracterizar de forma detallada la ruta que
lleva a su inhibicion analizamos cuéles de los componentes sefializadores hasta ahora
descritos se encontraban regulando la fosforilacion inhibidora de FoxO1. Al igual que
ocurre con las moléculas descritas hasta el momento, tanto la inhibiciéon de la
sefializacion de las proteinas Gi con PTX, como el bloqueo del dimero By mediante la
expresion de la construccion Park-CT anulan la fosforilaciéon de FoxO1 inducida por
CXCLI12 . En la figura también se puede observar que el tratamiento de
las CDs con los inhibidores de las PI3K-a,-y y -0, pero no con el inhibidor de la PI3K-f,
anulo la fosforilacion de FoxOl1 en la Ser 256 mediada por CXCL12 .
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. La inhibicion de FoxO1 inducida por CXCL12 depende del dimero By de las proteinas Gi y de
PI3K-a, -y, -0. Las CDs fueron tratadas con 100 ng/ml de PTX durante 2 horas y después transferidas a RPMI
durante 30 minutos. Posteriormente se las estimulé con CXCL12 durante 5 minutos y se analizd la inhibiciéon de
FoxO1 mediante un anticuerpo especifico para su forma fosforilada e inhibida. Se utiliz6 un anticuerpo anti o-
tubulina como control de carga. B) Se nucleofectaron las CDs con Park-CT, capaz de inhibir a G,. Tras 15 horas se
transfirieron a RPMI durante 30 minutos y fueron estimuladas con CXCL12 durante los tiempos indicados. Se
analizd mediante Western Blot la fosforilacion inhibidora de FoxO1 y se empled un anticuerpo anti a-tubulina para
analizar la carga (en cada caso se muestra un experimento representativo. N=4 experimentos).

Como era esperable, dado que el residuo cuya fosforilacion estamos analizando
es fosforilado por Akt, cuando tratamos a las CDs con el inhibidor especifico de esta
quinasa y estimulamos a las células con CXCL12, no detectamos fosforilacion en la Ser
256 de FoxOl1 . Dada su implicacién en la regulacion de la supervivencia
de las CDs, también quisimos estudiar si la accidon de otras quinasas sobre FoxO1, como
son mTORC1 y Erkl/2 podria interferir en la fosforilacion inhibidora dependiente de
CXCL12 de esta proteina. Para ello tratamos a las CDs con los inhibidores especificos
de ambas quinasas, es decir, Rapamicina, para bloquear mTORC1, y UO126 para anular
la actividad de Erk1/2. En ambos casos podemos observar que no hay efecto alguno
sobre la fosforilacion en la Ser 256 de FoxOl1 tras la estimulacion con CXCL12

. Adicionalmente, y como forma alternativa de medir la actividad de FoxOl,
analizamos los niveles de la proteina pro-apoptotica Bim en caso de ausencia de
actividad de Akt, Erk1/2 6 mTORCI. En la se puede observar que, mientras
que la inhibicion de Akt, coherentemente con su efecto sobre FoxOl, disminuye los
niveles de Bim, esta reduccion no se produce cuando se bloquea Erk1/2 6 mTORCI, de
lo que se puede deducir que ambas ejercen su efecto sobre la supervivencia de las CDs
de manera independiente de FoxO1 o, al menos, que no alteran la la actividad inductora
de la expresion de Bim de este factor.
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Figura 23. La fosforilacion inhibidora de FoxO1 inducida por CXCL12 depende Akt pero no de Erk1/2 ni de
mTORC1 A) Las CDs fueron tratadas durante 1 hora con 5 uM del inhibidor de Akt (A) o de Erk1/2 (B) o con 100
nM del inhibidor de mTORC1 Rapamicina (C) posteriormente fueron estimuladas durante 10 minutos con CXCL12.
Se emplearon anticuerpos especificos contra la forma fosforilada e inhibida de FoxO1 para analizar esta proteina, un
anticuerpo contra la forma fosforilada y activa de Akt (A), de Erkl1/2 (B) o de 4E-BP1(C) como control de la
actividad de cada inhibidor y un anticuerpo anti PI3Kf o a-tubulina para analizar los niveles de carga. Ademas se
empled un anticuerpo anti Bim como reflejo de la actividad de FoxO1 (en cada caso se muestra un experimento
representativo. N=3 experimentos).

En suma se puede concluir que la estimulacion de las CDs con la quimioquina
CXCLI12 induce una fosforilacion inhibidora de FoxOl y FoxO3, los cuales en su
estado activo inducen apoptosis en estas células pero no afectan a la quimiotaxis
mediada por CXCL12, y que, concretamente, la fosforilacion de FoxO1 por Akt
dependiente de las proteinas Gi, del dimero Pyy de las PI3K-a, -y y -8 induce su
translocacion desde el ntcleo al citoplasma. De esta manera que no puede llevar a cabo
su funcion de regulacion de la expresion de genes pro-apoptoéticos como Bim.

[

Modelo 3. Regulacién molecular
#9WWuyy delas dos funciones controladas
por CXCL12 en las CDs. La
estimulacion de las CDs con
CXCL12 induce la activacion, a
través del dimero Py, de las
proteinas G heterotriméricas de la
familia o;, de Akt y de Erkl/2.
Ambas quinasas activan a
mTORCI. La inhibicion tanto de
Akt como de Erkl/2 inhibe la
quimiotaxis de las CDs en
respuesta a CXCLI2 de forma
MWM aditiva. mTORC]1 también afecta

¢ a esta funcion, pero su efecto es
menor. Los tres componentes, sin
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Para que las CDs puedan activar a los linfocitos T virgenes e iniciar la respuesta
inmunoldgica, deben migrar a través de los vasos linfaticos hasta los ganglios linfaticos,
donde se produce la presentacion antigénica. Puesto que la quimioquina CXCL12 se
expresa tanto en los vasos linfaticos aferentes como en los propios ganglios linfaticos
(Pablos 1999; Gonzalez, Bermejo et al. 2010), nos planteamos que esta quiquioquina
pudiera regular las funciones de las CDs en su camino hacia los ganglios. Por tanto nos
propusimos analizar qué funciones de las CDs mad humanas eran reguladas por
CXCLI12 y cudles eran las moléculas que podian regular dichas funciones. Nuestros
resultados indican que CXCL12 regula la quimiotaxis y la supervivencia de las CDs
mad in vitro e in vivo. Ademads, en este trabajo demostramos que para regular la
supervivencia y la quimiotaxis CXCL12 emplea una jerarquia de moléculas que incluye
elementos comunes, cada uno de los cuales es capaz de regular las dos funciones
inducidas por CXCL12, y también moléculas que regulan s6lo una funcion (ver

en ).

Para el estudio funcional del efecto de CXCL12 sobre las CDs mad humanas,
derivamos monocitos obtenidos de sangre de donantes a CDs inm mediante su cultivo
con GM-CSF e IL-4 y, posteriormente, indujimos su maduracion afiadiendo TNF-
o.. Ensayos de migracion en Transwell realizados con estas células demostraron que, de
acuerdo con observaciones previas, la quimioquina CXCLI12 induce una potente
respuesta quimiotactica en las CDs mad humanas (Sozzani, Luini et al. 1997; Humrich,
Humrich et al. 2006). Sin embargo, esta quimioquina no aumenta la motilidad o
velocidad migratoria de las células, como ocurre con estas mismas células cuando son
estimuladas con CCL19 6 CCL21, los ligandos de CCR7 (Riol-Blanco, Sanchez-
Sanchez et al. 2005), ni tampoco induce movimiento celular en la direccion contraria a
su gradiente (fugotaxis), como se ha demostrado que ocurre cuando ciertas poblaciones
de linfocitos T son expuestos a altas concentraciones de CXCL12 (Vianello, Kraft et al.
2005). También, en concordancia con datos previos de otros grupos, obtenidos en este
caso en CDs murinas (Kabashima, Sugita et al. 2007), los ensayos de medicion de
apoptosis de las CDs mad humanas en ausencia de suero mostraron que la estimulacion
con CXCL12 disminuye la mortalidad de estas células tras el estimulo apoptotico que
supone la privacion de los factores presentes en el suero. A diferencia de otro trabajo
previo (Kabashima, Sugita et al. 2007), observamos que CXCL12 no alteraba la
maduracion de las CDs mad humanas. La diferencia entre el modelo celular humano
empleado en nuestro experimentos y el murino empleado por Kabashima ef al. puede
explicar esta discrepancia con respecto al papel que juega CXCL12 en la maduracion de
las CDs.

La endocitosis forma parte de las funciones imprescindibles de las CDs en
estado inmaduro y, por lo tanto, existia la conviccion de que la capacidad endocitica de
estas células disminuia con el proceso de maduracion (Steinman 1991); sin embargo, se
ha observado que las CD mad siguen capturando antigenos tras dicho proceso (Drutman
and Trombetta 2010; Platt, Ma et al. 2010) y que, ademas, esta capacidad se ve
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incrementada al estimular a las CDs mad murinas con las quimioquinas CCL19 y
CCL21 (Yanagawa and Onoe 2003). Teniendo en cuenta estos resultados quisimos
analizar si la quimioquina CXCL12 podia estar regulando también esa funcion en las
CDs mad humanas. Sin embargo, los ensayos de endocitosis de FITC-dextrano
realizados en estas células muestran que CXCL12 no regula su capacidad endocitica.

Dado que CXCL12 puede unirse a los receptores CXCR4 y CXCR7
(Balabanian, Lagane et al. 2005), era posible que los efectos sobre la supervivencia y la
quimiotaxis de las CDs mad humanas inducidos por esta quimioquina estuvieran
mediados por cualquiera de los dos receptores, o por los dos a la vez. Puesto que existe
un gran controversia con respecto al tema de la expresion (Berahovich, Zabel et al. ;
Sanchez-Martin, Estecha et al. 2011) y de la capacidad para transmitir sefiales
intracelulares de CXCR?7 en leucocitos (Thelen and Thelen 2008; Rajagopal, Kim et al.
2010), decidimos analizar la presencia de ARN mensajero para este receptor en las CDs
inmaduras y maduradas mediante su estimulacion con TNFo. Para ello, primero
extrajimos el ARN total de ambos tipos de CDs. También obtuvimos el ARN de células
Hela con objeto de emplearlas como control de que la amplificacion del ADN de
CXCR?7 se realizaba correctamente, puesto que se ha observado que dichas células si
expresan una cantidad considerable del receptor. El ADN obtenido tras la
retrotranscripcion del ARN mensajero fue amplificado empleando para ello los
oligonucledtidos especificos para CXCR7 (Infantino, Moepps et al. 2006). En ninguno
de los dos donantes de CDs empleados se amplifica CXCR7 en el caso de las células
inmaduras, que fueron empleadas como control negativo del proceso, y en las CDs mad
solo se dectectan niveles infimos de expresion en uno de los donantes.

Un resultado negativo como el obtenido en el caso de la PCR de CXCR7 no
tiene por qué ser definitivo, ya que puede atribuirse a fallos en la técnica o limitaciones
en el nivel de deteccion de la misma. Ademds, dado que no existe una relacion
proporcional entre la cantidad de ARN mensajero y la de proteina traducida, es posible
que una pequefia cantidad de mensajero sea suficiente para la traduccion de unos niveles
de proteina que sean funcionales. Por ello decidimos ascender del nivel “ARN
mensajero” al de “proteina” y analizar la presencia de este receptor en la membrana de
las CDs mad humanas. Con este fin empleamos dos anticuerpos anti-CXCR7 diferentes
(Burns 2006; Infantino, Moepps et al. 2006; Berahovich, Penfold et al. 2010). A pesar
de que ambos anticuerpos reconocen CXCR7 en la membrana de las células Hela, no
detectaron la presencia de dicho receptor en las CDs humanas, con lo que concluimos
que el efecto que CXCL12 sobre las funciones de las CDs era atribuible a CXCR4. Sin
embargo, dado que nuestros datos contradecian observaciones previas (Infantino,
Moepps et al. 2006), y para excluir que CXCR7, expresado a niveles muy bajos, pudiera
aun ser capaz de ejercer alguna funcion en las CDs, decidimos tratar las células con el
bloqueante de CXCR4 (AMD3100) (Donzella 1998) y con el de CXCR7 (CCX733,
cedido por el Dr. T. Schall (Hattermann, Held-Feindt et al. 2010)) y repetir los ensayos
de quimiotaxis y de supervivencia las CDs mad humanas para determinar la
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contribucion de cada uno de los receptores a la regulaciéon de las dos funciones
inducidas por CXCL12 en estas células. Los resultados obtenidos con dichos agonistas
muestran que al bloquear la union de CXCL12 a CXCR4 se anula completamente la
quimiotaxis y la supervivencia inducida por CXCL12, lo que permite atribuir todo el
efecto de la quimioquina a su union con CXCR4. Ademas, la inhibiciéon de CXCR7 no
afecta ni a la quimiotaxis ni a la supervivencia de las CDs. Todo esto estd indicando que
el unico receptor que emplea CXCL12 para regular estas dos funciones en las CDs mad
humanas es CXCRA4.

Para estudiar la importancia in vivo de la regulacion de estas dos funciones de
las CDs mediada por CXCL12 en la respuesta inmune usamos un modelo murino. Estos
ensayos nos han permitido demostrar que la union de CXCL12 a CXCR4 es importante
para la migracion de las CDs a los ganglios linfaticos a través de los vasos. Previamente
otros grupos habian apuntado a la necesidad de que CXCL12 y su receptor CXCR4
interactiien para que las CDs cutaneas puedan llegar a los ganglios (Kabashima 2007).
Sin embargo, los ensayos realizados en este caso no definian qué etapa de la migracion
desde la piel hasta los nodulos linfaticos estaba afectada por la interferencia con
CXCR4. Por ejemplo, previamente se habia descrito que se necesitaba la interaccion de
CXCL12 y CXCR4 para que las CDs migraran desde la epidermis a la dermis
(Ouwehand, Santegoets et al. 2008). Por afiadidura, en la interpretacion de estos
experimentos previos tampoco se habia tenido en cuenta el papel que CXCL12 jugaba
en la protecciéon de las CDs frente a la apoptosis, a pesar de que los ensayos se
realizaron a tiempos largos (hasta 72 horas). Nuestros datos, sin embargo, aportan
informacion sobre el efecto que ejerce el bloqueo de CXCR4 en la migracion a través de
los vasos linfaticos hasta los ganglios, puesto que las CDs, resuspendidas en el propio
bloqueante (AMD3100), fueron inyectadas directamente en dichos vasos. El hecho de
que no se haya observado efecto de CXCL12 sobre capacidad adhesiva ni sobre la
velocidad migratoria de las CDs (ver en ) sugiere que la
quimiotaxis es la funcion afectada por el tratamiento con AMD3100. Ademas, los
ensayos donde se emplea el detector de células apoptoticas SR-FLIVO para analizar in
vivo la muerte de las CDs que han llegado a los ganglios, muestran por primera vez que,
en los ganglios en los que la presencia de AMD3100 bloqueaba la union de CXCL12
con su receptor, las CDs que habian migrado tras ser inyectadas presentaban un 35%
mas de apoptosis que las CDs con una sefializacion CXCR4-dependiente normal. Estos
datos tienen varias implicaciones, la primera es que in vivo la unién de CXCLI12 con
CXCR4 protege de la apoptosis a las CDs en el ganglio. Ademads, de la cuantificacion de
los efectos observados se desprende que la aportacion cualitativa de la senalizacion via
CXCR4 in vivo a la supervivencia de las CDs es menor que la que se observa para la
migracion de dichas células a los ganglios. Por todo ello podemos inferir que la
diferencia observada entre la llegada de las CDs sin tratar y las CDs en presencia de
AMD3100 a los ganglios se debe principalmente al efecto de CXCL12 sobre la
quimiotaxis, y en menor medida, a su efecto inductor de supervivencia.
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Una vez comprobada la importancia funcional de la regulacion de las CDs
mediada por CXCL12, analizamos los mecanismos mediante los cuales CXCR4 podia
integrar molecularmente la sefializacidon necesaria para regular dos funciones en las CDs
mad humanas. Con este fin se emplearon diferentes herramientas farmacoldgicas,
dominantes negativos y siRNAs, cuando esta ultima estrategia fue posible ya que, a
pesar de nuestros repetidos intentos, sélo hemos podido reducir un pequefio numero de
dianas moleculares en las CDs mediante dicho procedimiento. Estas estrategias nos han
permitido, primeramente, definir parte de la sefalizacion que desencadena la union de
CXCL12 a CXCR4 en las CDs mad humanas. Como se ha observado con otros
receptores de quimioquinas, una parte importante de las sefiales inducidas por CXCL12
en estas c€lulas ocurre a traves de la activacion del dimero Gy, de las proteinas Gi (Arai
1997; Neptune 1999; Escribano, Delgado-Martin et al. 2009). En este caso, la
estimulacion de las CDs mad humanas con CXCLI12 induce una activacion de las
quinasas Akt y Erkl/2 dependiente de dicho dimero. Ademads, el empleo de los
inhibidores especificos de las isoformas de la PI3K-a, -B, -y y -0 muestra que,
contrariamente al concepto general aceptado que mantiene que PI3K-a y -8 median la
sefializacion dependiente de receptores tirosina y PI3K-y aquella dependiente de GPCRs
(Sotsios 2000; Curnock 2002), en nuestro modelo celular las tres isoenzimas transducen
las sefales desencadenadas por CXCR4. Sélo la actividad de la isoforma PI3K-f parece
no jugar un papel en dicha sefializacion. El empleo de los inhibidores especificos de Akt
y Erk1/2 nos han permitido también descartar una posible relacion jerarquica entre estas
dos quinasas, que componen, por lo tanto, dos rutas independientes ( ).

El complejo mTORCI se ha descrito ampliamente como un efector importante
de Akt en la mediacién de algunas de las funciones que regula esta ultima quinasa.
Como ya se ha comentado, la fosforilacion por parte de Akt de TSC2, integrante del
complejo TSC1/TSC2, en el residuo Thr1462 anula la actividad inhibidora que este
complejo ejerce sobre la GTPasa activadora de mTORCI1, Rheb, activando asi a dicho
complejo. Sin embargo, en la regulacion de mTORCI1 participan un gran ntimero de
vias sefializadoras ademas de la integrada por Akt. Por todo ello nos parecid interesante
estudiar si este complejo podia formar parte de las vias de sefializacion activadas por
CXCL12 para regular las funciones que controla en las CDs mad humanas. Nuestros
datos muestran que al estimular las CDs mad humanas con CXCLI12 se induce la
fosforilacion tanto de los dos efectores mejor descritos de mTORCI1, 4E-BP1 y S6K,
como la fosforilacion de mTOR en un residuo fosforilado por S6K, ademas del residuo
de TSC2 que es fosforilable e inhibible por Akt. Todo ello demuestra el efecto activador
que ejerce sobre mTORCI la estimulacion de las CD mad con CXCL12. El componente
central de mTORCI es la quinasa mTOR, que es la principal responsable de la
fosforilacion de las proteinas diana de complejo. Esta proteina tiene un alto peso
molecular y posee multitud de residuos cuya fosforilacion puede ser indicativa de la
actividad de mTORC1 (Holz and Blenis 2005), del complejo mTORC2 (Copp,
Manning et al. 2009) o ser reguladores negativos (Sekulifa, Hudson et al. 2000). Esta
dificultad de adscribir la fosforilacion de determinado residuo de la quinasa mTOR a la
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actividad de mTORC1 sumada al hecho de que también la modificacién de algunas de
las otras proteinas que componen dicho complejo influyen en su actividad (Carriere,
Romeo et al. 2011) nos ha convencido de la idoneidad de emplear a sus dianas,
fundamentalmente 4E-BP1, como medida de su actividad en los sucesivos ensayos. De
esta manera hemos podido comprobar que la Rapamicina tenia efecto inhibidor sobre
mTORCI en cada uno de los ensayos realizados con ese inhibidor, y demostrar que este
complejo no se encuentra regulando a Akt y Erk1/2. Sin embargo, estas dos quinasas si
regulan la actividad de mTORCI1 puesto que el empleo de los inhibidores especificos de
ambas bloquea la fosforilacion de 4E-BP1 y del residuo de mTOR fosforilado por S6K.
El empleo de un anticuerpo que reconoce la treonina 1462 fosforilada de TSC2,
correspondiente a la forma inhibida de esta proteina, indica que la accidon inhibidora de
Akt se ejerce a través del dimero TSCI1/TSC2. Erkl/2 podria regular mTORCI
fosforilando/inhibiendo directamente TSC2 (Ma, Chen et al. 2005) controlando esta
ultima molécula a través de su efector RSK (Roux, Ballif et al. 2004) o mediante la
modificacion de alguna de las proteinas del complejo (Carriere, Romeo et al. 2011). El
empleo de inhibidores especificos de RSK o de anticuerpos que reconociesen los
residuos de TSC2 o Raptor fosforilados por Erk1/2 podria definir mejor el mecanismo
mediante el cual esta quinasa regula la actividad de mTORCI. La conclusion en
cualquier caso es que las dos vias de sefializacion inducidas por CXCL12 estudiadas
hasta ahora convergen en la activacion de mTORCI.

En la presente Tesis Doctoral también hemos analizado cual es la contribucion
de cada una de las moléculas que componen las rutas sefializadoras inducidas por
CXCLI12 a la regulacion de la supervivencia y la quimiotaxis de las CDs. Mediante el
empleo de las herramientas ya mencionadas hemos demostrado que, sorprendentemente,
todas las proteinas activadas por CXCL12 descritas hasta ahora estdn implicadas en la
regulacion tanto de la supervivencia como de la quimiotaxis en respuesta a esta
quimioquina. En ambos casos, y coherentemente con observaciones anteriores, dicha
respuesta se ve seriamente afectada por la inhibicion de la sefializacién mediada por el
dimero Gg, de las proteinas Gi. En el caso de la quimiotaxis hacia CXCLI2, la
inhibicion de la PI3K-a anula, de forma similar a lo observado con el bloqueo de la
sefializacion Gi-dependiente, esta respuesta de las CDs, mientras que el papel de las
PI3K-y y -0 en la regulacion de la quimiotaxis es menor. El empleo inhibidores
especificos de Akt y Erk1/2 nos permite afirmar no sélo que ambas quinasas estan
implicadas en la regulacion de la quimiotaxis de las CDs en respuesta a CXCL12, sino
que probablemente son los unicos efectores de PI3K-a a este respecto, puesto que,
formando parte de rutas independientes, la suma de sus efectos equivale al efecto
causado por la inhibicién de PI3K-a. De hecho, aunque no se muestra en esta tesis, el
empleo de ambos inhibidores de forma conjunta en ensayos de quimiotaxis hacia
CXCL12 dio como resultado una inhibicién equivalente a la obtenida cuando la PI3K-a
se encontraba inactiva. En cuanto al papel de mTORCI en la respuesta quimiotactica de
estas c€lulas a CXCL12, el empleo de Rapamicina muestra que la implicacion del
complejo en dicha regulacion es menor que la de Akt y Erk1/2. Dado que ambas
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quinasas se encuentran por encima de mTORCI en la ruta de sefializacion, este menor
efecto de mTORCI indica que tanto Akt como Erk1/2 pueden estar empleando otros
efectores ademas de mTORCI para regular la quimiotaxis, como Girdin/GIV en el caso
de Akt o RSK en el de Erk1/2.

La misma estrategia fue empleada para determinar el papel de los elementos
sefializadores descritos en la regulacion de la supervivencia de las CDs inducida por
CXCL12. En este caso, tanto la actividad de la isoforma PI3K-a, -0 y -y parecen ser
imprescindibles para que dicha sefializaciéon tenga lugar, ya que el bloqueo de
cualquiera de las isoenzimas mencionadas anula casi por completo el efecto protector de
apoptosis de CXCL12. De nuevo, sin embargo, la actividad de la PI3K- no parece ser
necesaria para que CXCL12 realice su funcion en las CDs. Una posible explicacion para
la aparente ausencia de contribucion de esta isoforma de PI3K a las funciones de las
CDs es que PI3K-f esté, como se ha descrito anteriormente, ejerciendo su funcion de
forma independiente de su actividad quinasa (Jia, Liu et al. 2008; Matheny and Adamo
2010). Dado que el empleo de inhibidores solo anula la actividad catalitica de la
quinasa, la tinica manera de comprobar el posible efecto de PI3K-f3 independientemente
de su actividad quinasa en las CDs seria su eliminacién mediante la nucleofeccion de un
siRNA especifico. Sin embargo, en este caso, el empleo de varios tipos diferentes de
siRNAs para PI3K-f3 no consiguid disiminuir los niveles de proteina en las CDs en
ningln caso.

A diferencia de lo que ocurre en la regulacion de la quimiotaxis, la inhibicion
tanto de la actividad de Akt, de Erk1/2 y de mTORCI tuvo un efecto similar y muy
potente sobre la supervivencia de las CDs inducida por CXCL12. Del empleo de los
inhibidores especificos de estas moléculas en experimentos de induccion de apoptosis
en las CDs se desprende que la aportacion de Akt y de Erkl/2 a la regulacion de la
supervivencia inducida por CXCL12 es similar y a su vez equivalente al efecto que
tiene sobre dicha funcion la PI3K. Este resultado puede implicar que PI3K ejerce su
accion sobre la regulacion de la supervivencia a través exclusivamente de estas dos
quinasas. El hecho de que el bloqueo de Akt y de Erkl1/2, a pesar de formar parte de
rutas independientes, inhiba de forma tan potente la supervivencia de las CDs inducida
por CXCL12 probablemente esté indicando que estas dos quinasas estan compartiendo
efectores que se encuentren mas abajo en la via sefializadora. Uno de estos efectores
comunes es mMTORCI. Se ha visto que la inhibicién de este complejo reduce la
supervivencia de las CDs en respuesta a CXCL12 en un porcentaje similar a lo
observado en el caso de Erkl/2. Podria ser, entonces, que el efecto protector de la
apoptosis de Erk1/2 tras la estimulacion de las CDs con CXCL12 se debiese, en gran
medida, a su regulacion de mTORCI1, y que este complejo fuese, por lo tanto, su efector
mas importante en las CDs.

Unos de los efectores de Akt mas caracterizados en su regulacion de la
supervivencia celular son los factores de transcripcion de la familia de FoxO (revisado
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por (Huang and Tindall 2007)). De hecho, la implicacion de FoxOl en la apoptosis en
las CDs mad humanas ya se habia observado previamente, asi como su papel en la
induccion de la supervivencia que se produce en estas células durante la sinapsis
inmunologica y tras la estimulacion con CCR7 (Escribano, Delgado-Martin et al. 2009;
Riol-Blanco, Delgado-Martin et al. 2009). En este trabajo demostramos que también en
los efectos protectores de la apoptosis inducidos por CXCL12, la inhibicién de FoxOl,
y en este caso de también de FoxO3, son eventos importantes. Ademas, no sélo
mostramos que al estimular las CDs con CXCL12 ambos factores son fosforilados en
sendos residuos inhibidores, sino que también sugerimos un mecanismo por el cual esta
quimioquina se vale de la inhibicion de FoxO1 para inducir la supervivencia de dichas
CDs. Como se observa en la de , y en linea con observaciones
previas (Brunet, Bonni et al. 1999), tras la supresion de suero (estimulo apoptotico para
las CDs) la estimulacion de las células con CXCLI12 desplaza a FoxO1 del nucleo -
donde en condiciones de estrés se encuentra contribuyendo en la expresion de proteinas
pro-apoptoticas- al citoplasma, donde no puede realizar su actividad de induccion de la
apoptosis. Una de las proteinas cuya expresion esta estrechamente regulada por este
factor de transcripcion es Bim (Dijkers 2000), lo cual es coherente con la observacion
de que, a la vez que CXCL12 induce la fosforilacion inhibidora de FoxO, bloquea el
aumento de expresion de la pro-apoptotica Bim ocasionado por la privacion de suero de
las CDs. Este aumento de expresion que, como podemos comprobar en la de

, se produce solo unos minutos después de eliminar el suero del medio de
las CDs, se anula cuando bloqueamos la actividad de Akt, la quinasa encargada de
fosforilar a FoxO1 en su residuo inhibidor Ser 256, con un inhibidor especifico. Estos
resultados indican que la expresion de Bim puede reflejar aproximadamente la actividad
de FoxOl1 en el nucleo.

Siguiendo con el proposito de definir lo mas detalladamente posible los
mecanismos sefalizadores inducidos por CXCL12 en las CDs, y tras situar a FoxO1
como efector de Akt en su papel regulador de la supervivencia inducida por esta
quimioquina en las CDs, recurrimos a la relacion FoxO1/Bim para analizar el efecto que
sobre FoxOl1 podian ejercer otros efectores de las rutas descritas hasta ahora, véase
Erk1/2 y mTORCI. Asi, tras demostrar que la actividad de Erk1/2 6 mTORCI no es
necesaria para que se produzca la fosforilacion de FoxOl mediada por Akt,
comprobamos que la actividad de este factor, medida en funcion de la disminucién de la
expresion de Bim inducida por CXCL12, no estaba en modo alguno regulada por
Erk1/2 6 por mTORCI. Estos resultados pueden explicar el mayor efecto sobre la
supervivencia de las CDs inducida por CXCLI12 observado tras inhibir a Akt, en
comparacion con la inhibicion de Erk1/2 6 de mTORCI, puesto Akt tiene como efector
de su actividad anti-apoptotica a FoxO1 ademés de a mTORCI, lo cual aumenta su
contribucion a la regulacion de la supervivencia con respecto a la contribucion de
Erk1/2 6 mTORCI.
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Empleando siRNAs especificos para FoxO1 y FoxO3 hemos comprobado que
estos dos factores de transcripcidon juegan un papel en la regulacion de la apoptosis de
las CDs, pero no en la quimiotaxis en respuesta a CXCL12, ya que mientras al
disminuir los niveles de cada uno de los FoxOs mencionado se reduce el nimero de
CDs apoptoticas, la migracion de estas células hacia la quimioquina no se ve alterada.
El estudio de FoxO realizado en este trabajo también revela, que, bajo el control de las
moléculas sefializadoras estudiadas hasta ahora, cada una de las cuales estaba implicada
tanto en la regulacion de la supervivencia como de la quimiotaxis de las CDs en
respuesta a CXCL12, probablemente existan efectores especificos que puedan regular
cada una de las funciones mencionadas.
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Modelo 1. Mecanismos de regulacion de las funciones controladas por CXCL12 en las CDs. Los datos obtenidos
en este trabajo indican que Akt y Erk1/2 son proteinas que se regulan de manera independiente pero que convergen
en la regulacion de mTORCI. En el caso de la regulacion de la quimiotaxis en respuesta a CXCL12, la suma de los
efectos de Akt y de Erk1/2 explica todo el efecto de PI3K sobre esta funcién. Sin embargo, mTORC] parece jugar un
papel menos importante que las quinasasa que lo regulan, por lo que estas quinasas deben tener otros efectores
ademas del complejo mTORCI mediantes los que controlar la quimiotaxis. En el caso de la regulacion de la
supervivencia, sin embargo, la acciéon de Akt, mM"TORCI y Erk1/2 es muy similar. Sin embargo, también se demuestra
que Akt se sirve, ademas de la regulacion de mTORCI1, de la inhibiciéon de FoxO1 para regular la supervivencia de
las CDs en respuesta a CXCL12. No es descartable que tanto Akt como mTORCI1 o Erk1/2 tengan otros efectores
mediante los cuales controlen exclusivamente esta funcion, de forma independiente de la quimiotaxis.

Es inevitable que surja, a la vista de los resultados obtenidos en este trabajo, la
comparacion entre la funcidon y los mecanismos sefializadores de CXCR4 con aquellos
descritos en CCR7, otro receptor de quimioquinas cuya funcionalidad en CDs ha sido
caracterizada en este grupo. A este respecto, lo primero que llama la atencion es que, a
pesar de que ambos receptores de quimioquinas sean capaces de integrar
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simultdneamente tanto una sefializacion reguladora de quimiotaxis como otra que
controla la supervivencia de las CDs mad, el receptor CCR7 es aparentemente mucho
mas polivalente que CXCR4, puesto que ademas de las dos funciones mencionadas
CCR7 también regula la velocidad migratoria, la capacidad endocitica y la maduracion
de las CDs mad (Sanchez-Sanchez, Riol-Blanco et al. 2006). A grandes rasgos, la
manera que ambos receptores tienen de integrar las sefiales provenientes de sus
respectivos  ligandos es completamente diferente. Mientras CCR7 regula
simultdneamente varias funciones mediante el empleo de distintos mddulos
sefializadores independientes y especializados en una funcion diferente, CXCR4 se vale
de rutas de sefializacion con algunos elementos comunes a dichas rutas y otros
diferenciales, cada uno de los cuales regula varias funciones simultdneamente. Ademas,
las dos vias de senalizacion inducidas por CXCL12 estudiadas hasta ahora convergen en
la activacion del complejo mTORCI, lo cual supone otra diferencia con respecto a lo
observado en el caso del receptor CCR7, entre cuyas rutas sefalizadoras no se
detectaron elementos comunes a partir de la proteina G.

Por otro lado, si observamos cada una de los mecanismos moleculares
empleados por ambos receptores podemos apreciar que, a pesar de que muchas de sus
componentes coinciden, como PI3K, Akt, Erk1/2, éstos se organizan de forma diferente.
Una diferencia fundamental, por ejemplo, es el hecho de que PI3K y Akt regulen tanto
la quimotaxis como la supervivencia inducida por la uniéon de CXCR4 a su ligando,
mientras que solo participen en una de las funciones regulas por los ligandos de CCR?7,
que es la supervivencia. En ambos casos, sin embargo, Akt se sirve de la inhibicion de
FoxO1 para proteger a las CDs frente a la apoptosis. La activacion de ambos receptores
induce también la fosforilacion activadora de Erkl/2, sin embargo esta activacion
difiere en ambos casos; mientras que CXCL12 induce dicha fosforilacion a través de
PI3K, la activacion de Erk1/2 dependiente de los ligandos de CCR7 no estd regulada
por esta familia de quinasas. Ademas, Erk1/2 so6lo regula supervivencia en las CDs
cuando éstas son estimuladas con CXCL12, no con CCL19 ni con CCL21.

Estos resultados apuntan a la existencia de una especificidad o “firma
molecular” en el tipo de sefales transducidas por cada receptor de quimioquinas, ya
que, mientras un receptor es capaz de regular diversas funciones compartimentalizando
diferentes moléculas sefializadoras en modulos especializados, como es el caso de
CCR7, otra forma de regulacion de las funciones mediadas por un receptor de
quimioquinas puede ser la de la integracion de varias moléculas sefializadoras en
diferentes vias que puedan regular dichas funciones simultdneamente. El conocimiento,
de este modo, del tipo de sefializacion desencadenada por cada receptor concreto se
hace imprescindible para la conseguir la modulacion de cada una de esas funciones de
forma independiente.
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Modelo 2. Comparacion entre las rutas sefializadoras inducidas por los ligandos de CCR7 y por el ligando de
CXCR4 para regular la quimiotaxis y la supervivencia en las CDs maduras humanas. En este modelo se
presentan dos ejemplos de lo que podemos llamar “firma molecular diferenciada” de los receptores de quimoquinas,
Podemos observar como CXCR4 y CCR7, tras la union de sus respectivos ligandos, inducen la activacion de los
mismos elementos sefializadores organizados de diferente manera para regular las mismas funciones en las CDs
humanas
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La quimioquina CXCL12 regula la quimiotaxis y la supervivencia en las CDs
mad humanas derivadas de monocitos. CXCL12 no regula en estas células la
adhesion en ausencia de flujo, la velocidad migratoria, la motilidad, la
endocitosis o la maduracion.

CXCLI12 emplea CXCR4, y no CXCR7, para regular la quimiotaxis y la
supervivencia de las CDs humanas.

El uso de AMD3100, un inhibidor selectivo de CXCR4, en las CDs murinas,
reduce en un 70% el numero de CDs que llegan a través de los vasos linfaticos a
los ganglios popliteos, lo que indica que CXCLI12 regula la migracion de las
CDs in vivo.

La administracion de AMD3100 a ratones cuando las CDs murinas han llegado a
los ganglios linfaticos aumenta en un 35% la apoptosis de dichas células, lo que
sugiere que CXCL12 regula la supervivencia de las CDs in vivo.

La estimulacion de las CDs humanas con CXCL12 induce activacion de Akt y
de Erk1/2. Estas quinasas forman parte de rutas independientes, aunque ambas
estan reguladas por el dimero Py de las proteinas G de la familia Gi y PI3K-a, -y
y -0.

La estimulacién de las CDs mad humanas con CXCL12 induce la activacion,
mediada por Akt y Erk1/2, de mTORCI.

En las CDs mad humanas, tanto la quimiotaxis como la supervivencia inducidas
por CXCL12 estan controladas por el dimero By de las proteinas Gi, PI3Ka, v, 9,
Akt, Erk1/2 y mTORCI.

La estimulacion de las CDs mad humanas con CXCL12 induce la fosforilacion
inhibidora de FoxO1 y su translocacion al citosol. Esta fosforilacion de FoxO1
esta controlada por Akt y depende, por tanto, del dimero Gy, de las proteinas Gi
y de PI3K-a, -y y -8. La fosforilacién de este residuo de FoxOl inducida por
CXCLI12 es independiente de la actividad de Erk1/2 6 mTORCI.

La expresion de la proteina pro-apoptotica Bim, que estd bajo el control de
FoxO1 en las CDs mad humanas, se induce cuando dichas células son sometidas
a privacion de suero y, consecuentemente, FoxO1 se transloca al nucleo. El
incremento de Bim se inhibe cuando, tras la estimulacion con CXCL12, Akt
fosforila a FoxO1 y este factor se desplaza al citoplasma.
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CONCLUSIONES

.|
La actividad de Erkl/2 y de mTORCI1 no es necesaria para que CXCLI12

bloquee la expresion de Bim en condiciones de privacion de suero en las CDs
mad humanas.

FoxO1 y FoxO3 regulan la apoptosis de las CDs mad humanas, pero no su
quimiotaxis en respuesta a CXCL12.
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ANEXO 1

ABREVIATURAS Y ACRONIMOS

Muchas de las abreviaturas y acronimos proceden del inglés y se han mantenido.

ADN: Acido Desoxi riboNucleico
ADP: Adenosine DiPhosphate

AMPK: AMP-activated protein Kinase
Apaf-1: Apoptosis Protease-inducing
Factor 1

ARN: Acido RiboNucleico

ARNm: Acido RiboNucleico mensajero

Bax: BCL2-associated X protein
Bcl-2: B cell lymphoma 2

Bcel-XL: B cell lymphoma extra large
BH: Bcl-2 Homology

Bim: Bcl-2 interacting mediator of
death

BSA: Bovine Serum Albumin

CCL: Chemokine (CC motif) Ligand
CCR: Chemokine (CC motif) Receptor
CDK2: Cyclin-dependent kinase 2
CDs: Células Dendriticas

cFLAR: CASPS8 and FADD-Like
Apoptosis Regulator

CMFDA: 5-chloromethylfluorescein
diacetate

CPAs: Células Presentadoras de
Antigeno

CXCL: Chemokine (CXC motif)
Ligand

CXCR: Chemokine (CXC motif)
Receptor

DEPTOR: DEP domain-containing
mTOR-interacting protein

DISC: Death-Inducing Signaling
Complex

DYRK: Dual-specificity tyrosine-(Y)-
phosphorylation Regulated Kinase

ECL: Extracelular
EDTA: EthyleneDiamineTetraacetic
Acid

eNOS: Endothelial Nitric Oxide
Syntase

Erk1/2: Extracellular signal-Regulated
Kinase Y5

FADD: Fas (TNFRSF6)-Associated via
Death Domain

FAT: FRAP, ATM & TRRAP

FITC: Fluoresceina-5-IsoTiocianato
FCS: Fetal Calf Serum

FKH: Forkhead

FoxO: Forkhead box class O

GADPH: Glyceraldehyde 3-phosphate
dehydrogenase
GAG: Glucosaminoglicano

GAP: GTPase Activating Protein
GDP: Guanine DiPhosphate

GEF: GTPase Exchange Factor
GFP: Green Fluorescent Protein
GL: Ganglio Linfatico

GM-CSF: Granulocyte/Macrophage
Colony-Stimulating Factor

GPCR: G protein-coupled Receptor
GRK: G protein-coupled Receptor
Kinase

GSK3: Glycogen Synthase Kinase 3
GTP: Guanine TriPhosphate

HEAT: Huntingtin, Elongation factor 3,
PR65/A & TOR

HEPES: Acido N-2-HidroxiEtil
Piperacin-N'-2-EtanoSulfénico

HIF: Hypoxia Inducible Factor

IAP: Inhibitor of Apoptosis Protein
IFN: InterFeron

Ig: Inmunoglobulina

IKK: IkB Kinase

IL: InterLeukin

IP: Toduro de Propidio
JNK: c-Jun N-terminal Kinase
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KDa: Kilodalton
LPS: Lipopolisacarido

MACS: Magnetic-Activated Cell
Sorting

MAPK: Mitogen-Activated Protein
Kinase

MEK: MAPKinase-Erk Kinase
MHC: Major Histocompatibility
Complex

MLCK: Miosin Light Chain Kinase
mLST8: mammalian Lethal with
SEC13 protein 8

MMP: Matrix MetalloProteinase
MST1: Mammalian Sterile20-like 1
mTOR: mammalian Target Of
Rapamycin

mTORC: mammalian Target Of
Rapamycin (mTOR) Complex

NF-xB: Nuclear Factor-xB
NK: Natural Killer

p70S6K: 70 kDa ribosomal protein S6
Kinase

p90rsk: 90-kDa ribosomal S6 kinase
PBMC: Periferal Blood Monocyte Cell
PBS: Phosphate-Buffered Saline
PDK1: Phosphoinositide-Dependent
protein Kinase 1

PE: Phycoerythrin

PFA: Paraformaldehido

PH: Pleckstrin Homology

PI: Phosphatidyllnositol

PIKK: Phosphatidyllnositol Kinase-
related Kinase

PROCTOR: PRotein Observed with
RICTOR

PIP: Phosphatidyllnosito Phosphate

PRAS40: 40 kDa PRo-rich Akt Substrate
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PI3K: Phosphatidyllnositol 3-kinase
PKB: Protein Kinase B

PLL: Poly-L-Lysine

PROCTOR: Protein Observed with
RICTOR

PS: Phospatidyl Serine

PTX: Pertussis Toxin

RAPTOR: Regulatory-Associated
Protein of mTOR

RGS: Regulator of G-protein Signaling
RI: Respuesta immune

RICTOR: Rapamycin-Insensitive
Companion of mTOR

Rheb: Ras homolog enriched in brain

SDF: Stromal Derived Factor

SDS: Sodium Dodecyl Sulfate

SEM: Standard Error of the Mean

SH: Src Homology

siRNA: small interfering Ribonucleic
Acid

SR-FLIVO: Sulforhodamine-[Val-Ala-
Asp-fluoromethylketone (VAD-FMK)]

TBS: Tris-Buffered Saline

TBST: Tris-Buffered Saline Tween
TCR: T Cell Receptor

TM: Transmembrana

TNF: Tumor Necrosis Factor
TRAIL: TNF-Related Apoptosis-
Inducing Ligand

TSC: Tuberose Sclerosis Complex

VIH: Virus de la Inmunodeficiencia
Humana

WHIM: Warts,
Hypogammaglobulinemia, Infections,
and Myelokathexis
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Immunological synapse formation inhibits, via NF-xB
and FOXO1, the apoptosis of dendritic cells

Lorena Riol-Blanco!’, Cristina Delgado—Martinl, Noelia Sanchez-Sanchez!, Luis M Alonso-C?,
Maria Dolores Gutiérrez-Lopez?, Gloria Martinez del Hoyo4, Joaquin Navarro®, Francisco Sanchez-Madrid*S,
Carlos Cabanas®, Paloma Sanchez-Mateos® & José Luis Rodriguez—Fernéndez1

The immunological synapse (IS) is a cell-cell junction formed between CD4* T cells and dendritic cells (DCs). Here we show

in vitro and in vivo that IS formation inhibits apoptosis of DCs. Consistent with these results, IS formation induced antiapoptotic
signaling events, including activation of the kinase Aktl and localization of the prosurvival transcription factor NF-kB and the
proapoptotic transcription factor FOXO1 to the nucleus and cytoplasm, respectively. Inhibition of phosphatidylinositol 3-OH
kinase and Aktl partially prevented the antiapoptotic effects of IS formation. Direct stimulation of the IS component CD40

on DCs leads to the activation of Aktl, suggesting the involvement of this receptor in the antiapoptotic effects observed

upon IS formation.

Immune responses are initiated by the specific interaction of T cells
and DCs in the lymph nodes'~>. During this process a specialized cell-
cell junction called immunological synapse is formed between these
two cell types?8. We will use the terms IS(T cell) and IS(DC) to refer
to the IS region on the T cell and DC side, respectively. The IS(DC)
includes receptors such as the integrin LFA-1 (o f,)>® and the
co-stimulatory molecule CD40 (A000031)°.

Despite the many studies on the IS>!%12 the functions of this
structure are still controversial'>!3. The IS(T cell) influences T cell
antigen receptor (TCR) signaling and T cell activation!®!3, as well as
endocytosis of the TCR!®, polarized secretion of T cell cytokines
toward the antigen-presenting cell (APC)!® and the lineage commit-
ment of naive CD4™ T cells!”. Fewer studies have analyzed the IS(DC)
and its possible contribution to the functions of the 1S3. However, the
existence of specific counter-receptors on the IS(DC) that mirror
surface molecules on the IS(T cell)', and the observed polarization of
F-actin at the IS(DC)!%, suggest that this region may behave as a
signaling platform and may regulate DC functions.

Apoptosis is a process involved in development, elimination of
damaged cells, and the maintenance of cell homeostasis?*~2*>. Many
receptors inhibit apoptosis by inducing activation of phosphatidyl-
inositol 3-OH kinase (PI(3)K) and its downstream effector kinase
Akt1 (A000249)2%22, Active Akt1 controls a variety of molecules, and
its activity prevents apoptosis and extends cell survival?®?2, Among
the important downstream effectors of Aktl are Bcl-2 family mem-
bers?%23, Specifically, Akt1 promotes translocation of the transcription

factor NF-xB to the nucleus, where NF-kB induces transcription of
genes encoding antiapoptotic Bcl-2 family members?. Furthermore,
Aktl phosphorylates and inactivates the Forkhead box class O
(FOXO) family of transcription factors, which includes FOXO1
(A000944), FOXO3a and FOXO4. Upon phosphorylation by Aktl,
FOXO proteins are inactivated because they shuttle from the nucleus
to the cytoplasm, where they are either retained by the 14-3-3 linker or
degraded?>?>%, FOXO members can activate transcription of genes
encoding proapoptotic molecules, including proapoptotic Bcl-2 mem-
ber Bim?>2>2%, a key regulator of apoptosis??®>. Therefore, FOXO
inactivation may also contribute to cell survival.

In the lymph node, antigen-loaded DCs induce activation of T cells
that express cognate TCRs. Unlike T cells, which after activation and
proliferation exit the lymph node, mature DCs undergo apoptosis in
the lymph node?!27:28. However, activation of T cells by DCs, after IS
formation, requires several hours of contact between these
cells*®72%30, Thus, regulation of DC survival during this period is
likely to be important. We hypothesized that the IS(DC) might
operate as a molecular transducer of intracellular signals that inhibit
DC apoptosis.

RESULTS

IS formation inhibits DC apoptosis in vitro

We wanted to test the hypothesis that IS formation confers extended
survival upon DCs. Two observations facilitated the experimental
investigation. First, after in vitro induction of IS formation in
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complete medium (10% FCS in RPMI), transfer of DC-T cell
conjugates to 0.1% BSA in RPMI did not affect, for at least 10 h,
the percentage of conjugates forming IS (data not shown). Second,
under serum-free conditions, DCs had a much higher susceptibility to
apoptosis than did CD4" T cells (Fig. 1). For example, when we
maintained human DCs or CD4* T cells in 0.1% BSA in RPMI for
10 h and then measured the percentage of cells displaying the
apoptosis indicators nucleus condensation or phosphatidylserine
externalization®!, the percentage of apoptotic cells was significantly
higher in DC than T cell populations (Fig. 1a,b). We also observed
this greater tendency of human DCs to become apoptotic under
serum-free conditions when antigen-loaded DCs were compared to
antigen-specific or non-antigen-specific human CD4" T cells (Fig. 1¢).

To test whether IS formation protected DCs from apoptosis in vitro,
we first induced IS formation between DCs and CD4" T cells in
complete medium by sedimenting, through centrifugation, a mixture
of DCs and CD4" T cells'”!°. Next we transferred single DCs and DC~
T cell conjugates forming an IS to 0.1% BSA in RPMI for additional
10 h. At the end of this period, we analyzed by immunofluorescence
the percentage of DCs that showed phosphatidylserine externalization
or nuclear condensation. In a first set of experiments (Fig. 2a), we
allowed allogeneic interactions between unpulsed human DCs and
resting polyclonal memory CD45RO*CD4" T cells (hereafter called
CD4 T cells) or naive CD45RAYCD4" T cells (CD4-naive). In a second
set of experiments (Fig. 2b), we induced autologous interactions
between purified protein derivative (PPD)-pulsed DCs and PPD-
specific polyclonal CD4 T cells, PPD-pulsed DCs and non-antigen-
specific polyclonal CD4 T cells, or tetanus toxoid—pulsed DCs and
PPD-specific polyclonal CD4 T cells. The percentage of cells that
underwent apoptosis was reduced almost 60% in DCs that formed IS,
compared to single DCs (Fig. 2a,b). Taken together, these results
indicate that IS formation protects DCs from apoptosis.

In the immunofluorescence experiments, we also observed consis-
tent protection from apoptosis when DCs forming an IS were
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Figure 1 DCs show a higher tendency to become apoptotic than CD4 T cells.
(a,b) Unpulsed DCs and polyclonal resting CD4 T cells stained with Hoechst
to label the nuclei. Cells were washed in RPMI and then incubated for 10 h
in 0.1% BSA in RPMI, in 0.1% BSA in RPMI plus camptothecin (Campt;

1 uM) or in 10% FCS in RPMI. (a) Apoptotic DCs (arrows), with a
characteristic condensed, fragmented, brighter nucleus than nonapoptotic
DCs. Insets, merged views of Nomarski and Hoechst staining of
representative apoptotic cells. Scale bars: DCs, 40 um; CD4 T cells, 10 pm.
(b) Percentage of DCs (left) or CD4 T cells (right) that present condensed

or fragmented nuclei (Hoechst*) or annexin-FITC binding on the outer
membrane (annexin*). Means + s.d., n = 4 independent experiments,
>150 DCs and CD4 T cells per experiment. (c) Various DCs—unpulsed,
pulsed with PPD (DC-PPD) or pulsed with tetanus toxoid (DC-TT)—and
various CD4 T cells—polyclonal non-antigen-specific (CD4), polyclonal PPD-
specific (CD4-PPD) or naive polyclonal non-antigen-specific (CD4-naive)—
were washed in RPMI and transferred for 10 h to 0.1% BSA in RPMI. Cells
were stained with Hoechst as in a. The percentage of cells with condensed
or fragmented nucleus is shown. Means + s.d; n = 5 independent
experiments, >120 DCs and CD4 T cells per experiment.

compared to unengaged DCs in the same fields of view; that is,
when all DCs were probably exposed to similar concentrations of
soluble factors. However, to completely rule out the possibility that the
observed protection was due to soluble factors secreted by the cells and
not by IS formation, we performed experiments in which human T
cells and DCs were separated by a Transwell membrane that allowed
only the passage of soluble factors (Fig. 2c). A higher percentage of
DCs incubated alone or separated from T cells by a membrane
underwent apoptosis, compared to DCs that formed an IS (Fig. 2c).
The results indicate that soluble factors are not sufficient to induce the
observed inhibition of DC apoptosis. Protection from apoptosis was
also observed when mouse splenic DCs pulsed with ovalbumin (OVA)
peptide formed ISs with mouse OVA peptide—specific OTII CD4 T
cells (Supplementary Figs. 1 and 2 online), indicating that the
protective effect of the IS is conserved between these species. Finally,
IS disruption induced by treatment with a blocking LFA-1-specific
antibody? led to an increase in the percentage of apoptotic DCs
(Supplementary Fig. 3 online). As all types of IS analyzed here
suppressed DC apoptosis, all subsequent experiments were carried
out with human DCs and memory CD4 T cells that established
allogeneic interactions, unless otherwise indicated.

IS formation inhibits apoptosis of DCs in lymph nodes
To identify apoptotic DCs inside the lymph node, we used FLIVO. This
reagent’’, Val-Ala-Asp (O-methyl)-fluoromethylketone (VAD-FMK)
conjugated to a fluorescent dye, binds irreversibly to caspases, including
caspases 1, 3, 4, 5, 6, 7, 8 and 9, that are activated during apoptosiszo.
Thus FLIVO can be used as a probe to detect apoptotic cells*>. In this
regard, FLIVO and Hoechst stain are equivalent in their ability to
distinguish apoptotic from nonapoptotic cells** (Supplementary Fig. 4
online). As the fluorophore-conjugated forms of FLIVO are cell
permeant and chemically stable, this reagent can be injected intrave-
nously in mice to detect apoptotic DCs in the lymph nodes. Non-
apoptotic DCs, which lack active caspases, remain largely unlabeled
because fluorescent FLIVO diffuses out of these cells (Supplementary
Fig. 5 online). In contrast, fluorescent FLIVO binds irreversibly to
caspases upregulated in apoptotic cells, allowing the selectively labeling
of these cells in the lymph node (Supplementary Fig. 5). Fluorescently
labeled DCs can be subsequently examined inside the lymph node by
two-photon microscopy (Fig. 3 and Supplementary Fig. 5).

Using FLIVO, we analyzed whether IS formation was able to protect
DCs from becoming apoptotic in the lymph node (Fig. 3a). C57BL/6
mice were injected subcutaneously in the hind footpad with
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Figure 2 IS formation protects DCs from apoptosis in serum-
free conditions. (a,b) DCs alone or DCs that were allowed to
form an IS with CD4 T cells were maintained in complete
medium for 2 h. Next the cells were transferred to 0.1%
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BSA in RPMI for 10 h. Cells were then plated on poly-L-lysine—coated dishes and stained with annexin-FITC or Hoechst. (a) Apoptosis upon allogeneic IS
formation between unpulsed DCs and memory or naive CD4 T cells. Top, representative staining. Bottom, quantification; n = 3 independent experiments

in each case, >100 DCs per experiment. Means + s.d. *P < 0.05; **P < 0.01. (b) Autologous IS were formed between PPD-pulsed DCs (DC-PPD) or
tetanus toxoid—pulsed DCs (DC-TT) and memory non-antigen-specific (CD4) or memory PPD-specific (CD4-PPD) T cells. Means + s.d.; n = 3 independent
experiments, >80 DCs per experiment. *P < 0.05; **P < 0.01. (c) Samples containing, respectively, DCs, a mixture of DCs and resting allogeneic
polyclonal CD4 T cells (1:4 ratio), or CD4 T cells alone were sedimented by centrifugation and then left for 2 h in complete medium (10% FCS in RPMI).
Samples were then washed, resuspended in 0.1% BSA in RPMI and placed in the upper or lower chamber of Transwell dishes containing 0.1% BSA in
RPMI. After 10 h, DCs in the upper chamber either were stained with annexin and 7-amino-actinomycin D (7AAD) and analyzed by flow cytometry (left) or
were stained with Hoechst and analyzed by immunofluorescence (right). For annexint*7AAD~ percentages, n = 4 independent experiments, flow cytometry of
>10,000 DCs per experiment. (mean + s.d.) *P < 0.05; NS, not significant. For Hoechst* DC percentages, representative of n = 3 independent

experiments, >80 Hoechst-stained DCs per experiment.

5-chloromethylfluorescein diacetate (CMFDA)-labeled OVAj3p3_339
peptide—pulsed splenic DCs. Eighteen hours later, when a substantial
number of DCs were located in the lymph node’ (data not shown),
mice were injected in the tail vein with SNARFI1-labeled OTII CD4
T cells and left for another 17 h. After this period, mice were injected
intravenously with sulforhodamine-conjugated FLIVO and, after 1 h,
put to death. The popliteal lymph nodes were resected and subse-
quently analyzed by two-photon microscopy. Experiments performed
in parallel showed that the percentage of apoptotic CD4 T cells in the
lymph node was negligible under these conditions (Fig. 3c,d). How-
ever, in the same injection experiment and the same lymph node,
compared to single DCs (that is, those not forming contacts with CD4
T cells), a lower percentage of apoptosis was observed in DCs forming
an IS with T cells (Fig. 3b,d). To rule out the possibility that the
extended DC survival observed was the consequence of the selection of
healthier DCs that may preferentially form an IS in the same lymph
node, we compared the total percentage of live DCs (that is, the
percentage of live unengaged DCs plus the percentage of apoptosis live
DCs forming an IS) in lymph nodes of mice that were injected only
with CMFDA-DCs, and that consequently did not form ISs in the
lymph nodes, to mice that were injected with both CMFA-DCs and
OTII CD4 T cells, and thus can form ISs in this location. IS formation
resulted in a lower percentage of total apoptotic DC in vivo (Supple-
mentary Fig. 6 online). In sum, these results showed that IS formation
inhibits the apoptosis of DCs in the lymph node.

IS formation induces activation of Aktl at the IS(DC)
Next we induced IS formation between human DCs and CD4 T cells,
and used a phosphotyrosine-specific mAb (Py20) and phalloidin-FITC

NATURE IMMUNOLOGY VOLUME 10 NUMBER 7 JULY 2009

to analyze by immunofluorescence the presence of phosphorylated
proteins and F-actin at the IS(DC). We observed an intense phospho-
tyrosine staining in the IS(DC) region of DCs that formed an IS,
suggesting that this was an active signaling region (Fig. 4a). In
agreement with previous results!®, we observed strong F-actin staining
at the IS(DC) region (Fig. 4a). Single DCs did not show accumulation
of F-actin or phosphotyrosine in any particular region of the mem-
brane (Fig. 4a). We also observed F-actin and phosphotyrosine
accumulation at the IS(DC) when OVA peptide—pulsed mouse splenic
DCs were allowed to form an IS with OVA peptide-specific OTII CD4
T cells (Supplementary Fig. 7 online).

As Aktl regulates cell survival in many cell types®**, we next
analyzed whether IS formation could induce activation of Akt1 at the
IS(DC) region. Using antibodies that stain phosphorylated, active
Aktl, we observed by immunofluorescence that there was an intense
staining of this active Aktl at the IS(DC) region (Fig. 4b). In contrast,
in single DCs, active Aktl was distributed in a weakly stained rim
around the membrane. Activation of Akt1 requires its translocation to
the plasma membrane via its PH domain?>*>%, To study whether IS
formation induces mobilization of Akt to the IS(DC) region, we
transfected human DCs either with a GFP vector or with a construct
encoding the PH domain of Aktl (Aktl-PH-GFP), which recognizes
phosphatidylinositol (3,4,5)-trisphosphate on the membrane®. The
transfected DCs were mixed with allogeneic human CD4 T cells and
plated onto fibronectin-coated dishes, and formation of IS between
the T cells and the transfected DCs was followed by videomicroscopy.
We then fixed the transfected DCs with paraformaldehyde and
quantified the percentage of DCs that showed vector-GFP or Aktl-
PH-GFP staining at the IS(DC). IS formation resulted in enhanced

20,22
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Figure 3 IS formation protects DCs from apoptosis in lymph nodes.
(a) Experimental design. CMFDA-labeled splenic DCs pulsed with
OVA peptide (green) were injected in the footpads of recipient mice.
After 18 h, SNARF1-labeled OTIlI CD4 T cells (red) were injected
through the tail vein. After another 17 h, the animals were injected
intravenously with sulforhodamine-conjugated (SR)-FLIVO. After 1 h,
popliteal lymph nodes were extracted, fixed and analyzed by two-photon
microscopy. (b) Representative images of a single DC-OVA and a DC-OVA
forming an IS with a SNARF1 CD4 OTII T cell (DC-OVA + CD4 OTII).
In the image of the single DC, a SNARF1 CD4 T cell is also observed
and is clearly distinguished by its intense red staining compared

to the fainter red staining of SR-FLIVO in the DC. DCs, long arrows;
CD4 T cells, short arrows. The DC forming an IS and the single DC
shown had SR-FLIVO maximum amplitude values of 20 and 65,
respectively (see Supplementary Fig. 5). Only cells with maximum
amplitude < 30 were considered alive (see Online Methods).

(c) Analysis performed as in a,b except that DCs were not injected
and that T cells were labeled with CMFDA. Representative of three
different experiments. Maximum amplitude of SR-FLIVO for both CD4
T cells shown was 20. (d) Quantification of analysis performed as

in a,b. DCs or T cells with SR-FLIVO maximum amplitude < 30

were considered alive. Left, we compared unengaged DCs with DCs
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forming an IS in the same lymph node. Means + s.d.; n = 4 independent experiments, >100 DCs forming IS and >200 single DCs per experiment.
*P < 0.01. Right, n = 4 independent experiments, >100 CD4 T cells per experiment.

translocation of Akt1-PH-GFP to the IS(DC) region, where it was
maintained for at least 90 min (Fig. 4c,d and Supplementary Fig. 8
online). In the DCs transfected with vector-GFP, the percentage of
DCs that showed GFP in the IS(DC) region was much lower
(Fig. 4c,d). These results indicate that IS(DC) formation induces
signaling, including activation of Aktl, in this region.

As treatment of DC-T cell conjugates with the PI(3)K inhibitors
LY294002 or wortmannin does not disrupt completely the IS formed
between DCs and T cells*®, we took advantage of this observation to
analyze the contribution of PI(3)K and Akt to the antiapoptotic
function of the IS(DC). We reasoned that if PI(3)K and its down-
stream kinase Aktl were the only contributors to the prosurvival
effects of the IS(DC), then the inhibition of these kinases in DCs

a c

F-actin

Nomarski

would cause the DCs to undergo apoptosis even when forming an IS
with T cells. To analyze this issue directly, single DCs and DCs that had
formed an IS were transferred to serum-free medium. Subsequently,
half of these cells were treated with LY294002 for 6 h and the other half
were kept untreated for a similar period. Control experiments showed
that treatment with LY294002 completely inhibited the phosphoryla-
tion of Aktl in DCs (Fig. 5a). However, despite the treatment with
LY294002, almost 60% of preexisting ISs remained intact. Untreated
conjugates, by comparison, maintained 100% the ISs formed (data not
shown). Consistent with previous experiments (Figs. 1 and 2), in
untreated samples, DCs that formed an IS underwent 47 + 5.3% less
apoptosis than did single DCs (Fig. 5b). However, in the LY294002-
treated samples, IS formation reduced the percentage of DCs
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Figure 4 IS(DC) is a signaling region where Akt1 is activated. (a,b) Allogeneic DCs and CD4 T cells were cultured in complete medium (10% FCS in

RPMI) for 2 h to allow IS formation. Cells were then transferred to 0.1% BSA in RPMI for another 2 h, then fixed, permeabilized and stained with anti-
phosphotyrosine (p-Tyr) and phalloidin-FITC (F-actin; a) or an antibody specific for phosphorylated Aktl (p-Aktl; b). ‘Intensity’ represents staining brightness
from low (blue) to high (red). (c) DCs were transfected with either pEGFP-C1 vector (vector-GFP) or with a vector encoding a PH domain of Akt1 fused to
GFP (PH-Akt-GFP). The DCs were shifted 18 h later to 0.1% BSA and allowed to interact with allogeneic CD4 T cells. The formation of IS between

DCs and CD4 T cells was recorded by fluorescence videomicroscopy for the indicated time periods (min) to detect the presence of GFP. Representative

of three experiments. (d) Percentage of DCs transfected with vector-GFP or PH-Akt-GFP forming an allogeneic IS with CD4 T cells that showed GFP

staining at the IS(DC). Means + s.d.; n = 3 independent experiments, >30 single DCs and DCs forming synapses per experiment. *P < 0.05. (See also

Supplementary Fig. 8).
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Figure 5 Aktl facilitates apoptosis protection induced by IS(DC) formation.
(a) Untreated DCs (control) or DCs pretreated with 100 uM LY294002 for
1 h were left unstimulated (—) or were stimulated (+) with CCL19 (5 min)
to activate Aktl (ref. 31). DCs were lysed and phosphorylated Aktl (p-Aktl)
detected by immunoblot. B-actin, loading control. (b) Single DCs or DCs
allowed to form allogeneic IS with polyclonal CD4 T cells were maintained
2 h in complete medium. Cells were then transferred to serum-free medium
and single DCs or conjugates treated either with 100 uM LY294002 (LY) or
with vehicle (=) for 6 h. In parallel control experiments, single CD4 T cells
in serum free medium were also treated for 6 h either with LY294002 or
vehicle. At the end of this period, cells were fixed, permeabilized and
stained with Hoechst. Graphs show the percentage of single DCs, DCs
forming IS with CD4 T cells (DC + CD4) and single CD4 T cells with
apoptotic nuclei. Means + s.d.; n = 6 independent experiments, >30
single DCs and DCs forming IS per experiment. *P < 0.05.

undergoing apoptosis by only 19.8 + 8% compared to single DCs
(Fig. 5b). These results suggest that the IS confers some degree of
protection to the DCs even when Akt is completely inhibited. Despite
the high concentration of the inhibitor used, the percentage of
apoptotic CD4 T cells remained very low (Fig. 5b), consistent with
results obtained by others®’, indicating that the apoptosis of DCs
forming IS was not due to apoptosis of the T cells. In sum, these
results indicate that Akt is important in the antiapoptotic effects of the
IS, but that other, unidentified molecules must also contribute to
these effects.

IS formation induces NF-kB nuclear localization in DCs

NF-kB promotes transcription of prosurvival genes in DCs?2?431, As
activation of NF-kB correlates with its translocation from the cyto-
plasm to the nucleus®"8, we analyzed whether DCs that formed an IS
displayed more of this transcription factor in the nucleus compared to
single DCs. We transfected human DCs either with vector-GFP or with
a construct encoding GFP-tagged p65, a subunit of the NF-kB family
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that is expressed in DCs>1383°, We then allowed the transfected DCs
to form an IS with CD4 T cells. Although 38% of single DCs showed
p65-GFP in the nucleus, this percentage rose to 79% in transfected
p65-GFP DCs that formed an IS with T cells (Fig. 6). As a positive
control, we stimulated p65-GFP transfected DCs with tumor necrosis
factor (TNF)34% 63% of TNF-stimulated DCs displayed strong
nuclear GFP fluorescence (Fig. 6). In contrast, in most vector-GFP-
transfected DCs, the fluorescent staining remained in the cytoplasm
even in DCs that formed an IS with T cells (Fig. 6). Similar results
were obtained when ISs were formed between p65-GFP-transfected
human DCs and naive (CD45RA*) CD4 T cells. In this case, among
the DCs that formed an IS, 72% displayed nuclear p65-GFP staining.
In contrast, only 37% of single DCs showed nuclear p65-GFP
fluorescence (data not shown).

FOXO1 controls Bim expression and DC apoptosis

To determine whether FOXO1 regulates apoptosis in human DCs, we
knocked down this transcription factor by nucleofecting DCs with a
short interfering RNA (siRNA) specific for FOXO1. Immunofluores-
cence and immunoblotting using anti-FOXO1 showed that, compared
to DCs transfected with control siRNA, DCs transfected with FOXO1-
specific siRNA had less FOXO1 protein (Fig. 7). When we transferred
siRNA-control or siRNA-FOXO1 transfected DCs to serum-free med-
ium and subsequently analyzed the percentage of apoptotic cells, we
observed a significantly lower percentage of apoptosis in the DCs
where FOXO1 was knocked-down (Fig. 7b). These results indicate
that under serum-free conditions FOXO1 plays a proapoptotic role in
DCs. Bim, a proapoptotic gene controlled by FOXO121:222526, pro-
motes apoptosis in DCs?!?3, Consistent with its proapoptotic role, we
observed increased expression of Bim in control DCs cultured in
serum-free medium (Fig. 7d). Densitometry showed that Bim expres-
sion in DCs cultured for 10h in 10% FCS RPMI and 0.1% BSA RPMI
was onefold and threefold, respectively, the basal Bim expression
obtained at time 0 in DCs in 10% FCS RPMI (set as 1). Moreover,
compared to siRNA-control DCs, siRNA-FOXO1 DCs expressed less
Bim (Fig. 7c). Thus, under serum-free conditions, Bim may mediate
the proapoptotic effects of FOXO1 in DCs.

As FOXO1 promotes apoptosis in DCs, we asked whether IS(DC)
formation could inhibit FOXO1 in DCs. Inactivation of FOXO1
involves its translocation from the nucleus to the cytoplasm?22>26,
Therefore, we analyzed whether IS formation induced cyto-
plasmic localization of FOXO1 in DCs. We transfected vector-GFP or
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Figure 6 IS(DC) formation induces translocation of NF-xB to the DC nucleus. (a) GFP fluorescence, Nomarski and merge views showing GFP localization.
DCs were transfected with pEGFP-C1 vector (vector-GFP) or with p65-pEGFP (p65-GFP). DCs were washed 18 h later, resuspended in 10% FCS RPMI and
left as single DCs (DC) or allowed to form IS with CD4 T cells for another 2 h (DC + CD4), then washed in RPMI and transferred to 0.1% BSA in RPMI for
another 2 h. DCs stimulated for 2 h with TNF (DC + TNF) served as a positive control. Cells were then plated on poly-L-lysine—oated coverslips and fixed.
Representative of three experiments. (b) Quantification of the percentage of DCs with nuclear vector-GFP or p65-GFP staining. Means + s.d.; n =5
independent experiments, >50 single DCs or DCs forming IS per experiment. *P < 0.05; **P < 0.01.
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FOXO1-GFP into DCs*! and then allowed the transfected DCs to
form an IS with T cells. Subsequently, we transferred the cells to
serum-free medium and compared the percentage of FOXO1-GFP in
the cytoplasm of single DCs versus DCs forming an IS. Thirty percent
of single DCs presented FOXO1-GFP in the cytoplasm (Fig. 8a,b).
In contrast, more than 70% of DCs forming an IS showed cyto-
plasmic FOXO1-GFP. A similar percentage of cells with cytoplasmic

Figure 7 FOXO1 regulates DC survival. DCs were nucleofected either with
random siRNA (control) or with a siRNA specific for FOXO1. (a) DCs in
complete medium were stained, 24 h after nucleofection, with Hoechst and
anti-FOXO01 and analyzed by immunofluorescence. Left, representative image.
Right, graphs of fluorescence intensity of FOXO1 staining (see Online
Methods); mean + s.d. (n = 50 cells). *P < 0.01. Performed three times
with similar results. (b) DCs were nucleofected with siRNA as in a. Cells
were next washed in RPMI and equal numbers of live cells (determined by
trypan blue exclusion) transferred to 0.1% BSA in RPMI for 10 h. DCs were
then stained with Hoechst. Graphs show the percentage of apoptotic
Hoechst* DCs after 10 h in 0.1% BSA in RPMI minus percentage of
apoptotic Hoechst* DCs at time O h. Means + s.d.; n = 3 independent
experiments, >120 DCs per experiment. *P < 0.05. (c) Aliquots of samples
used in a were lysed and FOXO1 and Bim detected by immunoblotting.
a-TUB (a-tubulin), loading control. (d) DCs were washed in RPMI and then
incubated for 10 h in 10% FCS or 0.1% BSA in RPMI. DCs were then lysed
and Bim was detected by immunoblot. a-TUB (a-tubulin), loading control.

FOXO1-GFP was found among DCs stimulated with FCS, which were
used as positive controls (Fig. 8a,b). In the vector-GFP-transfected
DCs, most of the staining remained in the cytoplasm under all
conditions examined (Fig. 8a,b). The results obtained with the
FOXO1-GFP-transfected cells were confirmed by staining for endo-
genous FOXO1 in untransfected DCs (Fig. 8c). These immunofluor-
escence experiments showed that the percentage of DCs with
cytoplasmic FOXO1 increased from a 5% in single DCs to almost
15% in DCs that formed an IS (Fig. 8c and data not shown). Finally,
we confirmed these results using biochemical experiments. DCs were
transfected with vector-GFP or with FOXO1-GFP and then were
maintained as single cells or allowed to form an IS with T cells. Single
DCs or DCs forming an IS were subsequently transferred to serum-
free medium for 2 h. After this treatment, we subjected vector-GFP
and FOXO1-GFP transfected DCs, including single DCs or DCs
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Figure 8 IS(DC) formation induces nuclear translocation of d Vector-GFP FOXO1-GFP =
FOXO01. (a,b) DCs were transfected with FOXO1-GFP or Nuclei Cytoplasm Nuclei Cytoplasm % 30
vector-GFP. DCs were washed 18 h after transfection, GFP : i
resuspended in 10% FCS RPMI and then, for another 2 h, — ‘ | - - é 20 1
half of the DCs maintained as single DCs and the other half practin ee— P —— N - 10-
were allowed to interact with allogeneic CD4 T cells (DC + o N o N o N o N
CD4). Cells were then washed in RPMI and transferred to oY oY R NN 0-
0.1% BSA in RPMI for another 2 h, then plated on poly-L- & & & & by - +

lysine (PLL)-coated coverslips and fixed. Single DCs cultured

for 2 h with 10% FCS (DC + FCS) were a positive control. (a) GFP fluorescence, Nomarski and merge images. Representative of three experiments.

(b) Percentage of vector-GFP and FOXO1-GFP DCs with cytoplasmic GFP staining. Means + s.d.; n = 3 independent experiments, >50 single DCs and DCs
forming IS per experiment. **P < 0.01. (c) Single DCs or DCs allowed to form IS with CD4 T cells in complete medium were transferred to 0.1% BSA

in RPMI for 2 h. Cells were then plated onto PLL-coated coverslips and stained with Hoechst and anti-FOXO1. Representative of three experiments.

(d) Immunoblot. DCs were transfected and treated as in a, but instead of plating onto PLL-coated coverslips, cells were lysed and separated into nuclear and
cytoplasmic fractions*2. An antibody to GFP was used to detect FOXO1-GFP or vector-GFP in the nuclear and cytoplasmic fractions. B-actin, loading control.
(e) An equal number of single DCs (DC) or DCs allowed to form IS as in ¢ were transferred to 0.1% BSA in RPMI for 6 h in the presence or in the absence
of LY294002 (LY; 100 uM). DCs were then plated on PLL-coated coverslips and stained with Hoechst and anti-FOXO1. Graph shows the percentage of DCs
with nuclear staining of FOXO1. Representative of two experiments, >50 single DCs and DCs forming synapses per experiment.
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Figure 9 Stimulation of CD40 induces activation of Aktl. DCs were
suspended in 0.1% BSA in RPMI and then treated with anti-CD40 or with a
matched isotype control (control Ab). DCs were then treated with secondary
anti-mouse (second Ab) for 5 or 10 min to induce clustering of CD40. The
DCs were lysed and phosphorylated Aktl was detected by immunoblot.
B-actin, loading control. Representative of five independent experiments.

forming an IS, to a fractionation that yielded cytoplasmic and nuclear
fractions of the cells*2. These fractions were then analyzed by immu-
noblot with an antibody specific for GFP. In DCs that formed an IS,
FOXO1 was localized largely in the cytoplasmic fraction, whereas in
the single DCs, FOXO1 was present predominantly in the nuclear
fraction (Fig. 8d).

Finally, we studied whether inhibition of Aktl prevents FOXO1 translo-
cation to the cytoplasm in DCs forming an IS. Single DCs or DCs that were
previously induced to form IS were transferred to serum-free medium. Half
of these cells were treated with the PI(3)K inhibitor LY294002 and the other
half were kept untreated for a similar period. Immunofluorescence analysis
revealed that when PI(3)K and downstream target Akt were inhibited,
FOXOLI remained largely in the nucleus of the DCs, even when these cells
formed an IS (Fig. 8e). These results suggest that Aktl regulates the
translocation of FOXO1 to the cytoplasm of DCs after IS formation
(Supplementary Fig. 9 online).

CDA40 contributes to 1S(DC) antiapoptotic signaling

The IS(DC) includes receptors such as the integrin LFA-1 (o 3,)!2 and
the co-stimulatory molecule CD40°. Therefore, we studied the ability
of LFA-1 and CD40 to induce Aktl activation. We induced clustering
of either CD40 or LFA-1 with specific antibodies and then analyzed
the activation of Aktl. In contrast to LFA-1, which failed to induce
activation of Aktl (data not shown), cross-linking of CD40 induced
Aktl phosphorylation (Fig. 9). As stimulation of CD40 induces
extended survival in DCs*, these results suggest that CD40 may
be an important contributor to the antiapoptotic signaling induced
from the IS(DC) (Supplementary Fig. 9).

DISCUSSION

Several groups have shown that DCs become apoptotic and die in the
lymph nodes?”?8. As the activation of a T cell in the lymph node
involves the formation of an IS, a structure that reflects the long-
lasting interaction that takes place between a DC and a T cell#®72%30,
we hypothesized that the IS(DC) could act as a molecular device that
relays antiapoptotic signals to the DC. Here we have provided
experimental evidence supporting this hypothesis, and we suggest a
mechanism whereby IS formation may inhibit DC apoptosis.

The observation that DCs exhibit a higher susceptibility to apop-
tosis than CD4 T cells when placed under serum-free conditions
facilitated the experimental testing of this hypothesis in vitro. Under
serum-free conditions, the percentage of DCs undergoing apoptosis
in vitro was reduced by almost 60% in the DCs that formed IS
compared to single DCs. Apoptosis was probably mitochondrial
(caspase 9 dependent?’) and not caused by death receptors (caspase
8 dependent?) because it was inhibited by a caspase 9 inhibitor but
was not affected by a caspase 8 inhibitor (data not shown). Consistent
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with previous results, we also observed IS formation by DCs in the
absence of antigen*®*’. IS formation conferred protection against
apoptosis in both antigen-specific and non-antigen-specific DC-T
cell conjugates. In addition, IS formation with naive or memory T cells
suppressed DC apoptosis.

Consistent with a role for the IS(DC) as a signaling platform that
regulates survival in the DC, we observed phosphotyrosine staining and
Akt activation in this region. However, Aktl does not seem to be the
only molecule mediating the prosurvival effects of the IS(DC), because
these effects were not completely abrogated when PI(3)K and Akt were
inhibited. As Akt1 has also been shown to be activated at the IS(T cell)®,
it is possible that this kinase could regulate prosurvival signaling from
the IS(T cell). Further supporting an antiapoptotic role for the IS(DC),
two effectors of Aktl, namely NF-kB and FOXO1, which transduce
prosurvival and proapoptotic signals, respectively?>?4~20, were affected
in opposite fashion upon IS(DC) formation. IS(DC) formation induced
translocation of NF-kB to the nucleus, where this factor may potentially
regulate transcription of prosurvival genes, including Bcl-2 (refs. 21,24).
IS(DC) formation also induced translocation of FOXOI1 from the
nucleus to the cytoplasm of the DCs, a process that inactivates this
transcription factor and blocks its ability to upregulate expression of the
proapoptotic Bcl-2 member Bim in DCs?224-2°, Therefore, our results
clearly indicate that IS(DC) formation results in the activation of
intracellular signals that suppress DC apoptosis.

Among the surface receptors of the IS(DC), CD40 but not LFA-1
cross-linking potently activated Aktl. As CD40 is known to induce
survival in DCs*#, this result suggests that this receptor may
contribute to the antiapoptotic effects induced by the IS(DC). How-
ever, additional surface receptors and signaling molecules should be
analyzed to completely understand the mechanism(s) through which
IS(DC) induce survival. Finally, our observation that IS formation
protects DCs from apoptosis in the lymph node indicates that this
mechanism also operates in vivo. In sum, our results indicate a new
function for the IS that affects DCs and that can be important for
proper activation of T cells and for subsequent immune responses.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Accession codes. UCSD-Nature Signaling Gateway (http://www.
signaling-gateway.org): A000031, A000249 and A000944.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Reagents. GM-CSF was purchased from Immunotools. IL-4 was obtained from
R&D Systems. Fluorescent dyes for cell labeling: CMFDA (5-chloromethyl-
fluorescein diacetate) and SNARF1 (seminaphtorhodafluorl) were obtained
from Molecular Probes. Fluorophore-conjugated forms of FLIVO—carboxy-
fluorescein (FAM)-FLIVO (A,ps 492 nm; Ay 520 nm) or sulforhodamine B
(SR)-FLIVO (Aaps 565 nm; Aey > 600 nm)—were obtained from Immuno-
chemistry Technologies. Purified protein derivative (PPD) was obtained from
Statens Seruminstitut. [*H]Thymidine was from Amersham. Tetanus toxoid
was obtained from the National Institute for Biological Standards & Control
(Hertfordshire, UK). CCL19, CCL21 and TNF were from PeproTech. Anti-f-
actin (clone AC-15), anti-a-tubulin (clone DMI1A), sheep anti-mouse IgG
(whole molecule) F(ab’), fragment, LPS, BSA, poly-L-lysine (PLL), LY294002,
FITC-phalloidin, Hoechst 33342, z-IETD-EMK (caspase-8 inhibitor), z-LEHD-
FMK (caspase-9 inhibitor) and camptothecin were from Sigma. z-VAD-FMK
was from Biomol. Annexin V-FITC, 7-amino-actinomycin D (7AAD), anti-
Aktl (2H10), anti-LFA-1 (M17/4) and the mAbs used in flow cytometry (anti-
CDla(clone HI149), anti-CD14 (clone M¢P9), anti-HLA-DR (clone 1243
G46-6), anti-CD45 (clone HI100), anti-CCR7 (clone 3D12), anti-CD83 (clone
HBI15e) and rat anti-mouse Va2 (clone B20.1)) were from BD Bioscience.
Polyclonal anti-FOXO1 (9462) and anti-phospho-Aktl (PSer473; 9271) were
from Cell Signaling. Anti-GFP (R970-01) was from Invitrogen. Anti-Bim
(OPA1-01021) was from Affinity BioReagents. Anti-mouse CD16/32
(14-0161) was from eBioscience. Anti-human CD40 (clone B-B20) was from
Diaclone. Anti-LFA-1 a-subunit*® was provided by N. Hogg (Cancer Research,
UK). The OVA3;3_339 peptide (ISQAVHAAHAEINEAGR) was from Genscript.

Mice. C57BL/6 mice and OT II mice?’, having transgenic Vo2VB5 TCRs
specific for the OVAsy3_339 peptide in the context of IAP, were maintained in the
animal facility at the Centro de Investigaciones Biologicas (CIB). Mice were
treated according to Animal Care Committee guidelines of the CIB.

Preparation of human DCs and PPD and tetanus toxoid-loaded DCs. CIB
Ethical Committee approved experimentation involving human cells. The
Centro de Transfusiones (Madrid) provided buffy coats after obtaining informed
consent from all subjects. Peripheral blood mononuclear cells (PBMCs) from
volunteer healthy donors, were isolated from buffy coats over a Lymphoprep
(Nycomed). Monocytes isolated from the PBMCs by positive selection with anti-
CD14 magnetic beads (Miltenyi) were used to derive DCs as described
before®*, Briefly, monocytes were resuspended at 0.5-1 x 10° cells/ml and
cultured in complete medium (10% FCS or 10% AB serum in RPMI, when
allogeneic or antigen-specific interactions, respectively, were examined) contain-
ing GM-CSF (1,000 U/ml) and IL-4 (1,000 U/ml). Cells were cultured for 6-7 d,
with cytokine addition every second day, then GM-CSEF, IL-4 and 50 ng/ml TNF
were added for a further 72-h period. In some experiments the DCs were
matured with LPS, with similar results. Flow cytometry showed that the
treatment yielded a homogeneous population of mature DCs (CDla*C-
D14"°Y~HLA-DRMShCCR7+CD83* cells). In the experiments performed with
antigen-loaded DCs, either 2 pg/ml of purified protein derivative (PPD) or 0.2
limes flocculation units of tetanus toxoid per ml were added along with TNF for
72 h. Analysis of DC markers showed that loading of PPD or tetanus toxoid did
not modify the maturation induced by TNE

Preparation of human polyclonal non-antigen-specific memory and naive
CD4 T cells and PPD-specific CD4 T cells. Naive human CD45RA*C-
D45RO™CD4 T cells were obtained from umbilical cord blood. Flow cytometry
showed that 70-80% of the T cells were CD45RA*. Resting memory CD4
T cells were isolated from human PBMCs. CD4 T cells were selected using a
CD4 negative-selection kit that includes a hapten—antibody ‘cocktail’ of anti-
CD8, anti-CD11b, anti-CD16, anti-CD19, anti-CD36, anti-CD56 (Miltenyi
Biotech) and anti-hapten magnetic beads (Miltenyi). To prepare CD4* PPD-
specific clones, we previously selected donors whose T cells responded to PPD
or tetanus toxoid antigens. For this purpose, PBMCs of selected donors were
cultured with PPD (final concentration, 50 U/ml) for 6 d. After stimulation,
cellular proliferation was evaluated by incorporation of [*H]thymidine into
DNA. PBMCs were seeded at 2 x 10° cells per well in triplicate U-bottom,
96-wells plates with RPMI-1640 containing 10% human AB serum. The results
were expressed as lymphocyte stimulation index (LSI), which is the geometric
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mean counts per minute (c.p.m.) of the cells incubated with antigen divided by
the geometric mean c.p.m. of the cells with medium alone. As a positive control
of proliferation we used pokeweed mitogen (Sigma) at 4 ug/ml. Donors with
LSI > 5 for PPD were selected for further experiments. To obtain CD4 PPD-
specific T cell clones from samples from the selected donors, PBMCs were
stimulated overnight with PPD, and antigen-specific IFN-y-producing CD4*
T cells were isolated using a cell enrichment and detection kit (Miltenyi).
Antigen-specific T cell clones were cultivated in 10% AB serum in RPMI with
IL-2 (50 U/ml) addition every second day.

In vitro induction of IS formation between DC and CD4 T cells IS formation
between human or mouse DCs and T cells was induced as reported before!”1.
Briefly, DCs and CD4 T cells (ratio 1 DC:5 CD4 T cells) were incubated in
complete medium (10% FCS in RPMI for human cells that established
allogeneic interactions and for mouse cells; 10% human AB serum in RPMI
for human cells that established antigen-specific interactions). Subsequently,
the cells were centrifuged (50g, 5 min) in a conical tube and then incubated in
the corresponding complete medium for another 2 h to foster IS formation.

In vitro induction of apoptosis. Single DCs or DCs forming IS were
transferred to 0.1% BSA in RPMI plus 20 mM HEPES for 10 h. At the end
of this period, apoptotic parameters in the cells were examined either by
staining of the nuclei with Hoechst 33342 or by analyzing phosphatidylserine
externalization using annexin V staining. To stain the nuclei with Hoechst
33342, the DCs were fixed in 4% formaldehyde in PBS and then permeabilized
in cold methanol for 20 min. The morphology of the nuclei was subsequently
examined by immunofluorescence under an ultraviolet lamp®!. To analyze
phosphatidylserine externalization by immunofluorescence, cells were plated
onto PLL-coated dishes and then stained directly (15 min, room temperature)
with FITC-conjugated annexin V in 10 mM HEPES, pH 7.4, 140 mM NaCl,
2.5 mM CaCl, (ref. 31). To examine phosphatidylserine externalization by flow
cytometry, unfixed DCs were stained with FITC-conjugated annexin V and
7AAD following the manufacturer’s instructions, and the percentage of
apoptotic cells (annexin™7AAD ™) was determined>!. The percentage of inhibi-
tion of apoptosis in control and LY294002-treated conjugates (Fig. 5b, left) was
calculated as follows: % apoptosis of single DCs—% apoptosis of DCs forming
IS / % apoptosis of single DCs.

Purification and labeling of mouse DCs and CD4 T cells. Mouse DCs were
immunomagnetically purified (97% CD11c*) from spleens of donor mice
(Miltenyi). CD4" T cells from lymph nodes and spleens of OT-II transgenic
mice were purified by negative immunomagnetic cell sorting (Miltenyi). Purity
was typically more than 90%. Mouse DCs or CD4 OTII T cells used in the
in vivo studies were labeled for 30 min at 37 °C with 5 uM CMFDA, CFSE or
SNAREF-1 in 01% BSA in PBS. Control experiments showed that OVA peptide—
pulsed DCs induced activation and proliferation of OTII CD4 T cells in vitro
(Supplementary Fig. 2).

Injection of DCs, CD4 T cells and FLIVO in C57BL/6 mice. CMFDA-labeled
splenic DCs (2 x 10°) were pulsed with OVA3,3_339 peptide (1 pg/ml) in RPMI
for 1 h. Subsequently, the DCs were suspended in 50 pl RPMI and injected
subcutaneously along with LPS (1 pg/ml) into the hind footpad of recipient
C57BL/6 mice (1 x 10° DCs per footpad). After 18 h, 5 x 10® SNARF1-labeled
OT-II CD4* T cells were injected into the tail vein of the mice. After another
17 h, the mice were injected intravenously with 8 pg of FLIVO dissolved in 20%
DMSO and 80% PBS. Red SR-FLIVO or green FAM-FLIVO were injected when
CMFDA or SNARF1 labeled DCs, respectively, were used. After another 60 min
to allow the reagent to stain apoptotic DCs, mice were put to death. The
popliteal lymph nodes were extracted from the mice, trimmed free of fat and
then analyzed by two-photon microscopy.

Two-photon microscopy of lymph nodes. Isolated popliteal lymph nodes were
fixed with paraformaldehyde (30 min), washed in PBS and then immersed in
fluorescence mounting medium (Prolong Gold, Molecular Probes) between
two glass coverslips to allow visualization from both sides of the lymph node.
Imaging was carried out with a x20 magnification, oil-immersion objective
(numerical aperture 1.20) in a Leica confocal inverted microscope (TCS-SP2
AOBS spectral system) equipped with a wideband, mode-locked Ti:sapphire
two-photon excitation laser (Mai Tai, Spectra-Physics). Optimal two-photon
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excitation of the three fluorochromes was achieved at 856 nm wavelength and
spectral detection was at 510-540 nm (for CMFDA and FAM-FLIVO) and
560-600 nm (SNARF1 and SR-FLIVO). Detector slits were configured to
minimize cross-talk between channels. Lymph nodes were thoroughly scanned
from both sides up to a depth of 200-300 pum with a z spacing of 2 pm.

Analysis of apoptotic DCs in lymph nodes. A fluorescent-dye labeled form of
FLIVO was injected intravenously in mice to label apoptotic DCs in the lymph
nodes. Two-photon microscopy optical section stacks obtained from the
analysis of the lymph node, showing DCs alone or forming IS, were examined
for the presence of FLIVO staining using Leica Confocal Software (LCS)
(Supplementary Fig. 5). To quantify the amount of FLIVO incorporated by
the cells labeled with the fluorescent cell tracker probes (CMFDA or SNARF1),
we used the LCS profile quantification tool. In each cell to be analyzed, we
traced several linear regions of interest (ROI), and finally selected the ROI
providing the maximum intensity of FLIVO staining for each cell. Subse-
quently, we obtained graphs with the intensity profiles of the SNARF1/FAM-
FLIVO or the CMFDA/SR-FLIVO pair. Although in the description below we
focus on the latter pair, which we used predominantly in this study, similar
results were obtained when we used SNARF1/FAM-FLIVO in the experiments
(data not shown). Analysis of the SR-FLIVO and CMFDA intensity profiles of
multiple cells showed that there was no leakage between the two channels.
Therefore, we decided to use the value of maximum amplitude of the SR-
FLIVO, provided automatically by the LCS, as an index of the incorporation of
SR-FLIVO and, consequently, of the apoptotic status of the cell analyzed
(Supplementary Figs. 4 and 5). From this value we subtracted the value of
SR-FLIVO channel background in the field where the cell was positioned, a
background that was negligible in most cases. For the practical analysis shown
in Figure 3, we considered a live DC or T cell to be any that showed a value of
maximum amplitude of the SR-FLIVO channel equal or lower than 30
(Supplementary Fig. 5). This restrictive value was chosen based on the results
shown in Supplementary Figures 4 and 5, which indicate that DCs or T cells
that are negative for SR-FLIVO staining are also identified as live cells according
to Hoechst staining. DCs or T cells that had maximum amplitude SR-FLIVO
values above 30 were considered apoptotic. The percentages of protection
obtained when we measured absolute values of maximum intensities of SR-
FLIVO were similar to those obtained when we measured the ratio maximum
amplitude SR-FLIVO over the maximum amplitude CMFDA (data not shown).

Immunofluorescence and confocal microscopy. Immunofluorescence was
performed as described®"#%%0, Briefly, cells were plated at 37 °C for 30 min
onto coverslips coated with PLL (20 pg/ml). Then the cells were fixed in 4%
paraformaldehyde in PBS (10 min at room temperature) and permeabilized
with 0.2% Triton X-100 (10 min at room temperature). When the cells were
processed for immunofluorescence, they were first treated, to block antibody Fc
receptor binding, either with 50 pg/ml of human IgG (15 min) in the case of
human cells or with anti-mouse CD16/32 in the case of mouse cells, and then,
to block nonspecific binding, with 1% BSA (15 min). Subsequently, the cells
were stained with FITC or Texas red—conjugated phalloidin or with suitable
primary or secondary antibodies. Before mounting, the samples were exten-
sively washed with PBS and distilled water. Coverslips were mounted in
fluorescence mounting medium (Dako). Laser-scanning confocal microscopy
was performed with argon and helium/neon laser beams and an Ultra-spectral
Leica TCS-SP2-AOBS inverted epifluorescence microscope using oil immer-
sion objectives. GFP-labeled cells were analyzed with the FITC fluorescent
channel. In Figure 7, to quantify Texas Red fluorescence intensity in the DCs
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nucleofected with siRNA control or siRNA for FOXOI, regions of interest
(ROI) were selected using a contour selection tool and then, within this ROI,
fluorescence was quantified using the confocal microscope software. Set
parameters were conserved during all acquisitions both for siRNA control
and siRNA FOXOL1. Red fluorescence intensity was quantified in 50 ROIs.

Flow cytometry. Flow cytometry was performed as described”. Briefly, human
and mouse cells were treated with human IgG (50 pg/ml) or anti-CD16/32
(0.5 pg per million cells), respectively, to block antibody binding to Fc
receptors. Subsequently, cells were incubated at 4 °C with appropriate primary
mADbs (anti-CD1a, anti-CD14, anti-HLA-DR, anti-CCR7, anti-CD83 or anti-
CD69). The cells were then analyzed on a FACScan cytometer using CellQuest
software. Background fluorescence was evaluated with an irrelevant, isotype-
matched mAb.

Isolation of nuclear and cytoplasmic extracts. Extracts were prepared accord-
ing to published methods*2.

Cross-linking of LFA-1 and CD40. Cross-linking was performed as indicated
before*3. Briefly, to induce cross-linking of LFA-1 or CD40, DCs in suspension
were incubated in RPMI at 4 °C with anti-LFA-1 o-subunit or anti-CD40
(10 pg/ml), followed by the indicated periods at 37 °C in the presence of sheep
anti-mouse F(ab’), fragment antibody (25 pg/ml).

Immunoblot. To analyze total and phosphorylated proteins, DCs (3 x 10°
cells) were solubilized in lysis buffer (20 mM Tris HCI, pH 7.5, 120 mM Na(Cl,
1% NP-40, 10% glycerol, 1 mM sodium pyrophosphate, 20 mM NaE 1 mM
sodium orthovanadate, and a protease inhibitor cocktail (Sigma)). Subse-
quently, cells were extracted by boiling in SDS-PAGE sample buffer (100 mM
Tris HCI, pH 6.8, 0.05 mM sodium orthovanadate, 0.5 mM EDTA, 3% SDS,
1 mM EDTA, 2% 2-mercaptoethanol, 5% glycerol). After extraction, all
samples were separated by SDS-PAGE and immunoblotted. For the immuno-
blot analysis, samples fractionated by SDS-PAGE were electrotransferred to
membranes. After blocking with 5% nonfat milk protein in TBS, membranes
were incubated with antibodies dissolved in TBS plus 0.05% Tween 20 solution
and 5% BSA. Subsequently, the membranes were incubated with suitable
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology), and
immunoreactive bands were visualized using ECL reagents (Pierce).

Expression vectors, siRNAs and nucleofections. The pEGFP-C1 expression
vector was from Clontech. PH-Akt1-GFP*, GFP-p65-NF-kB*® and GFP-
FOXOL1 (ref. 41) have been described previously. Random control and human
FOXO1 siRNAs were obtained from Santa Cruz Biotechnology (sc-35382). The
plasmid DNAs and the siRNAs were transfected using the Amaxa nucleopora-
tor system following the manufacturer’s instructions.

Statistics. Significance of differences between two series of results was assessed
using the Student’s unpaired f-test. Values of P < 0.05 were considered
significant.
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CCR7-Dependent Stimulation of Survival in Dendritic Cells
Involves Inhibition of GSK3p'

Cristina Escribano, Cristina Delgado-Martin, and José Luis Rodriguez-Fernindez>

Chemokine receptor CCR7 regulates chemotaxis and survival in mature dendritic cells (DCs). We studied the role of glycogen
synthase kinase-33 (GSK3p) in the regulation of CCR7-dependent survival. We show that GSK33 behaves as a proapoptotic
regulator in cultured monocyte-derived human DCs and murine splenic DCs in vitro, and in lymph node DCs in vivo. In keeping
with its prosurvival role, stimulation of CCR7 induced phosphorylation/inhibition of GSK33, which was mediated by the pro-
survival regulator Aktl, but it was independent of ERK1/2, a key regulator of chemotaxis. Stimulation of CCR7 also induced
translocation of two transcription-factor targets of Akt, prosurvival NF-«kB and proapoptotic FOXO1, to the nucleus and cytosol,
respectively, resulting in DCs with a phenotype more resistant to apoptotic stimuli. We analyzed if GSK3 was able to modulate
the mobilizations of these transcription factors. Using pharmacological inhibitors, small interfering RNA, and a construct encod-
ing constitutively active GSK3, we show that active GSK3p fosters and hampers the translocations to the nucleus of FOXO and
NF-kB, respectively. Inhibition of GSK3f resulted in the degradation of the NF-kB inhibitor IkB, indicating a mechanism
whereby GSK3 can control the translocation of NF-kB to the nucleus. GSK3 and FOXO interacted in vivo, suggesting that this
transcription factor could be a substrate of GSK3. The results provide a novel mechanism whereby active GSK3 contributes to
regulate apoptosis in DCs. They also suggest that upon stimulation of CCR7, Akt-mediated phosphorylation/inhibition of GSK3f

may be required to allow complete translocations of FOXO and NF-kB that confer DCs an extended survival. The Journal of

Immunology, 2009, 183: 6282-6295.

endritic cells (DCs)? play a key role in the initiation of
D the immune response (1). Following encounter with for-
eign Ags, peripheral DCs undergo a differentiation pro-
cess called maturation, which involves acquisition of high Ag-
presenting ability and an increase in their migration to the lymph
nodes (LNs) (1, 2). In the LNs the mature DCs activate clonal T
cells that enter and scan the LNs searching for cognate Ags dis-
played onto the DCs. Finally, most DCs in the LN become apo-
ptotic and die, terminating their life cycle in these areas (3-5).
The percentage of T cells that display a TCR specific for a
cognate Ag displayed by a DC is very low (6), implying that the
number and lifespan of the Ag-bearing DCs that eventually locate
in the LNs “waiting” for the rare cognate T cells will predictably
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have a direct effect on the immune response. In this regard, and
consistent with this notion, it has been shown that mice with short-
lived DCs, that is, that die before or soon after reaching the LN,
display impaired immune responses (7) and that moderate en-
hancement of the survival of the DCs leads to improvement in this
response (8—10). However, it has also been observed that exag-
gerated extension of the lifespan of DCs leads to autoimmunity
(11). Taken together, these results indicate that the lifespan of the
DCs should be well controlled to allow an adequate and efficient
immune response. Despite the recognized importance of the con-
trol of the survival of the DCs for the immune response, there is
sparse information on the mechanisms that regulate DC survival
and lifespan.

The chemokine receptor CCR7, which is up-regulated during
maturation in DCs, efficiently directs these cells to the LNs (12). In
this regard, the ligands of CCR7, namely CCL19 and CCL21,
which are expressed in the lymphatic vessels that lead to the LNs
(CCL21) and in the LN proper (CCL19 and CCL21), act as che-
motactic cues that guide the DCs to the latter region (12—14). Apart
from directing the migration to these regions, it is emerging that
CCRY?7 is able to regulate a variety of functions in DCs, including
survival (15-19). The specific signaling components that control
CCR7-dependent survival in DCs are starting to be character-
ized (17, 20). Previously, we showed that CCR7-regulated sur-
vival is controlled by an independent signaling module (17, 20).
In this regard, to control survival, CCR7 uses G-protein com-
ponents G; and GBvy dimers, the kinase Akt, and the transcrip-
tion factor NF-«kB (17, 19, 20). Among these components we
showed that Aktl is a key regulator of the survival, but not
other CCR7-mediated functions, like chemoattraction or migra-
tory speed (17, 19-21). However, the downstream targets of
Aktl that explain the prosurvival effects of CCR7 in DCs are
not completely defined. Aktl targets that may potentially con-
trol survival include transcription regulators NF-«kB and FOXO
and the kinase GSK3p.
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NF-kB plays prosurvival functions in DCs largely due to its
ability to stimulate the transcription from antiapoptotic genes, in-
cluding antiapoptotic Bcl2 family members (22, 23). In this regard,
we have shown before that the stimulation of CCR7 rapidly leads
to degradation of the NF-«B inhibitor IkB, and to the translocation
of NF-«kB, which is cytosolic in serum-deprived DCs, to the nu-
cleus, where it can regulate the transcription of prosurvival genes
(17). Unlike NF-kB, the Forkhead box class O (FOXO) family of
transcription factors, which includes FOXO1, FOXO3a, and
FOXO04 members, plays proapoptotic roles in DCs and other cell
types (24). Under chronic stress conditions, FOXO members trans-
locate to the nucleus of DCs, where they regulate the transcription
of proapoptotic molecules, including Bim, which results in the
induction of apoptosis in these cells (9, 11, 24-27). Upon phos-
phorylation by Aktl, FOXO family members shuttle from the nu-
cleus to the cytoplasm, where they are retained by the 14-3-3 linker
or degraded, preventing these transcription factors from up-regu-
lating the expression of proapoptotic genes and resulting in DCs
with a phenotype that it is more resistant to apoptotic stimuli
(25-27).

A third downstream target of Aktl is the serine-threonine kinase
glycogen synthase kinase-3 (GSK3) (28), which is found in mam-
mals in two highly homologous isoforms (GSK3a and GSK3p)
(29-31). Although GSK3 is active under resting conditions, it can
be rapidly inactivated by Akt and other kinases that inhibit its
activity by phosphorylating Ser*', in GSK3a, and Ser®, in GSK3p3
(29-31). GSK3 was initially described only as a regulator of gly-
cogen metabolism; however, it is now known to be involved in the
control of multiple cellular processes, including the maintenance
of cell cytoarchitecture and survival (29-31). Regarding the latter
function, it has been shown that GSK3 plays proapoptotic or an-
tiapoptotic roles depending on the cell type and context (32). In
this regard, neuronal cells subjected to a variety of insults, includ-
ing HIV-Tat, platelet-activating factor, staurosporine, genotoxic
stresses, or trophic factor withdrawal, require GSK3 for apoptosis
progression (32-35). In contrast, GSK3 is required for the survival
of pancreatic and melanoma cancer cells and it also protects dif-
ferent cell types, including mouse embryo fibroblasts, Jurkat T
cells, and differentiated hippocampal neurons, from the proapop-
totic effects induced by the stimulation of TNF-family receptors in
these cells (36-39).

The role that GSK33 may play in relationship to the control of
survival in mature DCs and the mechanisms involved in the reg-
ulation of this process have not been studied in detail. This is an
important question considering that, as indicated above, the lifes-
pan of the DCs affects importantly the immune response. We have
studied this issue in the context of the CCR7-dependent signaling
and function. Specifically, we have analyzed if GSK3p is a com-
ponent of the signaling module that regulates CCR7-dependent
survival in DCs. Herein, we show in in vitro cultures of DCs and
in vivo in LN DCs that GSK3[ behaves as a proapoptotic regulator
in these cells. We also show that stimulation of CCR7 results in the
phosphorylation/inhibition of GSK3f in DCs. Our results also in-
dicate that CCR7-dependent inhibition of GSK3 may be necessary
to permit, at full extent, the translocation of transcription factors
NF-kB and FOXO, which are required to achieve more viable
DCs. Considering the close relationship between DC lifespan and
immunity, the results suggest that GSK38 may be an interesting
target to modulate the survival of DCs and the immune response.

Materials and Methods

Reagents and materials

CCL19, CCL21, and TNF-a were from PeproTech. GM-CSF and IL-4
were purchased from Immunotools. Fluorescent dye for cell labeling, that
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is, 5-chloromethylfluorescein diacetate (CMFDA), was obtained from Mo-
lecular Probes. DePsipher was from R&D Systems. FLIVO is Val-Ala-
Asp(OMe)-fluoromethyl ketone (VAD-FMK). Sulforhodamine B (SR)-
FLIVO (SR, A, 565 nm, A_,, >600 nm), a form of FLIVO conjugated to
sulforhodamine B, was obtained from Immunochemistry Technologies.
LiCl, inhibitor IX, AR-A014418, Aktl/2 inhibitor, LY294002, poly-L-ly-
sine, pertussis toxin (PTX), Hoechst 33342, and the anti-B-tubulin and
anti-lactate dehydrogenase Abs were from Sigma-Aldrich. Propidium io-
dide and UO126 were from Calbiochem. The anti-p65 Ab was from
Abcam. The anti-Bim Ab was from Affinity BioReagents. Anti-ERK2,
anti-G,;, recognizing a-transducin (@,,n.q), anti-IkB, anti-GSK3«, and
anti-GSK3B Abs were from Santa Cruz Biotechnology. Anti-Bcl-x, , anti-
glycogen synthase (GS), anti-FOXOI, anti-FOXO3, anti-phospho-FOXO1
(phospho-Ser®®), anti-phospho-FOXO3 (phospho-Ser®>?), anti-Akt1, anti-
phospho-GSK3 (recognizing phospho-Ser?' in GSK3« and phospho-Ser’
in GSK3p, corresponding to inhibited forms of these enzymes), anti-
phospho-GS (phospho-Ser®'), anti-phospho-ERK1/2 (recognizing phos-
pho-Thr*** and phospho-Tyr***, corresponding to active forms of these
enzymes), and anti-phospho-Aktl (phospho-Ser*’?, corresponding to an
active form of this kinase) were all from Cell Signaling Technology.

Mice

C57BL/6 mice (8 wk) were maintained in the animal facility at the Centro
de Investigaciones Bioldgicas and treated according to Animal Care Com-
mittee guidelines.

Purification of murine DCs and labeling of the cells with
Sfluorescent cell trackers

Murine DCs were purified (97% CD11c¢™) from spleens of donor mice
using magnetic beads (Miltenyi Biotec), following the manufacturer’s pro-
tocol. DCs used in the in vivo studies were labeled for 30 min at 37°C with
5 uM of the fluorescent cell tracker probe CMFDA in 0.1% BSA in PBS.

Cells and culture conditions

Human PBMCs were isolated from buffy coats from normal donors over a
Lymphoprep (Nycomed), and monocytes were induced to differentiate to
DCs by adding GM-CSF and IL-4 for 7 days as indicated previously (17,
19, 40). Briefly, monocytes were resuspended at 0.5 to 1 X 10° cells/ml and
cultured in complete medium (RPMI 1640 (Invitrogen) containing 10%
heat-inactivated FCS, HEPES (25 mM), glutamine (2 mM), penicillin (100
U/ml), and streptomycin (100 pg/ml)), including GM-CSF (1000 U/ml)
and IL-4 (1000 U/ml). Cells were cultured for 6—7 days, with cytokine
addition every second day to obtain a population of immature DCs
(CD14%"¥, CD83~, CDla*, HLA-DR™). To induce maturation of the DCs,
the cytokines GM-CSF, IL-4, and TNF-a (50 ng/ml) were added to the
cultures for a further 72 h period. Analysis by flow cytometry showed that
the treatment yielded a homogeneous population of mature DCs (CDl1a*,
DC-SIGN™, CD14"%~, HLA-DR"#" CD83", CCR7" expressing cells).

Assays of apoptotic damage in vitro

An equal number of viable DCs, determined by trypan blue dye exclusion
method, were incubated in 0.1% BSA in RPMI 1640 plus 20 mM HEPES
for 24 h in the presence or absence of CCL19 or CCL21 or the GSK3
inhibitors and then harvested. To detect externalization of phosphatidyl-
serine on the outer layer of the cell membrane, the DCs were stained with
FITC-conjugated annexin V and propidium iodide (PI), according to the
manufacturer’s instructions, and then the staining was assessed by flow
cytometry. In these experiments were considered apoptotic those DCs that
were annexin V'/PI” (17). To analyze mitochondria membrane potential
disruption, a parameter also associated to apoptosis (17), DCs were incu-
bated with DePsipher and immediately analyzed by immunofluorescence,
according to the manufacturer’s protocol. Apoptotic nuclear morphology
was assessed using Hoechst 33342 staining as indicated before (17, 24).

Immunoprecipitation

Immunoprecipitation was conducted as indicated before, with slight mod-
ifications (41). Cells (40 X 10° Jurkat cells or 8 X 10° DCs) were lysed in
1 ml of ice-cold lysis buffer (50 mM Tris-HCl (pH 7.65), 2 mM EDTA, 150
mM NaCl, 1 mM sodium orthovanadate, 0.2% Nonidet P-40, 1] mM DTT,
50 wg/ml aprotinin, 50 wg/ml leupeptin, 5 ug/ml pepstatin, and 1 mM
PMSF). Lysates were clarified by centrifugation at 14,000 rpm for 10 min,
and the pellets obtained were discarded. After centrifugation, lysates
were subjected to preclearing with protein-A agarose (Santa Cruz Bio-
technology). Subsequently, lysates were transferred to fresh tubes, and
proteins were immunoprecipitated at 4°C overnight with rabbit poly-
clonal anti-GSK3p or anti-FOXO3 Ab (1 wg/ml). During the last 2 h,
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protein-A agarose was added and the immunoprecipitates were washed
three times with lysis buffer and then extracted in SDS-PAGE sample
buffer (100 mM Tris-HCI (pH 6.8), 0.05 mM sodium orthovanadate, 0.5
mM EDTA, 3% SDS, 1 mM EDTA, 2% 2-ME, and 5% glycerol) by
boiling for 5 min. The immunoprecipitates were fractionated by SDS-
PAGE, transferred to nitrocellulose membranes, and then analyzed for
the presence of either FOXO or GSK3B as indicated in the figure
legends.

Cell lysis and Western blot analysis

To reduce the basal levels of activity of the molecules analyzed, the DCs
(100 X 10° cells) were maintained in 0.1% BSA in RPMI 1640 for 30 min
before starting the stimulation with chemokines. DCs were then stimulated
or not with the corresponding chemokines for the indicated periods of time.
The stimulation was terminated by solubilizing the cells in SDS-PAGE
sample buffer and boiled. Cells were then fractionated by SDS-PAGE and
transferred to nitrocellulose membranes. After blocking with 5% nonfat
milk protein in TBS (pH 7.5), membranes were incubated with the indi-
cated Abs in TBST (TBS plus 0.1% Tween 20) and visualized with ap-
propriate HRP-conjugated secondary Abs (Bio-Rad) and an ECL substrate
(Pierce) detection system. Quantification of the blots was performed using
Multi Gauge software from Fujifilm.

Obtaining nuclear and cytoplasmic extracts

The extracts were prepared according to published methods (42). In the
experiments the absence of lactate dehydrogenase, assessed by Western
blotting, confirmed the lack of cytosolic contamination of the nuclear
fraction.

Flow cytometry

Cytometry analysis was performed as described before (43).

Expression vectors, small interfering RNAs (siRNAs), and
nucleofections

The pEGFP-C1 (GFP) expression vector was from Clontech; o, neq (17),
GFP-p65 (44), and GFP-FOXO1 (45) have been described before. The
constitutively active GSK3BS9A, which includes hemagglutinin tagging,
was obtained from Addgene. Random control and GSK33 siRNAs were
obtained from Applied Biosystems. Plasmids and siRNAs were transfected
with the Amaxa nucleoporator system, following the manufacturer’s
instructions.

Analysis of the presence of GFP in the nucleus of the
GFP-transfected DCs

GFP vector, FOXO1-GFP, or p65-GFP-transfected DCs (50 X 10° DCs)
suspended in 0.1% BSA in RPMI 1640 were plated onto poly-L-lysine
(PLL)-coated coverslips. The cells were then fixed in 4% paraformadehyde
in PBS (10 min at room temperature) and subsequently permeabilized with
0.2% Triton X-100 (10 min at room temperature). DCs were then stained
with Hoechst (2 uM) to assess the position of the nucleus. Coverslips were
extensively washed with PBS and distilled water and then mounted in
fluorescent mounting medium (Dako). Cells were analyzed using a Nikon
Eclipse E800 microscope. GFP-expressing cells were analyzed using the
FITC channel and Hoechst using UV light.

Injection of CMFDA-DC in C57BL/6 mice and obtaining the
popliteal LNs

CMFDA-labeled splenic DCs (2 X 10°) were dissolved in 25 ul of RPMI
1640 and injected s.c. along with LPS (1 ug/ml) into the hind footpad of
recipient C57BL/6 mice (1 X 10° DCs per footpad). After 18 h, when the
DCs have already reached the LNs (not shown and Ref. 46), treated or
control animals were injected i.p., respectively, with the GSK3 inhibitor
LiCl (50 wmol in double-distilled water) or with NaCl (50 wmol in double-
distilled water). After injecting the mice with NaCl or LiCl, these salts
were also included at a final concentration of 5 mM in the bottles of water
provided to the animals. Two hours before the end of the experiment,
animals were injected i.v. with SR-FLIVO, a reagent that binds irreversibly
to caspases up-regulated in apoptotic cells, allowing a selective detection of
the latter cells in the LNs by two-photon microscopy (see below and Ref.
24). Finally, the mice were sacrificed, and the popliteal LNs were extracted
from the mice and subsequently subjected to two-photon confocal analysis
to visualize among the injected CMFDA-DCs those that present SR-
FLIVO staining (see below).

GSK3 IS AN APOPTOTIC REGULATOR IN DENDRITIC CELLS

Two-photon microscopy and analysis of apoptotic CMFDA-DCs
in the LNs

Isolated popliteal LNs were fixed with paraformaldehyde (30 min), washed
in PBS, and then immersed in fluorescence mounting medium (ProLong
Gold; Molecular Probes) between two glass coverslips to allow visualiza-
tion from both sides of the LN. Imaging was conducted with a X20 mag-
nification oil immersion objective (1.20 NA) in a Leica confocal inverted
microscope (TCS-SP2 AOBS spectral system) equipped with a wideband
mode-locked Ti:sapphire two-photon excitation laser (Mai Tai; Spectra-
Physics). Optimal two-photon excitation of the three fluorochromes was
achieved at 856 nm wavelength and spectral detection was at 510-540 nm
(for CMFDA) and 560—-600 nm (for SR-FLIVO). Detector slits were con-
figured to minimize crosstalk between channels. LNs were thoroughly
scanned from both sides up to a depth of 200-300 wm with a z spacing of
2 pm. Two-photon microscopy optical section stacks obtained from the
analysis of the LNs were examined for the presence of SR-FLIVO staining
using the Leica Confocal Software (24). To quantify the amount of SR-
FLIVO incorporated by the DCs labeled with the fluorescent cell tracker
probe CMFDA, we used the Leica Confocal Software profile quantification
tool. In each cell to be analyzed we traced several lineal regions of interest
and then selected the region of interest providing the maximum intensity of
FLIVO staining for each cell. Subsequently, we obtained graphs with the
intensity profiles of both the CMFDA and SR-FLIVO for each DC (24).
SR-FLIVO or CMFDA channel background values in the fields where the
cell was positioned were negligible in most cases. Although analysis of the
SR-FLIVO and CMFDA intensity profiles of multiple cells showed that
there was not leakage between both channels, we used the value of
maximum amplitude of the SR-FLIVO over maximum amplitude of the
CMFDA as an index of the incorporation of SR-FLIVO and, consequently,
of the degree of apoptosis of the DCs analyzed (see Results and Ref. 24).

Statistics

Data are expressed as means = SEM, and significance of differences be-
tween two series of results was assessed using Student’s unpaired ¢ test.
Values of p < 0.05 were considered significant.

Results
GSK3B behaves as a proapoptotic signaling molecule in DCs

To analyze if GSK3 is pro- or antiapoptotic in mature DCs, the
cells were maintained for 24 h, under conditions that induce apo-
ptosis (0.1% BSA in RPMI 1640), with or without any of three
selective GSK3 inhibitors, namely LiCl, AR-A014418, or inhibitor
IX (47-49). Control DCs were maintained in complete medium
(10% FCS/RPMI 1640). These agents blocked efficiently the phos-
phorylation of glycogen synthase (GS), a well-known GSK3 sub-
strate, indicating that they all inhibited GSK3 activity (Fig. 14). In
control and inhibitor-treated DCs, apoptosis was assessed by esti-
mating the cells that displayed condensed or fragmented nuclei
(Fig. 1A), externalization of phosphatidylserine on the outer layer
of the cell membrane (Fig. 1B), or loss of mitochondrial membrane
potential (Ays,,,)) (Fig. 1C). As shown in Fig. 1, according to all of
these apoptotic markers, DCs treated with the GSK3 inhibitors
showed reduced percentages of apoptosis. As similar results were
obtained with the three methods used, in subsequent experiments
we measure apoptosis by analyzing the nucleus of the DCs upon
staining with Hoechst.

Since the pharmacological inhibitors employed blocked both
GSK3a and GSK3p, we used siRNA to reduce specifically the
levels of GSK3 (Fig. 1D, upper panel). When DCs with normal
or reduced levels of GSK33 were shifted to 0.1% BSA in RPMI
1640 and then, after 24 h, the cells were stained with Hoechst, we
observed reduced percentages of apoptosis in the DCs that pre-
sented low levels of GSK3p8 (Fig. 1D, lower panel). The result
further confirms that GSK38 plays a proapoptotic role in DCs.
Finally, we selectively increased the level and activity of GSK3
by transfecting these cells with a constitutively active GSK3f
(GSK3BS9A, hereafter GSK3B-CA). When we analyzed these
cells, we observed that they displayed significantly higher percent-
age of apoptosis compared with the DCs transfected with vector
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FIGURE 1. GSK3p plays a proapoptotic role in DCs. A, a, Upper, DCs were suspended in 0.1% BSA in RPMI 1640 and then incubated for 24 h either
in this medium alone (control) or in this medium plus 10% FCS or LiCl (20 mM) or inhibitor IX (4 uM) or AR (10 uM). Subsequently, the cells were
fixed and stained with Hoechst 33342 to identify apoptotic DCs (i.e., DCs that present condensed or fragmented nuclei). The number represents percentage
of apoptotic cells respect to the percentage of apoptotic DCs that were observed in the controls (0.1% BSA in RPMI 1640), to which was given an arbitrary
number of 100. Four independent experiments were performed (at least 100 DCs were analyzed in each experiment). Results shown represent the means *+
SEM (n = 4). *, p < 0.01. Lower, Aliquots of DCs in 0.1% BSA in RPMI 1640 untreated (control) or treated with LiCl (20 mM), inhibitor IX (4 uM),
or AR (10 uM) for 60 min were subjected to a Western blot with Abs that recognize GS phosphorylated in Ser®*' (P-GS(S641)), a residue that it is
phosphorylated by GSK3, to show that the treatments inhibit GSK3 activity. To show equal loading, the membrane was stripped and probed with an Ab
against GS. b, Photographs taken from representative samples of the Hoechst 33342-stained DCs quantified in Aa. Arrowheads indicate condensed or
fragmented nuclei. B, DCs were suspended in 0.1% BSA in RPMI 1640 and then they were treated either with NaCl or LiCl as indicated in A. Subsequently,
they were analyzed for the presence of annexin V (Annexin V-FITC) and PI staining by flow cytometry. To exclude potentially necrotic cells (PI7), only
annexin*/PI~ cells were considered as apoptotic. A representative experiment out of two performed is shown. At least 30,000 DCs were analyzed in each
experiment. The percentage of annexin™/PI~ DCs displayed by NaCl- or LiCl-treated DCs is also indicated. C, DCs were suspended in 0.1% BSA in RPMI
1640 and then treated with NaCl or LiCl as indicated in A. Subsequently, the DCs were stained with DePsipher, an agent that is sensitive to mitochondrial
membrane potential changes. Healthy DCs stained with DePsipher give an intense red labeling under the fluorescent microscope. Apoptotic DCs, in
contrast, give a very faint label. a, Quantification of apoptotic DCs. The numbers represent percentage of apoptotic cells with respect to the percentage of
apoptotic DCs obtained in the presence of NaCl, which was given an arbitrary number of 100. At least 100 DCs were analyzed in each experiment. A
representative experiment out of two performed is shown. b, Representative fields of NaCl- or LiCl-treated DCs stained with DePsipher. D, DCs were
nucleofected either with random siRNA (Control siRNA) or with a siRNA specific for GSK3 (GSK3p siRNA). Upper, Thirty six hours after nucleo-
fection, aliquots of the samples were extracted in 2X sample buffer and used to perform Western blotting with an anti-GSK33 Ab. To confirm equal loading,
blots were reprobed with an Ab reacting with ERK2. Lower, Samples of DCs nucleofected either with control or with GSK33 siRNA were washed in RPMI
1640, and then equal numbers of live DCs, determined by trypan blue exclusion, were transferred to 0.1% BSA in RPMI 1640 for an additional 24 h. At
the end of this period, the DCs were stained with Hoechst. The percentage of apoptotic DCs observed in the control siRNA nucleofected DCs was given
an arbitrary value of 100, and the percentages of apoptotic DCs observed in siRNA GSK3g-transfected DCs were referred to this value. Four independent
experiments were performed (at least 100 DCs were analyzed in each experiment). Results shown represent the means = SEM (n = 4). *, p < 0.01. E,
Upper, DCs were nucleofected either with pcDNA3 vector or with a plasmid encoding GSK33S9A, a constitutively active form of GSK38 (GSK33-CA).
Ten hours after transfection, aliquots of vector and GSK3B-CA-transfected live DCs, determined by trypan blue exclusion, were taken to analyze GSK33
levels by Western blotting using an anti-GSK33 Ab. Note that the overexpressed GSK3BS9A protein, marked with an asterisk, experiences a slight shift
when analyzed by Western blotting using the anti GSK38 Ab. ERK2 levels show equal loading of the gels. Lower, Ten hours after transfection the DCs
were stained with Hoechst as in D. After determining the percentage of apoptotic DCs, the percentage of DCs observed in nucleofected vector DCs was
given the arbitrary value of 100, and percentages of apoptotic DCs observed in GSK33-CA nucleofected DCs were referred to this value. Three independent
experiments were performed (at least 100 DCs were examined in each experiment). Results shown represent the means = SEM (n = 3). *, p < 0.01.

plasmid. Taken together, the data shown demonstrate that GSK3f3 GSK3B phosphorylated in Ser’ as phosphorylated/inhibited
behaves as a proapoptotic signaling molecule in mature DCs. GSK3p. Stimulation with CCL19 or CCL21 induced a rapid phos-
phorylation/inactivation of GSK38 (Fig. 2A4). Densitometric scan-
ning showed that both chemokines induced an increase in the
phosphorylation of GSK3 as early as 0.5 min after the addition of

Stimulation of DCs with CCL19 or CCL21 induces
phosphorylation/inactivation of GSK33

We showed before that stimulation of CCR7 in DCs protects these chemokines to intact cells (not shown), remained high between 1
cells from apoptosis (17). As GSK3p is proapoptotic in DCs, we and 15 min, and decayed to almost basal levels after 30 min (Fig.
asked whether stimulation of CCR7 in DCs induced phosphoryla- 2A). These levels were still low after 120 min of stimulation with

tion/inactivation of this kinase. DCs were treated with CCL19 or both chemokines (not shown). Finally, we also observed that upon
CCL21 for various times and lysed. Subsequently, we examined stimulating the DCs with CCL19 or CCL21, the phosphorylation
the effect of the chemokines on GSK3 using the Ab that recognizes of the GSK3 substrate GS was reduced (Fig. 2B), which further
the phosphorylated/inactive form of GSK38 (Ser’ phosphoryla- confirms that stimulation of CCR7 leads to the inhibition of the
tion) (50, 51). Hereafter, for simplicity, we refer to this form of activity of GSK3. Collectively, the results show that consistent
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FIGURE 2. Stimulation of DCs with CCL19 or CCL21 induces phos-
phorylation/inhibition of GSK3B. A, DCs (100,000 cells) suspended in
0.1% BSA in RPMI 1640 were stimulated for the indicated times with
CCL19 or CCL21 (both at 18 nM), then lysed and analyzed by SDS-
PAGE, followed by Western blotting with Abs against phospho-GSK3/3
(Ser”), which represents a phosphorylated/inhibited form of this enzyme.
To show equal loading, the membranes were reprobed with Abs against
GSK3pB. A representative experiment out of three performed is shown.
Graph shows the quantification of the fold induction in phospho-GSK3p
(Ser?) over basal levels (time 0). Three independent experiments were per-
formed. Results shown represent the means = SEM (n = 3). *, p < 0.05;
k. p < 0.01. B, DCs (100,000 cells) suspended as in A and stimulated with
either CCL19 or CCL21 for the indicated times were extracted and then
subjected to Western blotting with an Ab against phospho-GS (Ser®*!)
(P-GS). To show equal loading, the membrane was reprobed with an Ab
against total GS. A representative experiment out of three performed is
shown.

with the prosurvival role of CCR7 in DCs (17), stimulation of
this receptor induces phosphorylation/inhibition of proapoptotic
GSK3p.

Blocking of GSK3 inhibits the apoptosis of murine DCs in the
LNs

We wanted to test if the reduced levels of apoptosis observed upon
inhibition of GSK3 in the human monocyte-derived DCs could
also be observed in the LN, the setting in which DCs present Ags
to T cells (1, 2). Before performing experiments in vivo, we ana-
lyzed in vitro if the treatment of cultured splenic DCs with GSK3
inhibitors also inhibited the apoptosis of these DCs. The treatment
of the murine DCs with two different GSK3 inhibitors, namely
LiCl and inhibitor IX, reduced significantly the apoptosis of the
DCs, indicating that GSK3 is also proapoptotic in splenic DCs in
culture (Fig. 3A). Furthermore, similar to the results obtained with
human monocyte-derived DCs, we observed that stimulation of
splenic DCs with murine CCL19 or CCL21 induced rapid phos-
phorylation/inhibition of GSK3p (Fig. 3B).

It is accepted that most conventional DCs that arrive from pe-
ripheral tissues to the LNs become largely apoptotic and die in the
latter areas (3—5). Making use of this information we analyzed if
inhibition of GSK3 reduced the percentage of apoptotic DCs inside
the LNs, implying that GSK3 is also proapoptotic in vivo. For this
purpose, C57BL/6 mice were injected s.c. in the hind footpad with
CMFDA-labeled splenic DCs. After 18 h, when a significant num-

GSK3 IS AN APOPTOTIC REGULATOR IN DENDRITIC CELLS

ber of DCs were already positioned in the LN (46) (not shown),
mice were injected i.p. with 50 uwmol of the GSK3 inhibitor LiCl.
Control animals were injected with the same amount of NaCl (Fig.
3C). After an additional 22 h, the animals were injected i.v. with
SR-FLIVO, an agent that selectively stains apoptotic DCs in vivo
(see Materials and Methods and below), and after an additional
2 h, mice were sacrificed. The popliteal LNs were obtained and
subsequently analyzed by two-photon microscopy.

FLIVO is a poly caspase binding inhibitor probe conjugated to
a fluorescent dye that binds irreversibly to caspases activated dur-
ing apoptosis, including caspase-1, -3, -4, -5, -6, -7, -8, and -9,
implying that it can be used as a probe to detect apoptotic cells in
vitro and in vivo (52). Previously it has been shown that FLIVO
and Hoechst are equivalent regarding their ability to distinguish
apoptotic from nonapoptotic DCs (24, 53). As the fluorescent-con-
jugated forms of FLIVO are cell permeant and chemically stable,
this reagent can be injected i.v. in mice to detect apoptotic DCs in
the LNs. Nonapoptotic DCs, which lack active caspases, remain
largely unlabeled because fluorescent FLIVO diffuses out (24). In
contrast, fluorescent FLIVO binds irreversibly to caspases up-reg-
ulated in apoptotic cells, which allows the selectively labeling of
the latter cells in the LNs (24). Fluorescent-labeled DCs can be
subsequently examined inside the LN by two-photon microscopy
(24). The presence of SR-FLIVO staining points out the presence
of caspases in the DCs, implying that these cells are apoptotic (52,
53). Therefore, if the LiCl treatment protects the DCs from apo-
ptosis in the LN, then it would be expected that a global analysis
of the SR-FLIVO staining in the LN DCs should result in a lower
average of SR-FLIVO staining in DCs obtained from the LiCl-
treated compared with the NaCl-treated animals (Fig. 3C). As
shown in Fig. 3C, this is the case, showing that the inhibition of
GSK3p results in the reduction of the apoptosis of the DCs in
the LNs.

GSK3 is a target of the signaling module that regulates
CCR7-dependent survival in DCs

Previously, we showed that a signaling module formed by G,/By
and Aktl regulates the survival effects of CCR7 in DCs (17). We
tested if these signaling molecules controlled also the CCR7-de-
pendent phosphorylation/inhibition of GSK3 (Fig. 4). To analyze
if the G; family of G proteins played a role in the phosphorylation/
inactivation of GSK3f induced by stimulating the DCs with
CCL19 and CCL21, the DCs were pretreated with the G;-selective
inhibitor PTX. When we measured in control and PTX-treated
DCs the increase in the phosphorylation over basal levels induced
by stimulating the DCs with CCL19 (not shown) or CCL21 (Fig.
4A), we observed a clear inhibition of the phosphorylation of
GSK3p in the PTX-treated cells when compared with control DCs.
These results clearly indicate the involvement of G; protein in the
CCR7-mediated phosphorylation of GSK3. To determine the in-
volvement of B+ proteins, we transfected the DCs with @ nea»
which sequesters GB3+y subunits and, consequently, inhibits the sig-
naling mediated by this dimer (54). Overexpression of o
blunted the phosphorylation/inactivation of GSK38 induced by
stimulating the DCs with CCL19 (Fig. 4B) or CCL21 (not shown),
indicating that vy regulates the signaling downstream of CCR7
that controls GSK3 [ phosphorylation/inhibition.

As G; and By mediate downstream of CCR7 the activation of
Aktl (17), we analyzed if the latter kinase regulates the phosphor-
ylation/inhibition of GSK3. Inhibition of Akt by treating the DCs
either with LY294002 (not shown) or with an Aktl inhibitor (Fig.
4C) abrogated almost completely the phosphorylation/inhibition of
GSK3p induced by stimulating the DCs with CCL19 (Fig. 4C) or
CCL21 (not shown), pointing out the important role of Akt in this
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FIGURE 3. Inhibition of GSK3p extends the survival of DCs in the LNs. A, An equal number of murine splenic DCs suspended in 0.1% BSA in RPMI
1640 were incubated for 24 h in the absence (control) or in the presence of 10% FCS, LiCl (20 mM), or inhibitor IX (4 uM). Subsequently, the cells were
fixed and stained with Hoechst 33342 to detect apoptotic DCs as indicated in the legend of Fig. 1A. The numbers represent percentage of apoptotic cells
respect to the percentage of apoptotic DCs detected in 0.1% BSA in RPMI 1640, which were given an arbitrary value of 100. Three independent experiments
were performed (at least 100 DCs were analyzed in each experiment). Results represent the means = SEM (n = 3). *, p < 0.01; **, p < 0.005. B, Splenic
DCs (300,000 cells) suspended in 0.1% BSA in RPMI 1640 were stimulated for the indicated times with murine CCL19 or CCL21 (both at 20 nM), then
lysed and analyzed by SDS-PAGE, followed by Western blotting with Abs against phospho-GSK3 (Ser?) to detect phosphorylated/inhibited GSK38. To
show equal loading, the membrane was reprobed with an Ab against GSK383. A representative experiment out of three performed is shown. C, a,
Experimental protocol. CMFDA-labeled splenic DCs (DC(CMDA)) (2 X 10°) were injected in the footpads of recipient mice. After 18 h, once the DCs
have reached the LNs (not shown and Ref. 46), animals were injected i.p. with 50 umol of either LiCl or NaCl, in both cases dissolved in 50 ul of
double-distilled water. After 22 h, the animals were i.v. injected with SR-FLIVO to stain apoptotic DCs in the LNs. After an additional 2 h, the popliteal
LNs were extracted, fixed, and subjected to two-photon analysis. b, SR-FLIVO staining presented by CMFDA-DCs obtained from the LNs of animals
treated either with LiCl or with NaCl. The LNs of the mice were extracted and studied by two-photon microscopy as indicated in Materials and Methods.
The stacks of optical images of the LNs were examined with the Leica Confocal Software, and values of the maximum amplitude of the SR-FLIVO and
CMFDA channel were obtained (see Materials and Methods and Ref. 24). Data are presented as maximum intensity of SR-FLIVO over maximum intensity
of CMFDA for each individual DC in a LN (see Ref. 24). Two different mice, corresponding to two different experiments, were analyzed. In the case of
the NaCl-treated animals, 175 (Expt. 1) and 301 (Expt. 2) DCs were examined. In the case of the LiCl-treated animals, 205 (Expt. 1) and 319 (Expt. 2)
DCs were examined. ##x, p < 4.366 X 10'°,

process. In contrast, inhibition of GSK3, by treating the DCs with may regulate the phosphorylation/inhibition of GSK38. We ob-
LiCl or inhibitor IX, had no effect on the CCR7-dependent phos- served that inhibition of ERK1/2, by treating the DCs with UO126,
phorylation of Akt, further corroborating that GSK3 is downstream did not affect CCL19-induced (Fig. 4E) or CCL21-induced (not
of Akt (Fig. 4D). Taken together, the results indicate that G;, GB, shown) phosphorylation of GSK3p (Fig. 4E), and the inhibition of
and Aktl mediate downstream of CCR7 the phosphorylation/in- GSK3p, using inhibitor IX (not shown) or LiCl (Fig. 4F), did not
activation of GSK3. As G;, Gy, and Aktl were shown before to alter the activation of ERK1/2. As GSK3 is not upstream or down-
be components of a signaling module that mediates the prosurvival stream of the key chemotactic regulator ERK1/2, the results indi-
effects of CCR7 (17, 20), the results suggest that this signaling cate that following stimulation of CCR7 in DCs, ERK1/2 and
module inhibits GSK38 to regulate CCR7-dependent survival GSK3p are regulated independently from each other. These results
in DCs. add further support to the contention that GSK3f is a specific
target of the signaling module that regulates CCR7-dependent sur-
GSK3PB phosphorylation is not regulated by key regulators of vival, but not the module that controls CCR7-dependent chemo-
CCR7-mediated chemotaxis in DCs taxis in DCs (20).
We have shown before that in DCs the kinase ERK1/2, which is
activated upon stimulation of CCR7, is a key regulator of CCR7-
dependent chemotaxis, but not CCR7-dependent survival in DCs
(17, 19, 20). In this regard, we had reported before that those
stimuli that modulate chemotaxis affect also the phosphorylation of Previously, we showed that stimulation of CCR7 in DCs was able
ERK1/2 (17, 19, 20). We analyzed whether interference with to induce translocation of prosurvival transcription factor NF-«B
GSK3p affected the activity of ERK1/2 or if inhibition of ERK1/2 from the cytosol, where it is located under proapoptotic conditions,

Stimulation of DCs with CCLI19 or CCL21 induces translocation
of FOXO from the nucleus to the cytosol
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FIGURE 4. Signaling downstream of CCR7 regulating phosphorylation/inhibition of GSK3B. A, DCs in complete medium were either untreated
(Control) or were treated with PTX (100 ng/ml) for 180 min. Subsequently, the DCs were washed and suspended in 0.1% BSA in RPMI 1640. Then, control
and PTX-treated DCs were stimulated with CCL21 (18 nM) for the indicated time periods and subsequently lysed and subjected to Western blot with Abs
against phospho-GSK3p (Ser”). To show equal loading, the membrane was probed with an Ab against total GSK33. A representative experiment out of
four performed is shown. B, DCs were transfected either with pcDNA3 vector or with ,,,,.q. Upper, Eighteen hours after transfection, aliquots of vector-
and a,,,,.-transfected DCs were taken to analyze «.,, levels by Western blotting using a specific Ab. GSK3f levels show equal loading of the gels. A
representative experiment out of three performed is shown. Lower, Vector- and «,,,,-transfected DCs were stimulated with CCL19 for the indicated time
periods and then lysed, and aliquots were subjected to Western blot with an Ab against phosphorylated/inactive GSK3 (Ser”). GSK3 levels show loading
of the gels. A representative experiment out of three performed is shown. C, DCs suspended in 0.1% BSA in RPMI 1640 were either left untreated (Control)
or pretreated with Akt inhibitor (5 uM) for 60 min. The DCs were subsequently stimulated with CCL19 for the indicated time periods and then lysed, and
aliquots were subjected to Western blot with an Ab against phospho-GSK38 (Ser®) or against phosphorylated/active Aktl (Ser*’?) (p-Akt). a-Tubulin
(a-TUB) levels show equal loading of the gels. A representative experiment out of three performed is shown. D, DCs suspended as in C were either left
untreated (Control) or pretreated with LiCl (20 mM) or inhibitor IX (4 uM) for 60 min. The DCs were stimulated with CCL19 and subjected to a Western
blot with an Ab against phosphorylated/active Aktl (Ser*’?) (p-Akt) as in C. a-TUB levels show equal loading of the gels. A representative experiment
out of three performed is shown. E, DCs suspended as in C were either left untreated (Control) or were pretreated for 60 min with UO126 (5 uM) to inhibit
phosphorylation/activation of ERK1/2. The DCs were then stimulated with CCL19 (18 nM) for the indicated times. The DCs were then lysed and analyzed
by Western blotting with Abs against phospho-GSK38 (Ser”). To analyze the phosphorylation/activation of ERK1/2, membranes were also probed with
Abs that recognize active ERK1/2 (Thr***/Tyr?**). To show equal loading, the membrane was stripped and reprobed with an Ab against «-TUB. F, DCs
suspended as in C were either left untreated (Control) or were treated with LiCl (20 mM) for 60 min. The DCs were stimulated or not with CCL19 (18
nM) for the indicated time periods and then subjected to a Western blot with Abs against phospho-ERK1/2 (Thr?°*/Tyr?**) as in E. To show equal loading,

a-TUB

the membrane was probed with an Ab against a-TUB. A representative experiment out of three performed is shown.

to the nucleus, where it may exert prosurvival functions by up-
regulating the transcription of prosurvival genes (22, 55, 56).
FOXO is another transcription factor involved in the regulation of
DC survival (25-27). Under proapoptotic conditions FOXO trans-
locates to the nucleus of the DCs, where it may play proapoptotic
roles, at least in part, by regulating the expression of the proapop-
totic Bcl2 family member Bim (9, 11, 24, 57, 58). A common
mechanism of inhibition of FOXO members is its phosphorylation
by Akt and its subsequent translocation to the cytosol, where it is
prevented from regulating its proapoptotic gene targets (25-27).
We tested if CCR7, in keeping with its prosurvival role, could
induce phosphorylation and translocation of FOXO to the cyto-
plasm. Stimulation of DCs with CCL19 (not shown) or CCL21
(Fig. 5A) induced rapid phosphorylation of FOXO1 (Ser**®) and
FOXO3 (Ser*>), two residues that are phosphorylated by Akt (25,
26). Pretreatment of the DCs with a specific Akt inhibitor abro-
gated the phosphorylation of these residues, confirming that they
are both phosphorylated by Akt (not shown). We also analyzed if
stimulation of CCR7 was able to induce translocation of FOXO1
from the nucleus to the cytoplasm. For this purpose we transfected
the DCs either with GFP-vector or with FOXO1-GFP. Subse-
quently, the transfected DCs were shifted to serum-free medium
and then maintained for 6 h in the absence or in the presence of
CCL19 (not shown) or CCL21 (Fig. 5B). The DCs that were main-
tained in the absence of serum displayed a sizable amount of
FOXOL1 in the nucleus. In contrast, in the DCs stimulated with

CCL21, there was a moderate but statistically significant reduction
in the percentage of DCs that displayed nuclear FOXO1 (Fig. 5B).
In the DCs transfected with vector-GFP, this molecule was found
largely in the cytosol, and no changes were observed in its location
upon stimulation (Fig. 5B). To confirm biochemically the prior
results, untrasfected DCs were transferred to serum-free medium
and then maintained there in the absence or in the presence of
CCL19 (not shown) or CCL21 for 6 h. Subsequently, the DCs
were subjected to a fractionation where the cytosolic and nuclear
fractions were obtained (42). These fractions were then analyzed
by Western blot with Abs against either total FOXO1 or total
FOXO3. When the DCs were stimulated with CCL19 (not shown)
or CCL21 (Fig. 5C), consistent with the results obtained with the
GFP-FOXO1-transfected DCs, FOXO1 and FOXO3 levels were
reduced in the nuclear fractions, suggesting a translocation of these
factors to the cytosolic fraction (Fig. 5C).

Since in the nucleus FOXO1 regulates the transcription of the
proapoptotic Bcl2 member Bim (25, 26), we analyzed the level of
expression of the latter molecule and if this level changes after
stimulating the DCs with CCL19 (not shown) or CCL21 (Fig. 5D).
Consistent with the inhibitory effect that the stimulation with
CCL21 exerts on FOXO1, we also observed reduced levels of Bim
in the chemokine-treated DCs (Fig. 5D). As we had shown before
that stimulation of CCR7 leads to the translocation of NF-«B to the
nucleus (17), and since prosurvival Bcl2 family member Bcl-x; is
one potential target of NF-«B, we analyzed if stimulation of CCR7
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FIGURE 5. Stimulation of CCR7 induces phosphorylation of FOXO1 and its translocation from the nucleus to the cytoplasm. A, DCs were suspended
in 0.1% BSA in RPMI 1640 and then stimulated with CCL19 or CCL21 (both at 18 nM) for the indicated times. The DCs were lysed in 2X sample buffer
and the levels of phospho-FOXO1 (Ser**®) and phospho-FOXO3 (Ser®>®) were analyzed by Western blotting. Blots were reprobed with an Ab reacting with
total FOXO1 to show equal loading. The results shown are representative of four independent experiments. B, DCs were transfected either with FOXO1-
GFP or vector-GFP (GFP). Eighteen hours after transfection, the DCs were suspended in 0.1% BSA in RPMI 1640 and subsequently either maintained
untreated (Control) or stimulated with 10% FCS or CCL21 (18 nM) for an additional 6 h. Subsequently, the DCs were plated onto PLL-coated coverslips
and fixed. The figure represents the quantification of the percentage of cells with GFP staining concentrated in the nucleus, corresponding either to
vector-GFP- or to FOXO1-GFP-transfected DCs. Three independent experiments were performed (at least 100 DCs were examined in each experiment).
Results shown represent the means = SEM (n = 3). *, p < 0.01; **, p < 0.005; ns, no significant differences. C, DCs suspended in 0.1% BSA in RPMI
1640 were either maintained unstimulated (Control) or were stimulated with CCL21 (18 nM) for 6 h. Subsequently, DCs were used to obtain nuclear and
cytosolic fractions (42). The fractions were boiled in 2X sample buffer and subjected to Western blotting. We used Abs against FOXO1 and FOXO3 to
analyze the presence of these transcription factors in the nuclear or cytoplasmic fraction. FOXO3 was detected by Western blot in the cytosolic fractions
only after long exposures (not shown). The presence of lactate dehydrogenase, assessed by Western blotting, was used to confirm the absence of cytosolic
contamination in the nuclear fraction (not shown). To assess the levels of protein, loaded blots were reprobed with an Ab reacting with a-tubulin (a-TUB).
D, DCs were suspended in 0.1% BSA in RPMI 1640 and then kept untreated or stimulated with CCL21 (18 nM) for 10 h. Subsequently, they were extracted
as in A. Upper, The levels of Bim were analyzed by Western blotting. Blots were reprobed with an Ab reacting with ERK2 to show equal loading (a
representative blot is shown). Lower, The relative levels of Bim in CCL21-stimulated DCs with respect to the levels in control DCs are shown. Three
independent experiments were performed. Results shown represent the means = SEM. *x, p < 0.001 (n = 3). E, DCs were dissolved in 0.1% BSA
in RPMI 1640, stimulated or not with CCL21 (18 nM), and extracted as in D. Upper, The levels of Bcl-x; were analyzed by Western blotting. Blots
were reprobed with an Ab reacting with ERK2 to show equal loading (a representative blot is shown). Lower, The relative levels of Bcl-x; in
CCL21-stimulated DCs with respect to levels in control DCs are shown. Three independent experiments were performed. Results shown represent
the means = SEM. *, p < 0.05 (n = 3).

also leads to the up-regulation of Bcl-x; . This Bcl2 family member Aktl exerts on the translocations of FOXO and NF-«B (see Fig. 8).
was also enhanced in the CCL19- (not shown) or CCL21-stimu- We hypothesized that this could take place, on the one hand, by con-
lated DCs (Fig. SE). Collectively, the results indicate that stimu- tributing to retain NF-«B in the cytoplasm and, on the other hand, by
lation of CCR7 in DCs induces phosphorylation/translocation of fostering the translocation of FOXO to the nucleus (see Fig. 8). We
FOXOIL to the cytoplasm, with the consequent down-regulation of reasoned that if indeed this were so, then this would imply that the
proapoptotic Bim, and also up-regulation of the NF-kB-regulated inhibition of GSK3f under resting conditions (i.e., when GSK3 is

molecule prosurvival Bcel-x; . These changes in transcription fac- active) may reduce, in the case of FOXO, and increase, in the case
tors and their targets may be all part of the molecular mechanisms NF-«B, the translocation of these factors to the nucleus (see Fig. 8).
used by CCR7 to induce survival in DCs. To test this hypothesis, the DCs were transfected with p65-GFP, a

subunit of the NF-«B family expressed in DCs fused to GFP, or with
vector-GFP. Subsequently, we shifted the cells to serum-free medium
for 5 h, conditions under which GSK3 is active, either in the presence
As shown above, the kinase Aktl, apart from regulating CCR7- or in the absence of the GSK3 inhibitor LiCl. DCs stimulated with
dependent translocations of NF-«B to the nucleus (17) and FCS, which induce translocation of p65-GFP to the nucleus, were
FOXOL1 to the cytosol (Fig. 5B), also phosphorylates/inhibits used as positive controls (44). As shown in Fig. 64, in the DCs treated
GSK3p (Fig. 4C). In this regard, we put forward the hypothesis with the inhibitor we observed that, compared with the untreated DCs,
that this phosphorylation/inhibition of GSK3p could be neces- there was a significant increase in the percentage of tranfected DCs
sary because active GSK3 may be hindering the effects that that displayed p65-GFP in the nucleus. In the DCs transfected with

Active GSK33 inhibits the translocation of prosurvival
transcription factor NF-kB to the nucleus
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FIGURE 6. Active GSK3p regulates the translocation of NF-«B to the nucleus. A, DCs were transfected either with p65-GFP or vector-GFP (GFP).
Eighteen hours after transfection, the DCs were washed and then suspended in 0.1% BSA in RPMI 1640. Subsequently, the DCs were either maintained
untreated (Control) or were stimulated with either 10% FCS or LiCl (20 mM) for an additional 6 h. The DCs were then plated onto PLL-coated coverslips
and fixed. The figure represents the quantification of the percentage of DCs with GFP staining concentrated in the nucleus, corresponding either to
vector-GFP- or p65-GFP-transfected DCs with respect to control DCs (that were in 0.1% BSA in RPMI 1640), to which values were given an arbitrary
number of 100. In the case of FCS the results shown are representative of two experiments with similar results. In the case on the other samples, three
independent experiments were performed (at least 60 DCs were examined per experiment). Results shown represent the means = SEM. *#, p < 0.001 (n =
3); ns, no significant differences. B, DCs were dissolved in 0.1% BSA in RPMI 1640, subsequently maintained for 6 h in the absence or presence of LiCl
(20 mM) or inhibitor IX (4 uM), and then extracted as indicated in Fig. 5D. Upper, The levels of Bcl-x; were analyzed by Western blotting. Blots were
reprobed with an Ab reacting with GSK3p to show equal loading (a representative blot is shown). Lower, The relative levels of Bcl-x, , referred to the levels
of this protein when the DCs were maintained in 0.1% BSA in RPMI 1640, are shown. Three independent experiments were performed. Results shown
represent the means = SEM. *, p < 0.01 (n = 3). C, Upper, DCs were nucleofected either with pcDNA3 vector (Vector) or with GSK33-CA. Ten hours
after transfection, a similar number of live vector and GSK3B-CA-transfected DCs, as determined by trypan blue dye exclusion method, were used to obtain
nuclear and cytosolic fractions (42). The fractions were boiled in 2X sample buffer and subjected to Western blotting. We used an Ab against p65 to analyze
the presence of this transcription factor in the nuclear or cytoplasmic fraction. The presence of lactate dehydrogenase (LDH), assessed by Western blotting,
confirmed the absence of cytosolic contamination in the nuclear fraction. To assess the levels of protein loaded, blots were reprobed with an Ab reacting
with a-tubulin (a-TUB). The results shown are representative of two independent experiments where similar results were obtained. Lower, Western blotting
using an anti-GSK3 B Ab of aliquots of the vector and GSK3B-CA-transfected DCs confirmed the expression of GSK3B-CA (indicated with an asterisk).
D, DCs were dissolved in 0.1% BSA in RPMI 1640 and then maintained for 90 min in the presence of LiCl (20 mM) or inhibitor IX (4 uM). Subsequently,
the DCs were extracted as in C. Upper, The levels of IkB were analyzed by Western blotting. Blots were also probed with an Ab reacting with ERK2 to
show equal loading (a representative blot out of three experiments performed is shown). Lower, Diagram bars showing the quantification of the levels of
IkB in DCs treated with LiCl and inhibitor IX. The relative levels of IkB in the DCs treated with the GSK3 inhibitors are referred to the levels of IkB
observed in control untreated DCs. The results shown represent the means = SEM. *, p < 0.05 (n = 3).

GFP-vector, despite the stimulation with FCS or GSK3 inhibitors, the
GFP staining remained largely cytosolic (Fig. 64). Consistent with the
observed increase in nuclear NF-«B in the LiCl-treated DCs, we also
observed an increase in the level of the NF-«B target Bcl-x,  in these
cells (Fig. 6B). In the next experiments, we transfected the DCs either
with vector or with GSK3B-CA and then performed a fractionation
where we separated the nuclear and cytosolic fractions. In support of
the notion that GSK3f3 favors the retention of p65 in the cytosol, the
transfection of the DCs with active GSK33 lead to reduced levels of
p65 in the nuclear fraction (Fig. 6C).

Degradation of 1B, a cytoplasmic molecule that binds and in-
hibits NF-kB, is required to allow the translocation of the latter
transcription factor from the cytosol to the nucleus (17). We rea-
soned that it could be possible that active GSK33 may inhibit the
translocation of NF-«kB by preventing the degradation of IkB. If
this were the case, then we would expect that inhibition of GSK3f3
should lead to reduced levels of IkB. As shown in Fig. 6D, indeed
inhibition of GSK3 led to a reduction of IkB, suggesting that
active GSK3 may contribute to maintain high levels of I«kB and
that phosphorylation/inhibition of GSK3f3 may foster the deg-
radation of IkB and the subsequent translocation of NF-kB to
the nucleus.

Active GSK33 fosters the translocation of proapoptotic factor
FOXO to the nucleus

To analyze whether active GSK3f3 contributes to foster the trans-
location of FOXO to the nucleus, DCs transfected either with a
vector-GFP or with a construct that encodes FOXOI1-GFP (45)

were shifted to serum-free medium (5 h) in the absence or in the
presence of the GSK3 inhibitor LiCl. As shown in Fig. 7A, the
percentage of LiCl-treated DCs that displayed FOXO1 in the nu-
cleus was reduced compared with the control untreated DCs. In the
DCs transfected with GFP-vector, the staining remained largely in
the cytosol under all of the conditions used (Fig. 7A). Treatment
with the inhibitors of GSK3 did not alter the phosphorylation/
activation of Akt (see Fig. 4D), implying that the effects of these
pharmacological agents on the translocation of NF-«B and
FOXO1 was not the result of an indirect inhibition of Akt. To
further confirm the effects of the inhibitors on the location of
FOXO, we used a siRNA to reduce the levels of GSK3 and then
analyzed the effect that this down-modulation exerted on the trans-
location of FOXO (Fig. 7B). To accurately calculate the degree of
reduction in the amount of nuclear FOXO3 in the DCs that pre-
sented reduced levels of GSK3[ upon nucleofecting the DCs with
siRNA for this kinase, the levels of FOXO3 measured in the im-
munoblots were normalized with respect to that of a-tubulin. As
shown in Fig. 7B, compared with the DCs nucleofected with
siRNA control, the DCs transfected with GSK33 siRNA presented
a significant reduction in the amount of nuclear FOXO. These data
confirm the results obtained with the pharmacological inhibitors
and further support the notion that DCs that present reduced levels
of GSK3p also display lower levels of nuclear FOXO3. As inhi-
bition of GSK3 clearly reduces the percentage of FOXO in the
nucleus, these results are also consistent with the hypothesis that
active GSK3 fosters the translocation of FOXO to this region. In
keeping with observed reduction in the levels of FOXO in the
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FIGURE 7. Inhibition and overexpression of GSK3f hinders and favors, respectively, the translocation of FOXO to the nucleus. A, DCs were transfected
either with FOXO1-GFP or vector-GFP (GFP). Eighteen hours after transfection, the DCs were suspended in 0.1% BSA in RPMI 1640 and subsequently
either maintained untreated (Control) or stimulated with 10% FCS or LiCl (20 mM) for an additional 6 h. Subsequently, the DCs were plated onto
PLL-coated coverslips and fixed. The figure represents the quantification of the percentage of cells with nuclear GFP staining (corresponding either to
vector-GFP- or FOXO1-GFP-transfected DCs) with respect to the percentage presented by control DCs, which were given an arbitrary value of 100. Three
independent experiments were performed (at least 50 DCs were examined per experiment). Results shown represent the means = SEM. *, p < 0.05 (n =
3); ns, no significant differences. B, DCs were nucleofected either with random siRNA (Control siRNA) or with a siRNA specific for GSK38 (GSK33
siRNA). a, Control or GSK3 siRNA-transfected DCs were used to obtain nuclear fractions (42). The fractions were boiled in 2X sample buffer and
subjected to Western blotting. We used an Ab against FOXO3 to analyze the presence of this transcription factor in the nuclear or cytosolic fractions.
Absence of lactate dehydrogenase, assessed by Western blotting, indicated the lack of cytosolic contamination in the nuclear fraction (not shown).
a-Tubulin (a-TUB) loading controls are also shown. A representative experiment out of three performed is shown. b, The relative levels of nuclear FOXO3
in the siRNA GSK3f nucleofected DCs, with respect to the nuclear levels observed in the siRNA control nucleofected DCs, which were given an arbitrary
value of 100, obtained in three independent experiments are shown. Results shown represent the means = SEM. *, p < 0.03 (n = 3). ¢, Representative
Western blot showing reduced levels of GSK3 upon nucleofection with a siRNA specific for GSK3. Aliquots of the DCs nucleofected with random
siRNA or with a siRNA specific for GSK3 were extracted in 2X sample buffer and used to perform a Western blotting with an anti-GSK33 Ab. To confirm
equal loading, blots were probed with an Ab reacting with a-TUB. C, DCs were dissolved in 0.1% BSA in RPMI 1640 and then maintained for 10 h in
the presence of LiCl (20 mM) or inhibitor IX (4 uM). Subsequently, the DCs were extracted as in B. Upper, The levels of Bim were analyzed by Western
blotting. Blots were also probed with an Ab reacting with GSK3p to show equal loading (a representative blot is shown). Lower, The relative levels of Bim
with respect to the levels of this molecule in DCs maintained in 0.1% BSA in RPMI 1640. A representative result out of three independent experiments
performed is shown. Results shown represent the means = SEM. *, p < 0.01 (n = 3). D, DCs were transfected either with pcDNA vector (Vector) or with
GSK3B-CA. Eighteen hours after transfection, a similar number of live vector and GSK3B-CA-transfected DCs (as determined by trypan blue dye exclusion
method) were used to obtain nuclear fractions (42). These fractions were boiled in 2X sample buffer and subjected to Western blotting. a, We used an Ab
against FOXO3 to analyze the presence of this transcription factor in the nuclear fraction of vector- and GSK38-CA-transfected DCs. To assess the levels
of protein loaded, blots were reprobed with an Ab reacting with a-tubulin (-TUB). b, Western blotting using an anti-GSK38 Ab of aliquots of samples
shown in a confirmed the expression of GSK3B-CA (indicated with an asterisk). ¢, Relative levels of nuclear FOXO3 in GSK3B-CA-transfected DCs with
respect to the nuclear levels of FOXO3 in vector-transfected DCs, which were given an arbitrary value of 100. Results obtained in three independent
experiments are shown. Results shown represent the means = SEM. *x, p < 0.01 (n = 3). E, Upper, DCs were transfected either with pcDNA vector
(Vector) or with GSK3B-CA. Six hours after transfection, the DCs were stimulated or not with CCL21 for an additional 6 h. Aliquots of the samples were
extracted in 2X sample buffer and used to perform a Western blotting with an anti-Bim Ab. To confirm equal loading, blots were reprobed with an Ab
reacting with ERK2. Lower, The relative levels of Bim with respect to the level obtained in the chemokine untreated DCs, which were given an arbitrary
value of 100, obtained in three independent experiments are shown. Results shown represent the means = SEM. *, p < 0.05 (n = 3); ns, no significant
differences. F, DCs were lysed and specific Abs were used to immunoprecipate (IP) either FOXO3 (a) or GSK3p (). IgG controls (IgG con) were
also used to confirm the specificity of the immunoprecipations. The immunoprecipates were separated by SDS-PAGE, transferred to nitrocellulose
membranes, and then subjected to a Western blot (WB) analysis with Abs against GSK38 and FOXO3. DC lysates were also used to confirm the
specificity of the Abs used.
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nucleus, in the inhibitor-treated DCs we also observed lower levels
of the FOXO target Bim (Fig. 7C). Finally, we tested if overex-
pression of GSK33-CA may lead to an increase in the level of
FOXO3 in the nucleus. For this purpose, we transfected the DCs
with GSK33-CA and then, after 10 h of transfection, subjected the
DC:s to a fractionation where we obtained the nuclear fractions. As
shown in Fig. 7D, we observed a small but significant increase in
the level of FOXO3 in the nucleus.

Data shown in Fig. 7A-D indicate that active GSK3f favors the
translocation of FOXO1/3 to the nucleus. This implies that if this
kinase is maintained artificially active, predictably it will oppose,
even upon stimulation of CCR7, the effects that Akt exerts induc-
ing, on the one hand, translocation of FOXO to the cytosol and, on
the other hand, the consequent down-regulation of the FOXO tar-
get Bim (Fig. 5D; see also Fig. 8). To test this prediction experi-
mentally, we analyzed if active GSK3f interferes with the down-
modulation of Bim (Fig. 7E). DCs transfected with vector or with
GSK3B-CA were shifted to serum-free medium and then stimu-
lated or not with CCL19 (not shown) or CCL21 (Fig. 7E). Sub-
sequently, we analyzed in vector and GSK33-CA-transfected DCs
the levels of Bim. As expected, stimulation of vector-transfected
DCs with CCL21 caused a reduction in the levels of Bim (Fig. 7E).
In contrast, when the GSK33-CA-transfected DCs were stimulated
with CCL21, Bim levels were not reduced (Fig. 7E). Taken to-
gether, the results presented above are consistent with the notion
that active GSK3p fosters the translocation of FOXO to the nu-
cleus. Moreover, these results further emphasize the importance of
blunting the activity of GSK3p, a process that is mediated by Akt
when CCR?7 is stimulated, to allow this receptor to exert its pro-
survival effects (see also Fig. 8).

FOXO interacts with GSK3 in vivo

To gain further insight into the mechanism whereby GSK33 may
affect the translocation of FOXO to the nucleus, we analyzed if
these two molecules are able to interact with each other. For this
purpose the cells were lysed and then immunoprecipitated with
either anti-GSK3B- or anti-FOXO3-specific Abs. Subsequently,
the immunoprecipitated samples were analyzed by Westen blot for
the presence of either FOXO3 or GSK3 (Fig. 7F). Preliminary
experiments in Jurkat cell where GSK3[3 was immunoprecipitated
clearly indicated that FOXO3 was able to interact with the kinase
(not shown). As shown in Fig. 7F, immunoprecipitation of FOXO3
or GSK3 in DCs coimmunoprecipitated GSK33 or FOXO3, re-
spectively. These results indicated that both molecules were able to
associate in DCs in vivo.

Discussion

The immune response is highly sensitive to changes in the lifespan
of the DCs, leading to moderate increases in the latter parameter to
improvement in the immune response and exaggerated extensions
to autoimmunity (7, 9-11, 59). Therefore, a better knowledge of
the signaling mechanisms that control DC survival and lifespan
can be useful to modulate the function of these cells in the immune
system and eventually the immune response. The serine-threonine
kinase GSK3p behaves as an antiapoptotic or proapoptotic regu-
lator depending on the cell type and context (32-39). Despite the
potential importance of knowledge on this issue in the context of
the immune response, a detailed analysis of the role of GSK3p in
the regulation of survival of DCs has not been performed. Herein,
using pharmacological inhibitors, specific siRNAs, and constitu-
tive active forms of GSK3p to experimentally modulate the levels
and activity of this kinase, we show that GSK383 behaves as a
proapoptotic regulator in cultured human monocyte-derived and
murine splenic DCs. Notably, in experiments where DCs main-

GSK3 IS AN APOPTOTIC REGULATOR IN DENDRITIC CELLS

tained in complete medium (10% FCS/RPMI 1640) were also
treated with the inhibitors of GSK3, we also observed reduced
percentage of apoptosis (not shown). This implies that even in
complete medium not all GSK3 is inhibited, and consequently fur-
ther inhibition of this kinase results in protective effects on the
DCs, which emphasizes the proapoptotic nature of GSK3 in DCs.
Furthermore, and importantly, using intravital markers to label the
DCs, and SR-FLIVO, a reagent that allows marking selectively
apoptotic DCs in the LNs, in combination with two-photon mi-
croscopy, we also show that GSK3 behaves as a proapoptotic reg-
ulator in LN DCs. Taken together, the results point out that GSK3
plays proapoptotic roles in DCs. They also imply that GSK3
should be tightly controlled to prevent it from inducing apoptosis
in DCs.

Consistent with the previously described prosurvival role of
CCR7 in DCs (17), we also found that stimulation of these cells
with the CCR7 ligands CCL19 or CCL21 induces Akt-dependent
phosphorylation/inhibition of GSK3p. Previously, we have re-
ported that in DCs CCR7 uses signaling modules formed by G,/
By/Akt/NF-«kB and G;/By/ERK1/2 to regulate survival and che-
motaxis, respectively (17, 19, 20). In the present work we also find
that Akt phosphorylates/inhibits proapoptotic FOXO1/3 and pro-
apoptotic GSK3f as part of the mechanisms whereby CCR7 in-
hibits apoptosis in DCs. In the case of FOXO, this transcription
factor is a proapoptotic regulator in DCs. This proapoptotic role is
exerted, at least in part, through the regulation of the proapoptotic
Bcl2 family member Bim, which is under the control of FOXO1/3
in DCs (9, 11, 24-27).

Importantly, we found that the CCR7-mediated phosphoryla-
tion/inhibition of FOXO01/3 and GSK3p is independent of the key
chemotactic regulator ERK1/2 (19). In this regard, selective inhi-
bition of GSK3p did not affect ERK1/2 phosphorylation (Fig. 4),
and inhibition of ERK1/2 did not affect FOXO1/3 (not shown) or
GSK3p phosphorylation (Fig. 4). Inhibition of ERK1/2 did not
affect Akt phosphorylation either (19). Taken together, these re-
sults indicate that GSK3 and FOXO1/3 are both specific targets of
a signaling module that regulates CCR7-dependent survival (17,
19, 20). The results further emphasize the fact that although
CCR7-dependent chemotaxis and survival share some upstream
components, additional specific downstream signaling molecules
are used to selectively regulate these two functions in DCs. In the
context of the study of the specific signaling molecules that reg-
ulate the survival of DCs, we also studied if B-catenin may be
regulated by CCR7. B-catenin is an interesting molecule to study
in this context because, on the one hand, it regulates survival in
different cell types, even after stimulation with chemokines (60),
and, on the other hand, GSK3 inhibition results in -catenin cy-
toplasmic accumulation in multiple contexts (29-31, 60). How-
ever, despite the observed CCR7-dependent phosphorylation/inhi-
bition of GSK3, this inhibition did not cause up-regulation of
B-catenin (not shown) in DCs, suggesting that this molecule is not
regulated by CCR7 and further emphasizing the specificity of the
signals that regulate CCR7-dependent survival in these cells.

Downstream of CCR7, active Akt induces, on the one hand,
translocation of prosurvival NF-kB to the nucleus (17) and an
increase in the levels the NF-«B target Bel-x; (61) (Fig. 5E), and,
on the other hand, mobilization of proapoptotic FOXO1/3 to the
cytosol and down-modulation of the FOXO1/3 target Bim (25, 26)
(Fig. 5D). In previous experiments, as in all of the experiments
presented herein, similar results were obtained when studying the
regulation of FOXO 1 and FOXO3, suggesting that the control of
these factors presents a high degree of redundancy in these cells.

As GSK3 is also a molecule phosphorylated/inhibited by Akt,
we asked if active GSK3 could oppose the effects of Akt on

TT0Z ‘8z |1dy uo BIO" jouNWILL MMM WO | PaPeO|UMOQ


http://www.jimmunol.org/

The Journal of Immunology

Pro-apoptotic conditions

Akt '
(inactive) P-Akt1
GSK3p (aCtive)\PaSKs
-GSK3p
(active) (inactive)
FOXO1 s pFoxol /
s T ._NFxBIIkB N NFxB 3= NFxB-
FOXO1 ) { EOXO1 ) I
- \\\nucleqrg/ \_nucleus
imaee——
Bim Bim Bcl,,
apoptosis  Bcl, Bol, survival

FIGURE 8. Model showing the interactions between Akt and GSK3p to
regulate the locations of NF-kB and FOXO1 in DCs. Left panel, Under
apoptotic conditions, Aktl is inactive and GSK3f3 is active. Active GSK3
fosters the translocation of FOXO! to the nucleus and also contributes to
retain NF-«B in the cytosol. In the case of NF-«B, active GSK3f3 probably
contributes to keep high the levels of the NF-«B inhibitor, IkB (see Dis-
cussion). FOXO may exert its proapoptotic functions by regulating the
expression of proapoptotic Bcl2 family member Bim, which eventually
contributes to the apoptosis of the DCs. Right panel, Stimulation of CCR7
with chemokines CCL19 or CCL21 causes G;, By-mediated activation of
Aktl. This kinase phosphorylates FOXO1, which leads to its mobilization
to the cytoplasm. Aktl also activates IkB kinase, which phosphorylates the
NF-«B inhibitor 1B, leading to its degradation and allowing the translo-
cation of NF-«B to the nucleus, where this factor regulates transcription of
anti-apoptotic Bcl2 family member Bcl-x, . Following its phosphorylation/
inhibition by Akt, GSK3f ceases hindering the translocations of FOXO1
and NF-«B described in the left panel, allowing the complete translocation
of these two factors to the cytosol and to the nucleus, respectively. Upon
its translocation to the cytosol, phosphorylated FOXO is retained or de-
graded. Nuclear NF-«B can regulate transcription of prosurvival Bcl2 fam-
ily member Bcl-x; . The final outcome is that DCs are more resistant to
apoptotic stimuli.

NF-«kB and FOXO1/3. Consistent with this notion, we found that
under conditions where Akt was not stimulated, inhibition of
GSK3p, using pharmacological inhibitors or siRNAs, induced a
moderate translocations of NF-kB to the nucleus (Fig. 6A) and
reduced the amount of FOXO1/3 that was able to translocate to
this region (Fig. 7, A and B). Consistent with these changes, inhi-
bition of GSK3 also leads to an increase in the levels of Bcl-x;
(Fig. 6B) and to a reduction in the levels of Bim (Fig. 7C), which
are under the control of NF-«kB and FOXO1/3, respectively (see
also Fig. 8). Regarding the observed effect of GSK3S3 on
FOXO1/3, in the course of the final stages of preparation of this
manuscript, we became aware of a recent paper (62) where, using
a siRNA library that target kinases and phosphatases, the authors
showed that the knockdown of GSK3 caused a reduction in the
transcriptional activity of FOXO1 in Drosophila S2 cells. These
results imply that our observation that active GSK3 may up-reg-
ulate FOXO is not exclusive of DCs (62). Taken together, our
results suggest that active GSK3p hinders the effects that active
Akt exerts in the translocation of NF-«B and FOXO (Fig. 8). In-
deed, in further support of this conclusion, when we stimulate DCs
that express constitutively active GSK3f3 with CCL21, we ob-
served that the FOXO1 target Bim was not down-modulated, sug-
gesting that active GSK3 opposes the changes that active Akt elic-
its in FOXO (Fig. 7E). In total, our data are consistent with the
notion that upon stimulation of CCR7, the phosphorylation/inhi-
bition of GSK3, mediated by Akt, could be required to allow full
translocation of NF-«B and FOXO (see Fig. 8).

In other cells where GSK3[ plays proapoptotic roles, several
mechanisms have been suggested to explain how this molecule
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may induce apoptosis, including the promotion of the action of the
proapoptotic regulator p53, destabilization of antiapoptotic bcl-2
family member Mcl-1, induction of mitochondria outer membrane
permeabilization, and caspase activation (63—65). Our finding
showing that GSK38 may affect the regulation of transcription
factors involved in the control of survival in DCs may be added to
the previously reported mechanisms indicating how GSK3 may
contribute to induce apoptosis.

Concerning the mechanisms whereby active GSK3 may reg-
ulate the translocation to the nucleus of NF-«kB, it has been re-
ported that in astrocytes GSK38 may inhibit I«B kinase (IKK) by
selectively interacting with NEMO (also called IKKy subunit), a
subunit that is required for the activity of the IKK complex (66).
Thus, the interaction between GSK33 and NEMO in these cells
prevents the degradation of IkB and results in the inhibition of the
translocation of NF-kB to nucleus (66). In DCs, we found that
inhibition of GSK3p led to the degradation of the NF-«B inhibitor
IkB (Fig. 6D), which suggests that active GSK33 may inhibit the
translocation of NF-«B to the nucleus by contributing to keep high
levels of IkB. We do not know if active GSK3 in DCs also asso-
ciates to NEMO, inhibiting in this way IKK, or if other mecha-
nisms are acting in these cells. In the context of the signaling
induced from CCR7, our results suggest that the induction of phos-
phorylation/inhibition of GSK3 upon stimulation of this receptor
may contribute to the down-regulation of IkB and to the nuclear
translocation of NF-«B.

The mechanisms whereby GSK3 may regulate the translocation
of FOXO to the nucleus are not clear at present. Interestingly, we
have observed by immunoprecipitation studies that GSK3f3 asso-
ciates in vivo with FOXO3 (Fig. 7E), which suggests a potential
mechanism whereby GSK3f3 may regulate the translocation of
FOXO to the nucleus. As it is known that FOXO can be retained
by 14-3-3 molecules in the cytosol (26), it is possible that active
GSK3p, associated to FOXO (Fig. 7E), may control the interaction
of 14-3-3 to FOXO, and hence the translocation of the latter factor
to the nucleus by phosphorylating amino acid sequences in 14-3-3
and/or FOXO molecule that control this association. In this regard,
an analysis using the Scansite tool shows that FOXO1 presents
consensus phosphorylation sites for GSK3. Furthermore, it has
been shown that GSK3f is able to directly phosphorylate FOXO
in vitro (67).

The results indicating a proapoptotic role for GSK33 in DCs
may be of interest in the context of neurological disorders, like
bipolar disease, where the GSK3f inhibitor LiCl is used as a ther-
apeutic agent (68). Although there is some degree of controversy
on this issue, data in the literature suggest a predisposition in pa-
tients treated with LiCl to thyroid autoimmune disorders (69).
This observation is compatible with the possibility that the
treatments that cause chronic inhibition of GSK33 may lead to
exaggerated extension of the survival and lifespan of DCs,
which may eventually result in autoimmunity, at least in the
case of the thyroid (69).

GSK3 is emerging as an important regulator of the immune
response. In this regard, recently it has been shown that GSK3f3
regulates the differentiation and activation of DCs (70-73). In
view of its multiple targets (29-31), it is possible that GSK3 may
contribute to regulate DC function at multiple levels, including the
regulation of survival, as indicated herein. In summary, we show
that GSK3p behaves as a proapoptotic regulator in DCs both in
vitro and in vivo. We also show that stimulation of CCR7 results
in phosphorylation/inhibition of GSK3f in DCs. Our results indi-
cate that this inhibition facilitates the complete translocations of
prosurvival NF-«B and proapoptotic FOXO to the nucleus and
cytosol, respectively, resulting in a phenotype more resistant to
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apoptotic stimuli in the CCR7-stimulated DCs. Since DC lifespan
is known to control the immune response, the results suggest that
GSK3p may be an interesting target when considering treatments
to modulate the immune response.
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Dendritic cell (DC) migration to secondary lymphoid
organs is a critical step to properly exert its role in immu-
nity and predominantly depends on the interaction of the
chemokine receptor CCR7 with its ligands CCL21 and
CCL19. Polysialic acid (PSA) has been recently reported
to control CCL21-directed migration of mature DCs. Here,
we first demonstrate that PSA present on human mature
monocyte-derived dendritic cells did not enhance chemo-
tactic responses to CCL19. We have also explored the
molecular mechanisms underlying the selective enhancing
effect of PSA on CCL21-driven chemotaxis of DCs. In this
regard, we found out that prevention of DC polysialylation
decreased CCL21 activation of JNK and Akt signaling
pathways, both associated with CCR7-mediated chemotax-
is. We also report that the enhanced PSA-mediated effect
on DC migration towards CCL21 relied on the highly basic
C-terminal region of this chemokine and depended on the
PSA acceptor molecule neuropilin-2 (NRP2) and on the
polysialyltransferase ST8SialV. Altogether, our data indi-
cate that the CCR7/CCL21/NRP2/ST8SialV functional
axis constitutes an important guidance clue for DC target-
ing to lymphoid organs.

Keywords: CCL21/chemotaxis/dendritic cells/neuropilin-2/
polysialic acid/ST8SialV

Introduction

Dendritic cells (DCs) are bone marrow-derived cells absolutely
required for the proper generation of adaptive immunity and tol-
erance. Upon antigen recognition, immature DCs localized in

'To whom correspondence should be addressed: Tel: 34-91-8373112 (ext.
4386); Fax: 34-91-5627518; e-mail: mavega(@cib.csic.es

the peripheral tissue acquire the ability to act as antigen present-
ing cells and home to T-cell zones of lymphoid organs where
they stimulate antigen-specific naive T cells (Steinman and
Banchereau 2007). Acquisition of the DC immuno-competent
phenotype is achieved by a finely regulated genetic program
that modulates the expression of many genes required to accom-
plish DC immune functions effectively. Among them, induction
of expression of the chemotactic receptor CCR7 provides DCs
the major guidance clue to traffic towards lymphoid organs
(Forster et al. 1999). Chemokines CCL21 and CCL19 induce
CCR7-mediated G protein activation, which indeed triggers
the multiple signaling modules required for the mobilization
of DCs to lymphoid tissues (Randolph et al. 2008). Besides
CCR7, other accessory cell surface proteins, such as CD38, and
the PGE2 receptors EP2 and EP4 are also known to influence
DC migration to secondary lymphoid organs (Randolph et al.
2005).

Polysialic acid 2,8-linked N-acetylneuraminic acid (PSA) is
a large linear homopolymer post-translationally added to a
small number of proteins (Muhlenhoff et al. 1998). On the
major carrier protein NCAM, PSA plays a critical role in the
development of the vertebrate nervous system (Rutishauser
2008), where it controls neuronal and olygodendrocyte migration
and alters cell—cell and cell-extracellular matrix interactions.
PSA also regulates migration of T-cell progenitors from the bone
marrow to the thymus (Drake et al. 2009). Two polysialyltrans-
ferases (ST8Siall and IV) are known to be responsible for the
polysialylation of NCAM and other acceptor molecules (Angata
and Fukuda 2003). The expression of the polysialyltransferase
ST8SialV is induced in mature DCs, where it is likely involved
in synthesizing PSA on O-linked glycans of the 130-kDa mem-
brane glycoprotein neuropilin-2 (NRP2), whose expression is
also upregulated during DC maturation (Curreli et al. 2007).
Polysialylation in DCs has been demonstrated to contribute to
T-cell allostimulation (Curreli et al. 2007). More recently, it
has been reported that PSA controls CCL21-directed migration
of mature DCs (Bax et al. 2009), although its role in CCL19-
driven chemotaxis has not been explored yet. NRP2, through
binding to its structurally unrelated ligands, semaphorins B, C
and F, and some members of the VEGF family, has been impli-
cated in cell motility, including neuronal growth cone collapse
and endothelial and tumor cell migration (Geretti et al. 2008;
Pellet-Many et al. 2008). The expression of PSA and NRP2 in
mature DCs and their involvement in cell migration prompted us
to investigate their roles in CCR7-mediated DC chemotaxis.

In this work, we show that PSA has no enhancing effect on
human DC migration towards CCL19. We also report that pre-
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vention of DC polysialylation decreases CCL21-triggered acti-
vation of the CCR7-chemotaxis-associated JNK and Akt
signaling pathways. Moreover, our results indicate that the
PSA enhancing effect on CCL21-driven chemotaxis of DCs
depends on the highly basic C-terminal region of the chemo-
kine and is mediated by the PSA acceptor glycoprotein NRP2.

Results

PSA selectively enhances mature DC chemotaxis towards
CCL21 but not towards CCL19

PSA was recently shown to enhance migration in response to
CCL21 of lipopolysaccharide (LPS)-induced mature DCs (Bax
et al. 2009). We wondered if this effect was also shared by
CCL19, the other CCR7 ligand. For this purpose, LPS-matured
human DCs were treated with the EndoN enzyme to remove
surface PSA, and their ability to migrate towards CCL21 or
CCL19 was compared with that displayed by untreated DCs.
EndoN treatment resulted in complete PSA removal, as
assayed by western blotting (Figure 1A, upper panel, compare
lines 1 and 2) and flow cytometry (Figure 1A, lower panel).
PSA content recovery was measured at distinct times after
EndoN treatment to assure that no significant PSA re-expression
occurs during the chemotaxis assays. In this regard, less than
20% of PSA content was recovered 8 h after DC-EndoN
treatment, a time that exceeded the 2-h period of time
required to complete the chemotaxis experiments (Figure 1A,
upper panel). Chemotaxis assays in response to each chemo-
kine revealed that EndoN-treated DCs showed significant
reduced migration towards CCL21 (average percentage of mi-
gration of EndoN-treated DCs with respect to untreated DCs
was 52%, P = 0.000045, N = 19), but not towards CCL19
(average percentage of migration of EndoN-treated DCs with
respect to untreated DCs was 92%, P = 0.37, N = 15)
(Figure 1B). Interestingly, reduction of migration towards
CCL21 after PSA removal was even stronger when subopti-
mal doses of CCL21 were used (average percentage of
migration of EndoN-treated DCs with respect to untreated
DCs was 27%, P = 0.009, N = 4) (Figure 1C). Addition of
CCL21 to both the upper and the lower chambers of the mi-
gration transwells revealed no differences in the number of
DCs that migrated to the lower chambers when EndoN-
treated and non-treated DCs were compared, which indicated
that the effects of PSA were exerted on CCL21-dependent
chemotaxis and not on migratory speed (unpublished data).
Moreover, EndoN treatment of DCs did not modify CCR7
expression levels as determined by western blotting
(Figure 1D) and flow cytometry (Figure 1E). The absence
of differences in the CCR7 molecular size between EndoN-
treated and untreated DCs (Figure 1D) strongly suggests that
CCR7 is not polysialylated. The above data indicate that cell
surface PSA does not affect migration of mature DCs towards
CCL19, implying that PSA selectively contributes to CCL21-
directed DC migration.

Removal of PSA in DCs decreases CCL21-induced
CCR7-mediated signaling

CCL21 triggers CCR7-mediated G protein activation that
results in the activation of multiple signaling pathways
(Randolph et al. 2008). Of them, JNK activation has been
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associated with DC migration in response to chemokines
(Tijima et al. 2005; Riol-Blanco et al. 2005) and Akt activation
with promotion of DC migration (Del Prete et al. 2004) and
survival (Sanchez-Sanchez et al. 2004). To examine the signal-
ing pathways underlying the PSA-mediated enhancement of
CCL21-directed chemotaxis, CCL21-induced JNK and Akt
phosphorylation levels were compared between EndoN-treated
and untreated mature DCs. While more pronounced transient
JNK and Akt phosphorylations were observed in untreated
DCs than in EndoN-treated DCs upon stimulation with
CCL21 (Figure 2A), no differences were observed upon stim-
ulation with CCL19 (Figure 2B). These results indicate that
PSA enhances CCL21-driven signaling likely through CCR7
and are consistent with the increased migration towards
CCL21 observed in PSA-bearing DCs with respect to DCs
devoid of PSA.

PSA enhancement of CCL21-driven chemotaxis relies on the
highly basic C-terminal amino acid region of the chemokine

As shown before and unlike the case of CCL21, no PSA-
enhancement effect on CCL19-directed chemotaxis was
observed (Figure 1B). A striking structural difference between
CCL21 and CCL19 is the presence of a highly basic C-terminal
32-amino-acid-long region in CCL21, which is absent in
CCL19 (Figure 3A). This region has been suggested to interact
with glycosaminoglycans to mediate the sequestration of
CCL21 in endothelial cells to facilitate the formation and main-
tenance of the CCL21 gradient (Hirose et al. 2002). In this
regard, highly negatively charged PSA present on polysialy-
lated proteins in DCs is likely to interact with the basic
C-terminal region of CCL21. Such an interaction would resem-
ble the interaction of CCL21 with negatively charged
glycosaminoglycans (Hirose et al. 2002) and sulfated chains
coupled to PSGL-1 on T cells (Veerman et al. 2007). Further-
more, the cationic neurotrophic factors brain-derived
neurotrophic factor, nerve growth factor, neurotrophin-3 and
neurotrophin-4 have been demonstrated to directly interact
with PSA (Kanato et al. 2008). Interestingly, PSA coupled to
biotinylated polyacrylamide has been recently shown to inter-
act with CCL21 in vitro (Bax et al. 2009). The above reasoning
prompted us to test whether the basic C-terminal region of
CCL21 contributes to the PSA effect on CCL21-directed
chemotaxis. To that end, a CCL21 mutant lacking the last 32
C-terminal amino acid residues (designated as St CCL21-stop)
was generated and expressed in the supernatants of transfected
COS-7 cells. As a control, a CCL21 full-length form was also
produced in COS7 cells (referred to as St CCL21 wt). Both
proteins displayed the expected molecular sizes as determined
by western blotting on supernatants of transfected COS7 cells
using a CCL21 specific antibody (Figure 3B). Recombinant
CCL21, St CCL21 wt and St CCL21-stop were then compared
in their chemotaxis-inducing ability on untreated and EndoN-
treated mature DCs. As shown in Figure 3C, untreated DCs
migrated better than EndoN-treated DCs to both recombinant
CCL21 and St CCL21 wt. However, no differences in migra-
tion between untreated and EndoN-treated DCs towards St
CCL21-stop were evidenced (Figure 3C). Thus, like for
CCL19, St CCL21-stop-driven DC chemotaxis is not sensitive
to PSA removal. Taken together, these observations indicate
that the C-terminal region of CCL21 contributes to the in-
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Fig. 1. PSA on DCs enhances their chemotaxis to CCL21 but not to CCL19. (A) Upper panel. Removal of PSA from mature DCs by EndoN treatment.

Time course of PSA content recovery after EndoN treatment of DCs. Mature DCs (line 1) were treated with EndoN (line 2) as indicated in experimental procedures
and cultured in complete medium for the times indicated (lines 3 to 5). Cell lysates were obtained and probed by western blotting with the antibody 735.

Blots were stripped and probed for tubulin levels as a control for protein loading. The time course experiment shown is representative of two independent
experiments. Lower panel. Cell surface expression of PSA on untreated (left panel) and EndoN-treated (right panel) DCs was determined by flow cytometry using
the antibody 735 (continuous line). P3X63 antibody was used as a negative control (gray line). A representative experiment is shown. (B) Average percentage
of migration to 200 ng/mL of CCL21 and of CCL19 of untreated (black bars) and EndoN-treated mature DCs (gray bars) generated from 19 independent donors
for CCL21 and from 15 donors for CCL19. Mean values and SEM are represented. *P less than 0.05 (Student’s paired #test). (C) Percentage of migration to
50 ng/mL of CCL21 of untreated (black bars) and EndoN-treated mature DCs (gray bars) generated from four independent donors. (D) Expression of CCR7 in
mature DCs untreated or treated with EndoN from four independent donors (each denoted by the horizontal line shown below), as determined by western blotting.
Blot was stripped and probed for tubulin levels as a control for protein loading. (E) Representative experiment for the determination of cell surface CCR7
expression measured by flow cytometry on mature DCs untreated or treated with EndoN. The percentage of positive cells (lower number) and the mean
fluorescence intensity (upper number) are shown.

creased migration observed in PSA-bearing DCs towards this
chemokine and provides a suitable molecular explanation of
why PSA does not affect migration of DCs towards CCL19.

Polysialylated NRP2 regulates CCL21-driven migration

of DCs

Polysialylation of NRP2 in DCs and its role in endothelial and
tumor cell migration (Geretti et al. 2008; Pellet-Many et al.
2008) induced us to investigate its contribution to CCL21-

and CCL19-driven DC migration by using siRNA technology
to knock down its polysialylation (by ST8SialV siRNA) and
expression (by NRP2 siRNA). Effective downregulation of
STSSIAIV expression in DCs after siRNA nucleofection was
evidenced in all experiments performed by an almost complete
abrogation of cellular PSA content (Figure 4A, left panel) and
by the shift of the smear corresponding to the NRP2 into a
sharper and smaller size band, a feature consistent with the
removal of the NRP2-attached PSA chains (Figure 4A, right
panel). Downregulation of ST8SialV expression resulted in a
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Fig. 2. JNK and Akt signaling after CCL21 stimulation is reduced in EndoN-treated DCs. Mature DCs were treated with CCL21 (200 ng/mL) (panel A) or
CCL19 (200 ng/mL) (panel B) for the indicated times. Levels of active forms of JNK and Akt in cell lysates were determined by western blotting. Blots were
stripped and probed for actin or tubulin levels as controls for protein loading. Data shown are representative of three independent experiments.
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Fig. 3. The basic C-terminal region of CCL21 contributes to the PSA-enhanced chemotaxis. (A) Alignment of sequences for human CCL21 and CCL19.
Basic residues within the C-terminal region of CCL21 are represented in bold. (B) Characterization of st CCL21 wt and st CCL21-stop forms. Supernatants of
COS7 cells transfected with vectors pcDNA3.1 (mock), pVAX-CCL21 (St CCL21 wt) and pVAX-CCL21-stop (St CCL21-stop) and recombinant CCL21

(20 ng) were subjected to SDS-PAGE and western blotting and detected with an antibody against human CCL21. (C) Average percentage of migration towards
recombinant CCL21, St CCL21 wt and St CCL21-stop of untreated (black bars) and EndoN-treated mature DCs (gray bars). Recombinant CCL21 was used

at 200 ng/mL, and St CCL21wt and St CCL21-stop forms were used at doses estimated to be within a range between 100 and 200 ng/mL. Data were derived
from three independent donors. Mean values and SEM are represented. *P less than 0.05 (Student’s paired #-test).
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Fig. 4. Downregulation of the polysialyltransferase ST8SialV and NRP2 in mature DCs selectively and negatively affect their chemotaxis towards CCL21.

(A) Western blotting was used to determine the expression levels of PSA (with the antibody 735) (left panel) and NRP2 (right panel) on untreated mature DCs and
mature DCs nucleofected DCs with siRNAs for GAPDH (referred to as Cont), ST8SialV and NRP2. Blots were stripped and probed for actin levels as a
control for protein loading. Band observed in left panel around 150 kDa corresponds to NRP2. A representative experiment out of three is shown. (B) Average
percentage of migration to 200 ng/mL of CCL21 (left panel) and CCL19 (right panel) of mature DCs, obtained from three independent donors, nucleofected with the
indicated siRNAs. Mean values and SEM are represented. For statistical analysis, data for migration of DCs nucleofected with ST8SialV and NRP2 siRNAs
were independently compared with those obtained for DCs nucleofected with GAPDH siRNA (referred to as Cont). *P less than 0.05 (Student’s paired -test).
(C) CCR7 expression in untreated mature DCs and mature DCs nucleofected with GAPDH, NRP2 and ST8SialV siRNAs was determined by western blotting. Blots
were stripped and probed for tubulin levels as a control for protein loading. The experiment shown is representative of three independent experiments.

drastic drop of migration towards CCL21 but, in agreement
with our former results, not towards CCL19 (Figure 4B).
These results corroborate our previous conclusions by a dif-
ferent experimental approach and demonstrate that the
enzyme ST8SialV mediates the incorporation of the PSA
moieties implicated in CCL21-directed DC migration.

Since ST8SialV knockdown dramatically reduced the poly-
sialylation extent of NRP2, we next investigated the influence
of NRP2 expression on DC migration towards CCL21 and
CCL19. Nucleofection of NRP2 siRNA in DCs resulted in
reduction of NRP2 expression levels of 15%, 34% and 80%
in three independent experiments with respect to those found
in DCs nucleofected with GAPDH siRNA (Figure 4A) and led
to a significant hampered migration of DCs towards CCL21
but not towards CCL19 (Figure 4A and B). The greater knock-
down efficiency of ST8SialV siRNA with respect to NRP2
siRNA might explain why the effects in migration were more
drastic in DCs nucleofected with the former siRNA. Since
neither ST8SialV nor NRP2 siRNAs modified CCR7 expres-
sion levels (Figure 4C), the above results indicate that

polysialylated NRP2 specifically controls CCL21-directed
chemotaxis of DCs.

Discussion

This report provides evidence that PSA removal from mature
DC:s either by EndoN treatment or by knocking down the poly-
sialyltransferase ST8SIAIV impairs their ability to migrate
towards CCL21 but not towards CCL19. Our results, besides
reinforcing the data reported by Bax et al. (2009): (1) show that
prevention of DC polysialylation impaired CCL21 activation of
CCR7-migration-associated JNK and Akt signaling pathways,
(2) highlight the critical role of the highly basic C-terminal
region of the CCL21 chemokine for the PSA-enhancement
effect on DC chemotaxis towards CCL21 and (3) demonstrate
the contribution of the PSA acceptor molecule NRP2 to mature
DC migration towards CCL21.

Since our experiments used LPS-induced mature DCs, a
Toll-like receptor (TLR)-4-dependent maturation model, it
should be investigated whether the enhanced PSA-mediated
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Fig. 5. Working structural model of the CCR7/PSA-NRP2/CCL21 functional axis. See the text for explanations. PSA on the NRP2 structure was arbitrarily
positioned, since the region within the NRP2 structure where PSA is attached is so far unknown.

effect on DC migration towards CCL21 operates upon DC
maturation triggered through activation of other TLR.

Interestingly, selective enhancement of CCL21-mediated
chemotaxis might provide clues about the differential effects
of CCL21/CCL19 on CCR?7 recycling/degradation, desensiti-
zation and signaling (Kohout et al. 2004; Otero et al. 2000).

Plasma membrane glycoprotein NRP2 has been identified
as a PSA acceptor in mature DCs (Curreli et al. 2007). Our
experiments show that downregulating NRP2 expression (by
NRP2 siRNA) or impairing its polysialylation (either by
EndoN treatment or by ST8SialV siRNA) led to a significant
reduction of DC migration towards CCL21. Altogether, these
results point out that the PSA present on the structural context
of NRP2 contributes to DC chemotaxis towards CCL21.
Nevertheless, although western blotting analysis of lysates
from mature DCs identified NRP2 as the most abundant poly-
sialylated protein (Curreli et al. 2007 and our data), the
contribution of other so far uncharacterized polysialylated
acceptor proteins cannot be ruled out.

Besides mature DCs, NRP2 is preferentially expressed on
lymphatic endothelial cells and some tumors, where it acts as
a co-receptor for semaphorins 3B, C and F and some member
of the VEGF family through their interactions with the signal-
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transducing receptors Plexins and VEGFR, respectively. Those
interactions license NRP2 to contribute to neurogenesis, lym-
phangiogenesis and tumor progression via its key roles in axon
guidance and endothelial and tumor migration and survival
(Favier et al. 2006; Geretti et al. 2008; Pellet-Many et al.
2008). Our finding is consistent with the role of NRP2 in mi-
gration and adds novel perspectives of interest with regard to
its post-translational modification by PSA and its functional
cooperation with a chemokine receptor.

Finally, we have demonstrated that PSA-enhanced chemo-
taxis to CCL21 relies on its highly basic C-terminal region.
This finding provides a structural framework that helps to
explain why the PSA-enhancing effects on CCL21-directed
DC chemotaxis were not seen for CCL19 (Figure 5). The bind-
ing of CCL21 to PSA (Bax et al. 2009) and of its C-terminal
basic region to glycosaminoglycans (Hirose et al. 2002), in
combination with our experimental data, make it reasonable
to propose that the C-terminal basic region of CCL21 binds
NRP2-coupled PSA. This interaction would presumably leave
the N-terminal portion of the chemokine available (the region
of chemokines known to be required for receptor binding (Allen
et al. 2007)), to interact with CCR7. According to this model,
PSA-NRP2 would trap CCL21, increasing the local concentra-
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tion of the chemokine and/or enabling a proper CCL21-CCR7
docking. In any case, the formation of the ternary functional
CCR7/PSA-NRP2/CCL21 complex could result in a lowering
of the activation threshold of CCR7 and therefore in an
increase of CCR7-mediated JNK and Akt signaling pathways.
The higher effect on PSA-enhanced migration observed at
lower doses of CCL21 supports the model proposed, which is
reminiscent of the one proposed for the simultaneous binding of
VEGF to neuropilins and VEGF receptors, and the enhancing
effect of neuropilins on cell migration (Favier et al. 2000;
Staton et al. 2007). In addition, binding of PSA-NRP2 to
CCL21 might favor dimerization of the chemokine, protect
it from proteolysis and/or enhance CCR7-independent signal-
ing through NRP2-mediated signaling by itself or through its
co-receptors, Plexins and/or VEGF receptors. Clearly, further
investigation is required to unravel all of the above issues.
The absence of a basic C-terminal region in CCL19 and in
the St CCL21-stop mutant would preclude its interaction with
PSA-NRP2 and therefore its integration in the CCR7/NRP2/
ST8SialV axis.

A direct association of CCR7 expression with lymph node
metastasis in cancer patients has been found in a large variety
of solid tumors (Zlotnik 2006). On the other hand, NRP2 has
been implicated in mediating proliferation, survival and migra-
tion of tumor cells (Bielenberg et al. 2006; Gray et al. 2008),
and PSA has been demonstrated to facilitate tumor invasion
(Suzuki et al. 2005). The functional cooperation reported here
between CCR7, NRP2 and ST8SialV prompts further investi-
gation of the relevance of this axis in tumors cell types that
preferentially metastasize to secondary lymphoid organs.

Materials and methods

Reagents

CCL21 and CCL19 chemokines were obtained from Prepro-
Tech. Antibodies against human CCL21, NRP2 and CCR7-
phycoerythrin (for flow cytometry) were from R&D Systems.
Anti-CCR7 for western blotting was obtained from AbCam.
For PSA detection, the monoclonal antibody 735 was used
(Frosch et al. 1985). The anti-phospho-JNK(Thr183/Tyr185)
and anti-phospho-Akt(Ser473) antibodies were purchased from
Cell Signaling. Antibodies against actin and tubulin were
from Sigma.

Generation of monocyte-derived dendritic cells

Monocyte-derived dendritic cells were generated from periph-
eral blood mononuclear cells of healthy donors as described
(Puig-Kroger et al. 2006). For maturation, immature DCs were
treated with 100 ng/mL of LPS (Escherichia coli 0111:B4,
InvivoGen) for 48 h. Acquisition of the DC mature pheno-
type was checked by flow cytometry using antibodies
against CD83, CD86, CD209 and PSA.

EndoN treatment of DCs

EndoN was purified as described (Hallenbeck et al. 1987).
Mature DCs at 2 x 10° cells/mL were incubated for 1 h at
37°C with either 5 U of EndoN at 1 U/mL (referred to as
mDC-EndoN) or an equal volume of phosphate-buffered
saline/glycerol in RPMI 1640, with occasional shaking.
Afterwards, cells were washed with complete medium.

PSA-NRP2 controls CCL21-driven chemotaxis of dendritic cells

PSA removal after EndoN treatment was tested in all DCs
preparations by western blotting and occasionally by flow
cytometry using the monoclonal antibody 735.

Western blotting

Western blots were essentially performed as described (Puig-
Kroger et al. 2006). Briefly, 10 pg of each lysate were subjected
to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions and transferred onto
an Immobilon polyvinylidene difluoride membrane (Millipore).
Image] software was used for gel quantification analysis.

Site-directed mutagenesis of CCL21 and expression of CCL21
plasmids in COS7 cells

Site-directed mutagenesis was performed on the pVAX-CCL21
construct (kindly provided by Dr. Y. Zhao, Medical Research
Center, Shandong Provincial Hospital, Shandong University,
Jinan (Li et al. 2006)) using the QuikChange System (Strata-
gene). For the introduction of a stop codon in amino Cys 103
of human CCL21, the oligonucleotides GAAACCAGCC-
CAGGGCTGAAGGAAGGACAGGGGGAG, sense, and
CCCCCCTGTCCTTCCTTCAGCCCTGGGCTGGTTTC,
antisense, were used. This mutation gave rise to a CCL21 pro-
tein 31 amino acids shorter than the full-length form. The
mutations of the resulting plasmid, designated as pVAX-
CCL21-stop, were confirmed by DNA sequencing.

Vectors pcDNA3.1, pVAX-CCL21 and pVAX-CCL21-stop
were transfected in COS7 cells by using Lipofectamine 2000
as recommended by the manufacturer. Supernatants were col-
lected 48 h after transfection. Concentrations for each CCL21
form present in the supernatants were roughly estimated
by western blotting by comparison with known amounts
of recombinant CCL21.

Chemotaxis assays

Chemotaxis in response to chemokines CCL21 and CCL19 was
determined by measuring the number of cells migrating through
a polycarbonate filter (5-um pore size) in 24-well transwell
chambers (Costar Europe). The upper chamber included 1 x
10° DCs diluted in 100 pL of RPMI 1640 medium and 0.1%
bovine serum albumin, and the lower chamber contained
600 pL of the same medium with or without chemokines (at
200 ng/mL, unless otherwise indicated). DCs that migrated to
the bottom chamber (after 2 h at 37°C) and inputs were counted
by flow cytometry using CellQuest software (BD Biosciences).
Percentage of migration was expressed relative to the number of
input cells after subtracting the number of cells migrated in the
absence of chemokines from the values obtained in the presence
of chemokine in the lower chamber. COS7 cell supernatants
containing CCL21-wt and CCL21-stop forms were used at
doses estimated to be within a range between 100 and 200 ng/mL.

Nucleofection in DCs of siRNAs

Immature DCs (2—4 x 10°) were transfected with 600 nmol of
each siRNA (Ambion) using the Amaxa human dendritic cell
nucleofector kit following the manufacturer’s instructions.
Sense siRNAs used were: GAPDH: (ref 4390850, Ambion);
ST8SiaAIV:CCUCCUACCUGAAGUUUCAtt; NRP2:
AGAUUGUCCUCAACUUCAALtt. One hour later, DCs were
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matured by the addition of 100 ng/mL of LPS. Experiments
were carried out 36 h later. Downregulation of protein expres-
sion levels for NRP2 was assayed by western blotting using an
anti-NRP2 antibody. ST8SialV downregulation was indirectly
determined by detection of PSA levels by western blotting
using the 735 antibody.

Signaling assays

Signaling experiments were basically as described (Riol-Blanco
et al. 2005). DCs were stimulated with CCL21 at 200 ng/mL for
the indicated times. JNK and Akt activation was assayed with
anti-phospho-JNK(Thr183/Tyr185) and anti-phospho-Akt
(Ser473) antibodies, respectively.

Statistical analysis

Statistical analyses were performed using the paired Student’s
t-test. A value of P equal to or less than 0.05 was considered
significant.
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Migration of mature dendritic cells (mDCs) to secondary
lymphoid organs is required for the development of immu-
nity. Recently, we reported that polysialic acid (PSA) and
the transmembrane glycoprotein neuropilin-2 (NRP2)
control mDC chemotaxis to CCL21 and that this process
is dependent on the C-terminal basic region of the chemo-
kine. Herein, we provide further insight into the molecular
components controlling PSA regulated chemotaxis in
mDCs. In the present study, we demonstrate that human
mDCs express the NRP2 isoforms NRP2a and NRP2b,
that both of them are susceptible to polysialylation and
that polysialylation is required to specifically enhance che-
motaxis toward CCL21 in mDCs. The results presented
suggest that PSA attached to NRP2 isoforms acts as a
binding module for the CCL21 chemokine, thereby facili-
tating its presentation to the chemokine receptor CCR7.
To investigate the relevance of polysialylation on mDC
migration, a xenograft mouse model was used and the
migration of human DCs to mouse lymph nodes analyzed.
Here, we demonstrate that the depletion of PSA from
mDCs results in a drastic reduction in the migration of the
cells to draining popliteal lymph nodes. With this finding,
we provide first evidence that PSA is a crucial factor for
in vivo migration of mDCs to lymph nodes.

Keywords: dendritic cells / migration / neuropilin-2 / polysialic
acid / ST8SialV
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Introduction

Pathogen sensing by tissue dendritic cells (DCs) triggers a
complex regulated genetic program that induces their matu-
ration (Steinman and Banchereau 2007). Mature DCs (mDCs)
acquire the capabilities to process and present the captured
antigens and migrate to lymph nodes, where they activate
antigen-specific T lymphocytes, thereby initiating the adaptive
immune response against the infection (Alvarez et al. 2008).
The migration of mDCs to lymph nodes is controlled by the
CCR7-dependent activation of multiple G-protein-dependent
signaling pathways, induced by the interaction between the
CCR?7 receptor and its chemokine ligands CCL21 and CCL19
(Randolph et al. 2008). Besides CCR7, accessory molecules,
such as the ADP-ribosyl cyclase CD38 and the PGE2 recep-
tors EP2 and EP4, affect mDC migration to secondary lym-
phoid organs, likely by regulating CCR7-associated signaling
cascades (Randolph, Sanchez-Schmitz et al. 2005).

In independent studies, we and others have recently demon-
strated that the presence of polysialic acid (PSA) 2,8-linked
N-acetylneuraminic acid enhances the chemotaxis of
monocyte-derived human mDCs toward CCL21 (Bax et al.
2009; Rey-Gallardo et al. 2010). Moreover, we found that
chemotaxis toward CCL19 was not influenced by PSA
(Rey-Gallardo et al. 2010). Consequently, the depletion of
PSA form mDCs decreased CCL21- but not CCL19-mediated
activation of the JNK and Akt signaling pathways, both
of them associated with CCR7-dependent migration
(Rey-Gallardo et al. 2010). Importantly, the enhancing effect
of PSA on CCL21-driven chemotaxis was shown to depend
on the highly basic C-terminal region present in CCL21
(Rey-Gallardo et al. 2010).

The cell surface expressed glycoprotein neuropilin-2
(NRP2) acts as a receptor for some members of the VEGF
family and for a number of class 3 semaphorins (Pellet-Many
et al. 2008). Thereby, NRP2 associates with VEGF receptors
upon VEGF binding and enhances VEGF receptor activity and
signaling (Geretti et al. 2008). Similarly, NRP2 acts as
co-receptors for plexins and transmembrane receptors that acti-
vate signal transduction pathways upon SEMA3F binding
(Shimizu et al. 2008). The interactions of NRP2 expressed in
endothelial cells and some tumors with VEGF/SEMA3 are
thought to be responsible of the assigned NRP2 roles in angio-
genesis, cell migration and tumor progression (Bielenberg
et al. 2006; Geretti et al. 2008; Pellet-Many et al. 2008).
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NRP2 expression is induced during DC maturation, and it is
known to carry PSA attached to O-linked glycans (Curreli et al.
2007). We have previously demonstrated that the sSiRNA-mediated
knocking down of NRP2 in DCs, selectively decreases their
chemotaxis toward CCL21 and thus identified NRP2 as a regula-
tor of mDC migration (Rey-Gallardo et al. 2010).

To gain a deeper understanding of the molecular mechan-
isms that underlie the PSA enhancement of CCL21-driven
mDC migration, we first investigated the overall expression of
NRP2 and its isoforms in mDCs. Our data indicate that most
mDCs expressing PSA also expressed NRP2 and that NRP2
appears in mDCs as two isoforms (NRP2a and NRP2b). We
also demonstrate that both forms are the targets of polysialyla-
tion in mDCs and that their polysialylation is required for
CCL21-stimulated mDC migration. Finally, in a xenograft
mouse model, the migration of extra corporally human DCs to
draining popliteal lymph nodes was visualized after subcu-
taneous injection into mouse footpads. This in vivo model
clearly demonstrated that PSA on mDCs is essential for the
efficient migration of these cells to secondary lymphoid
organs.

Results

Human mDCs express the NRP2 isoforms, NRP2a

and NRP2b, and both are the targets of the
polysialyltransferase ST8SialV’

To investigate the overall expression of polysialylated NRP2
on mDCs, we carried out flow cytometry analysis of mDCs
stained with both anti-NRP2 and anti-PSA antibodies. As
shown in Figure 1A, most of the PSA + DC population is also
positive for NRP2 expression. This observation, which is con-
sistent with previously published western blot analysis on
PSA expression in mDCs (Curreli et al. 2007; Rey-Gallardo
et al. 2010), strongly suggests that NRP2 is the most abundant
polysialylated protein present on mDCs. Interestingly, the
existence of a minor PSA + NRP2 —DC population indicates
that besides NRP2, other polysialylated proteins must be
present on mDCs.

The NRP2 gene encodes several mRNA isoforms
(Rossignol et al. 2000). Among these, there are two major
transmembrane isoforms, designated as NRP2a and NRP2b,
differing only in their transmembrane and cytoplasmic
domains. To identify the NRP2 isoforms present in mDCs, we
set up a RT-PCR assay to analyze their relative expression
levels in human LPS-induced DCs (Figure 1B). We used as
amplification controls for NRP2 in mDCS, cDNAs derived
from RNA isolated from the tumor cell lines A375 and
HEK293, which showed by flow cytometry analysis compar-
able cell surface expression levels of NRP2 to mDCs
(Supplementary data, Figure S1). Expression of NRP2a and
NRP2b isoforms in mDCs generated from several independent
donors revealed that both isoforms were consistently detected
in mDCs (Figure 1B). However, the NRP2a/NRP2b
expression ratio was not equivalent for all donors, suggesting
a donor-dependency the regulation of the relative expression
of both isoforms. In the absence of specific antibodies to
distinguish the NRP2a/NRP2b isoforms, the small difference
in size between both isoforms (NRP2a: 931 amino acids;
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Fig. 1. Human mDCs express mRNA corresponding to the NRP2a and
NRP2b isoforms, and both proteins are the targets of the polysialyltransferase
ST8SialV. (A) Surface expression and density of PSA and NRP2 on mDCs.
DCs were matured for 48 h with 100 ng/mL of LPS and were stained with
antibodies to PSA and NRP2, and surface expression and staining intensity
were analyzed by flow cytometry. Selected gates are indicated as HI-H4. The
percentage of cells in each gate is also indicated. A representative dot plot out
of three is shown. (B) Human mDCs expressed mRNA from the NRP2a and
NRP2b isoforms. Detection by RT-PCR of the NRP2a and NRP2b isoforms
in DCs matured with LPS for 48 h and derived from five independent

donors (indicated as D1-D5). cDNAs generated from A375 and HEK293
tumor cell lines were also amplified. A mixture of 20 pg of each
pcDNA3.1-hygro-NRP2a and pcDNA3.1-hygro-NRP2b was used as both
positive control and a control for the relative expression of both isoforms
(indicated as NRP2a/b). A dash in the first lane denotes the negative control
with water. GAPHD amplification of the samples analyzed for NRP2

is shown below. (C) NRP2a and NRP2b are targets of the
polysialyltransferase ST8SialV. COS7 cells were co-transfected with
pcDNAI-ST8SialV and either pcDNA-3.1-hygro (used as control), or
pcDNA3.1-hygro-NRP2a, or of pcDNA3.1-hygro-NRP2b. Twenty-four hours
after transfection, half of the transfected cells were treated with EndoN and
the other half were left untreated, and NRP2 was detected in cell lysates by
western blot. Blots were stripped and probed for tubulin levels as a control for
protein loading.

NRP2b: 906 amino acids) precludes their identification at
the protein level by western blot (data not shown). These
results demonstrate that human mDCs express the mRNA
corresponding to both the NRP2a and NRP2b isoforms.
The involvement of NRP2 and PSA in the regulation of
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CCL21-directed chemotaxis (Rey-Gallardo et al. 2010), and
the fact that NRP2 can be found polysialylated in mDCs
(Curreli et al. 2007; Rey-Gallardo et al. 2010), strongly
suggest that regulation of mDC chemotaxis toward CCL21
requires polysialylated NRP2. To explore this assumption, we
first investigated whether both NRP2 isoforms are targets of
the ST8SialV, the only polysialyltransferase expressed in
mDCs (Curreli et al. 2007). For this purpose, COS7 cells
were co-transfected with expression vectors encoding for the
ST8SialV and for either NRP2a or NRP2b. Twenty-four hours
after transfection, one half of the cells were treated with
EndoN and the second half were left untreated, and NRP2
protein expression was analyzed in cell lysates by western
blotting. As shown in Figure 1C, treatment of both the
NRP2a and NRP2b transfected cells with EndoN caused the
disappearance of the smear band displayed with the NRP2
antibody and revealed a smaller in size discrete band. This
change in mobility is a feature consistent with the removal of
PSA from the carrier protein by EndoN. Identical results were
obtained when human K562 cells were used (Supplementary
data, Figure S2). Taker together, these results indicate that
both NRP2a and NRP2b are targets of the polysialyltransfer-
ase ST8SialV.

NRP2a and NRP2b must be polysialylated to regulate
CCL21-driven chemotaxis in mDCs

We next investigated whether both NRP2 isoforms are also
polysialylated in mDCs and whether the control of mDC
migration toward the CCL21 and CCL19 chemokines requires
their polysialylation. Therefore, immature DCs were nucleo-
fected with expression vectors encoding for NRP2a and
NRP2b, respectively, or with an empty control vector. The
cells were matured in the presence of LPS for 18 h, and then
used for in vitro chemotaxis assays. An 18 h maturation time
was chosen to limit as much as possible the up-regulation and
polysialylation of endogenous NRP2, but allowing the detec-
tion of the recombinant nucleofected NRP2. In this respect,
and as evidenced through investigation of the kinetics of
expression of NRP2 along DC maturation, although NRP2
protein expression started to appear 12 h after the addition of
the maturation stimulus, polysialylation was only observed
later on (Figure 2A). By flow cytometry using anti-NRP2 and
anti-PSA antibodies, mDCs transfected with either NRP2a or
NRP2b were found to express higher NRP2 and PSA levels
than mDCs transfected with a control plasmid (Figure 2B).
Treatment with EndoN fully removed the PSA without alter-
ing the expression of NRP2 (Figure 2B). Identical results
were obtained in the western blot analysis shown in
Figure 2C. Cells transfected with NRP2 isoforms show stron-
ger NRP2 signals before and after EndoN treatment of
samples, and a wider NRP2 band smear (indicative of PSA
content and observed in the EndoN-untreated samples) with
respect to cells nucleofected with the control vector. In
summary, these results strongly indicate that, as expected on
the basis of the experiments carried out in COS7 cells, both
NRP2a and NRP2b are polysialylated in mDCs.

Finally, to determine whether the polysialylation of NRP2a
and NRP2b influences mDC chemotaxis, mDCs overexpres-
sing the NRP2 isoforms were wused in chemotaxis

Migration of dendritic cells depends on polysialic acid

experiments. Overexpression of each of the two NRP2 iso-
forms resulted in an enhancement of the CCL21-driven che-
motaxis. In contrast, no influence in the response to CCL19
was observed (Figure 2D). Interestingly, the removal of PSA
by EndoN treatment of DC nucleofected with either the
control vector or the NRP2a/NRP2b vectors reduced to the
similar basal levels their chemotaxis toward CCL21, without
affecting the chemotaxis toward CCL19 (Figure 2D). In con-
clusion, these results indicate that both NRP2a and NRP2b
enhance the CCL21-directed migration of mDCs with a com-
parable efficiency and that the reinforcing effect requires the
presence of PSA on the NRP2 polypeptide chain.

PSA controls DC migration in vivo

To investigate the in vivo relevance of the above-described
PSA-mediated enhancement of CCL21-driven chemotaxis, we
assayed the migration of human mDCs to lymph nodes in a
xenograft mouse model. Thereby, we made use of an exper-
imental setup earlier shown by Helfer et al. (2010) and by
Briley-Saebo et al. (2010) to preserve the migratory potential
of human mDCs in vivo.

mDCs generated from independent donors to be used for
the in vivo adoptive transfer experiment were treated with
EndoN or left untreated (Figure 3A) and tested for their
ability to migrate in vitro toward mouse CCL21 and CCL19.
As previously observed for human chemokines, the removal
of PSA from mDCs by EndoN treatment reduced their in
vitro chemotaxis toward murine CCL21, but not toward
mouse CCLI9 (Figure 3B). Simultaneously to the in vitro
chemotaxis  experiments, untreated or EndoN-treated
CFSE-labeled human mDCs were also injected into distinct
footpads of C57BL/6 mice. By flow cytometry, their presence
in popliteal lymph nodes was analyzed 18 h after injection.
This time is long enough to allow DCs to reach the draining
lymph nodes, as previously reported (Briley-Sacbo et al.
2010; Helfer et al. 2010) and is short enough to limit
endogenous re-expression of PSA in the EndoN-treated DCs,
as shown before (Rey-Gallardo et al. 2010) and for the devel-
opment of an adaptive immune response against the human
DCs graft.

Quantification of the number of CSFE-labeled DCs present
in lymph nodes revealed in average six times more grafted
cells if mDCs expressed PSA (Figure 3C and D). This
finding, which perfectly correlates with the contribution of
PSA to mDC migration as denoted in the in vitro chemotaxis
experiments discussed above (Figure 2D and 3D), strongly
indicates that PSA controls in vivo mDC migration to lymph
nodes.

Discussion

In this work, we provide experimental evidences indicating
that NRP2 is likely the most abundant polysialylated protein
present in mDCs. We have also found out that NRP2 is found
in human mDCs as two isoforms, NRP2a and NRP2b, that
both NRP2 forms can be polysialylated and that their overex-
pression in DCs specifically enhances DC migration toward
CCL21. Interestingly, the enhancement effect was abolished
when mDCs overexpressing NRP2 isoforms were devoid of

657

1102 ‘82 INdy U0 OISO [9p Se280l|qIg 8P Pay Je B10°S[euINolpIojx0°qoaAIB Woly papeojumod


http://glycob.oxfordjournals.org/cgi/content/full/cwq216/DC1
http://glycob.oxfordjournals.org/cgi/content/full/cwq216/DC1
http://glycob.oxfordjournals.org/

A Rey-Gallardo et al.

A 0 4 8 12 24 48 Time(h) ©C
150 —
100 — NRP2 pcDNA3.1 NRP2a  NRP2b
- 4+ = 4+ = <+ EndoN
A 150 —
100 — 10—
B Anti-NRP2 Anti-PSA
- EndoN EndoN
0
pcDNA3.1
L ”—9 1 2 3
0% 107 10 10
£ 0
3
£ NRP2a
K]
o
P 0! 107 0
By 100 120
sl 64 ol f 2| | 0
e - j NRP2b
20 20 1
¢ 1010 1 10 T R T
Log fluorescence intensity
D
50 [ p=0.04
[ p=0.05 I N mDC
40 - B mDC-EndoN
c
2
T 30 -
0
E
s 20—
ES
10 =

pcDNA3.1 NRP2a NRP2Zb

CCL21

pcDNA3.1 NRP2a NRP2b

CCL19

Fig. 2. NRP2a and NRP2b must be polysialylated to regulate CCL21-driven chemotaxis in DCs. (A) Time course of NRP2 and PSA expression during DC
maturation. LPS was added to immature DCs, and cell lysates were obtained at the indicated times and analyzed by western blot by using antibodies against
NRP2, PSA and tubulin (for control of protein loading). A representative experiment out of two performed is shown. (B) Cell surface expression of NRP2 and
PSA on human DCs nucleofected with expression vectors encoding for NRP2a or NRP2b, or a control vector. Eighteen hours after transfection, half of the cells
were treated with EndoN and the other half were left untreated and analyzed by flow cytometry by using antibodies against NRP2 or PSA (solid lines) or by
control antibodies (dashed lines). Numbers inside graphs indicate the percentage of positive cells. A representative experiment out of three carried out is shown.
(C) Overexpression of NRP2a and NRP2b in mDCs. Cell lysates were obtained from the DCs generated and treated as indicated in (B) and analyzed for NRP2
expression by western blot. Blots were stripped and probed for tubulin levels as a control for protein loading. A representative experiment out of three is shown.
(D) Overexpression of NRP2a or NRP2b in human mDCs enhances migration in a PSA-dependent manner toward CCL21. Chemotaxis toward CCL21 and
CCL19 chemokines was analyzed in DCs generated and treated as indicated in (B). Average percentages of migration toward 200 ng/mL of human CCL21 or
CCL19 of untreated (black bars) and EndoN-treated human mDCs (gray bars) nucleofected with the expression vectors indicated in the x-axis are represented.
Data were derived from three independent donors. Mean values and SEM are represented. Significant P-values are shown for the indicated pairs. No significant

differences were found for the migration experiments using CCL19.

PSA after EndoN treatment. These results demonstrate the
requirement of NRP2 polysialylation to mediate the enhancing
effect on CCL21-directed chemotaxis.

Two major membrane bound NRP2 isoforms have been
described, NRP2a and NRP2b, that result from alternative
splicing and differ after amino acid 808 (Rossignol et al.
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2000). NRP2b has only been described at the amino acid
sequence level and, therefore, no data on NRP2b ligands and
on the functional properties of this protein are yet available.
Since both NRP2 isoforms share most of their extracellular
domains, it is reasonable to expect that NRP2b, like NRP2a,
binds VEGF and Sema3F (Zachary et al. 2009). On the other
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Fig. 3. PSA controls DC migration in vivo. (A) Removal of PSA from mDCs by EndoN treatment. DCs mature with LPS for 18 h were treated with EndoN or
left untreated. Cell lysates were obtained and probed by western blotting with the antibodies 735 (anti-PSA), anti-NRP2 and anti-tubulin (for protein-loading
control). The experiment shown is representative of three independent experiments. (B) Migration of human mDCs toward mouse chemokines. Average
percentages of migration to 200 ng/mL of mouse CCL21 and CCL19 of untreated (black bars) and EndoN-treated human mDCs (gray bars) generated from three
independent donors and mature with LPS for 18 h. Mean values and SEM are represented. Asterisk denotes P <0.05. (C) In vivo migration of human DCs

to draining popliteal lymph nodes. (Upper panel) FL1-FS dot plots of unlabeled and CFSE-labeled human DCs mature with LPS for 18 h. The dot plot for
CFSE-labeled DCs was used to select the collecting gate for the experiments using lymph node cell suspensions and shown in the lower panel. (Lower panel)
FL1-FS dot plots of cells in the popliteal lymph node isolated from a noninjected mouse (left panel), from a mouse injected with CFSE-labeled mDCs (middle
panel) and from a mouse injected with EndoN-treated CFSE-labeled DCs in the opposite foodpad (right panel). Numbers inside the selected gates indicated the
percentage of CFSE-labeled DCs with respect to the total number of cells in the lymph node. A representative experiment out of three using DCs generated from
independent donors is shown. (D) Average relative migration to lymph nodes of CFSE-labeled untreated (black bar) and EndoN-treated (gray bar) DCs. Data
were derived from three independent donors. SEM are represented. Asterisk denotes P <0.05.

hand, the two proteins are largely different in their transmem-
brane and cytoplasmic regions (Rossignol et al. 2000), imply-
ing different functions upon ligand binding (Zachary et al.
2009). NRP2a for instance has a C-terminal PDZ domain rec-
ognition sequence in its cytoplasmic domain which might
dictate its interaction with synectin, a protein that binds to
G-protein-coupled  receptors and modulates signaling.
Although beyond the scope of the current study, an important
question to answer in the future is whether polysialylated
NRP2a/NR2b maintain their capability to interact with VEGF
and Sema3 ligands.

However, it is likely that the addition of PSA to NRP2a
and NRP2b equips the molecules with new ligand-binding
properties. Important in this regard is the demonstration that
PSA added to its major carrier NCAM facilitates the inter-
action with basic neurotrophins, thus serving as a reservoir or
a regulator of the concentration of neurotrophins (Kanato
et al. 2008). Likewise, the similar behavior of NRP2a and
NRP2b on mDC chemotaxis toward CCL21, which appears
to be independent of their respective transmembrane/cyto-
plasmic regions, favors the hypothesis that PSA attached to
NRP2 functions as a binding and not as a signaling, module
for the CCL21 chemokine, increasing its local concentration
and/or facilitating its presentation to the CCR7 receptor. The
described interaction in vitro between PSA and CCL21 (Bax

et al. 2009) supports this view. Furthermore, this behavior is
reminiscent of that of growth cone collapse mediated by the
NRP2-homologous protein NRP1, and its ligand Sema3A,
where the deletion of the cytoplasmic domain of NRP1 does
not impair the Sema3A-induced growth cone collapse
(Nakamura et al. 1998). An open question but certainly not
trivial to answer is if NRP2a and NRP2b as well as their
polysialylated forms have individual functions. One strategy
to approach this complex question may be to study other
mDC effector functions that are nonrelated to mDC migration
(e.g. DC-T cell interactions could be differentially affected by
the two NRP2 isoforms (Curreli et al. 2007).

Our experiments of adoptive transfer of human mDCs into a
mouse xenograft model revealed a severe impairment of
migration to draining lymph nodes of PSA-lacking human
mDCs. The expression of NRP2 in most mDCs carrying PSA
suggests that the impaired in vivo migration of DCs devoid of
PSA could be largely attributed to polysialylated NRP2.
Nevertheless, whether other putative polysialylated proteins
could also contribute to either DC migration or other DC effec-
tor functions is an interesting issue that warrants further studies.

The attraction of mDCs to the lymph nodes is mostly influ-
enced by CCL21, a chemokine present along all the lymphatic
vasculature, whereas CCL19 is mainly expressed in lymph
nodes (Randolph, Angeli et al. 2005).
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Here, it is important to emphasize that PSA removal from
mDCs seems to cause a greater impairment on in vivo mDC
migration to lymph nodes than on in vitro chemotaxis toward
CCL21, suggesting that the role of PSA in the control of
mDCs migration in vivo might have more relevance than that
previously argued on the basis of the in vitro chemotaxis
experiments. This observation is of major relevance as the
animal model system reflects the summary effect of the com-
plexity of the in vivo system, where besides of chemotaxis,
other processes like cell-cell and cell-extracellular matrix
interactions are likely to affect cell migration. Important in
this context, DC migration to lymph nodes requires also exit
from the tissues via the afferent lymphatics and the transmi-
gration across the lymphatic vessel endothelium, a process
that is favored by the CCL21-mediated activation of LFA-1 in
mDCs (Eich et al. 2010; Johnson and Jackson 2010). It seems
allowed to hypothesize that the higher ability of PSA-bearing
mDC to interact with CCL21 results in a greater LFA-1 acti-
vation, and therefore in an increased lymphatic transmigration
of mDCs, finally leading to the elevated numbers of cells
observed in the lymph nodes (Figure 3C and D).

The described role of PSA in disrupting cell—cell and cell-
extracellular matrix interactions might also contribute to mDC
migration in the in vivo setup (Yang et al. 1994; Johnson
et al. 2005). In this regard, PSA coupled to NCAM has been
suggested to modulate NCAM-mediated cell adhesion during
development (Weinhold et al. 2005) and invasion of glioma
cells in the brain (Suzuki et al. 2005). In addition, PSA has
been reported to control migration of T cell progenitors from
the bone marrow to the thymus by increasing their capacity to
escape from the bone marrow niches (Drake et al. 2009).
Therefore, it is tempting to speculate that PSA, besides regu-
lating mDC chemotaxis toward CCL21, can also modulate
other chemotaxis-independent processes involved in mDC
migration to lymph nodes.

The use of the in vivo experimental setup that we report in
this current study should constitute a suitable tool to test on
how drugs targeted to control the expression and function of
any of the components of the CCR7/CCL21/NRP2/ST8SialV
axis might affect human mDC migration. In summary, our
data pointing out PSA as a crucial factor for mDC migration
offer a new molecular approach to regulate mDC migration
and thereby immunity.

Materials and methods
Reagents

Human and mouse CCL21 and CCL19 chemokines were
obtained from PreproTech. Antibody against NRP2 was from
R&D Systems. This antibody was used at 10 pg/mL for flow
cytometry experiments and at 0.1 pg/mL for western blot. For
PSA detection, the monoclonal antibody 735 was used
(Frosch et al. 1985). Antibody 735 was used at 10 ng/mL for
flow cytometry experiments and at 0.5 ug/mL for western
blotting analysis. Antibody against tubulin was from Sigma.
The following secondary antibodies were used: anti-mouse
IGs/HRP (DakoCytomation) for western blotting analysis
using antibody 735; goat anti-mouse IgG/FITC for flow cyto-
metry analysis using antibody 735; donkey anti-mouse Cy5
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(Jackson Laboratories) for double-staining flow cytometry
analysis using antibody 735; donkey anti-goat IgG/HRP
(Santa Cruz Biotechnology) for western blotting analysis
using the NRP2 antibody; chicken anti-goat Alexa 488
(Invitrogen) for cytometry analysis using the NRP2 antibody.
All of them were used at the concentrations recommended
by the manufacturer. Plasmids pcDNAI-ST8SialV and
pcDNA3.1-hygro-NRP2a  were  kindly  provided by
Drs Minoru Fukuda and Gera Neufeld, respectively. EndoN
was purified as described (Hallenbeck et al. 1987) and was
generously provided by Dr. Urs Rutishauser.

Generation of monocyte-derived DCs

Monocyte-derived DCs were generated from peripheral blood
mononuclear cells of healthy donors as described
(Puig-Kroger et al. 2006). For maturation, immature DCs
were treated with 100 ng/mL of LPS (Escherichia coli 0111:
B4, InvivoGen) for the times indicated.

Flow cytometry analysis of mDCs double stained
with PSA and NRP2 antibodies

Immature DCs were matured for 48 h with LPS at 100 ng/mL.
Cells were collected and double stained for NRP2 and PSA
(735 antibody) using as secondary antibodies chicken anti-
goat Alexa 488 (Invitrogen) and donkey anti-mouse Cy5
(Jackson Laboratories), respectively. Appropriate isotype
control antibodies were used to select plot gates. Stained cells
were analyzed with a Beckman-Coulter FC500 cell analyzer.

RT-PCR for NRP2 isoform detection

cDNAs were synthesized using random hexanucleotides from
RNA (isolated with RNeasy columns (Qiagen)) obtained from
mDCs generated from either independent donors or the A375
and tumor cells lines using the High Fidelity cDNA synthesis
Kit (Roche). NR2a and NRP2b were simultaneously ampli-
fied. The sense oligonucleotide 5'-GGAGTGATAGGGAAA
GGACGTT-3" was used for the amplification of both NRP2a
and NRP2b. The antisense oligonucleotides used were 5-AA
AAGAGCTGGCTGTACACCCT-3’ for NRP2a and 5'-CAAG
AAGACCGATCACTCCATC-3" for NRP2b. Amplification
reactions were performed in the presence of 1 M betaine in
the PCR cocktail to facilitate the denaturation of GC-rich
regions and were performed according to the following
thermal cycle: 30 s at 94°C, 30 s at 63°C and 20 s at 72°C for
35 cycles. The amplified fragments were resolved by agarose
gel electrophoresis. Expected sizes of the PCR products were
of 290 bp for NRP2b and 250 bp for NRP2a. Control PCRs
were performed using oligonucleotides 5-GGCTGAGAA
CGGGAAGCTTGTCA-3 and 5-CGGCCATCACGCCACAG
TTTC-3, which together amplify a 417-bp fragment from the
glyceraldehyde-3-phosphate dehydrogenase mRNA.

Construction of the expression vector encoding

the NRP2b isoform

The entire open reading frame of human NRP2b was ampli-
fied by PCR from cDNA generated from human DCs mature
with LPS for 48 h, using the following primers: sense:
5'-CGGAAGCTTCACCTTCTCCAAAATGGATATGTTTCCT
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CTCACC-3" and antisense: 5-GGCTCTAGACCTCAGC
AGTGCGAGCCACGGTC-3'. The amplification reaction was
performed in the presence of 1 M betaine in the PCR cocktail
to facilitate the denaturation of GC-rich regions. Amplification
was performed according to the following thermal cycle: 30 s
at 95°C, 30 s at 62°C and 60 s at 72°C for 10 cycles, followed
by 30s at 95°C, 30 s at 62°C and 60s at 72°C (with 1s
of additional extension per cycle) for 25 cycles. The
PCR product was subcloned into the Hindll/Xbal sites of
pcDNA3.1-hygro vector (Invitrogen). The identity of NRP2b
was confirmed by DNA sequencing.

Transfection of COS7 cells

COS7 cells cultured in 10 cm plates at 80% of confluence
were co-transfected with 18 ug of pcDNAI-ST8SialV
and either with 6 pg of pcDNA-3.1-hygro (used as control),
with 6 pg of pcDNA3.1-hygro-NRP2a or with 6 pg of
pcDNA3.1-hygro-NRP2b, using Lipofectamine 2000 as rec-
ommended by the manufacturer. Twenty-four hours later, cells
were analyzed by flow cytometry and western blot.

Transfection of K562 cells

2x10° K562 cells were co-transfected with 2 pg of
pcDNAI-ST8SialV and either with 2 ug of pcDNA3.1-hygro
(used as control), with 2 ug of pcDNA3.1-hygro-NRP2a or
with 2 pg of pcDNA3.1-hygro-NRP2b, using the Solution V
nucleofector kit (Lonza), following the manufacturer’s
instructions.

EndoN treatment of DCs and transfected COS7
and K562 cells

mDCs, COS7 or K562 cells at 2 x 10° cells/mL were incu-
bated for 1 h at 37°C with either 20 U of EndoN at 1 U/uL or
an equal volume of PBS/glycerol in RPMI 1640, with
occasional shaking. Afterward, cells were washed with com-
plete medium. PSA removal after EndoN treatment was tested
by western blotting, and when indicated by flow cytometry
using the monoclonal antibody 735.

Nucleofection of NRP2a and NRP2b expression
plasmids in DCs

4% 10° immature DCs were transfected with 5 pg of plasmid
(pcDNA3.1-hygro or pcDNA3.1-hygro-NRP2a or
pcDNA3.1-hygro-NRP2b) using the Lonza human dendritic
cell nucleofector kit, following the manufacturer’s instruc-
tions. One hour later, DCs were matured by the addition of
100 ng/mL of LPS. In vitro chemotaxis assays were carried
out 18h later. Protein expression levels for NRP2 were
assayed by flow cytometry and western blotting using the
anti-NRP2 antibody. PSA expression levels were monitored
by using antibody 735.

CSFE labeling of DCs

Untreated or EndoN-treated DCs at 1x10° cells/mL were incu-
bated in PBS+0.1% BSA with 1 uM CSFE (Invitrogen) for
30 min at 37°C. Labeling was stopped by the addition of five
volumes of complete culture medium at 4°C and incubation
for 5 min on ice. After two washes, cells were resuspended in

Migration of dendritic cells depends on polysialic acid

PBS for flow cytometry analysis or in RPMI 1640 for the in
vivo migration assays.

In vivo migration assay

2 x 10° CSFE-labeled mDCs treated or untreated with EndoN
were resuspended in 25 pL of RPMI 1640 and injected subcu-
taneously in distinct footpads of C57BL/6 mice. Eighteen
hours later, animals were killed and the draining popliteal
lymph nodes were extracted. Single-cell suspensions were pre-
pared by mechanical disaggregation and analyzed by flow
cytometry to identify CFSE-labeled cells.

Western blotting

For western blotting analysis, 10 ug each cell lysates were
subjected to SDS—PAGE under reducing conditions and trans-
ferred onto an Immobilon polyvinylidene difluoride mem-
brane (Millipore). Western blots were developed with
appropriate  HRP—conjugated secondary antibodies and an
ECL substrate (Pierce) detection system.

In vitro chemotaxis assays

Chemotaxis experiments of DCs toward human and mouse
chemokines CCL21 and CCL19 were performed as
described (Rey-Gallardo et al. 2010). All chemokines were
used at 200 ng/mL.

Statistical analysis

Statistical analyzes were performed using the paired Student’s
t-test.

Supplementary data

Supplementary data for this article is available online at
http:/glycob.oxfordjournals.org/.
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sodium docecyl sulpate polyacrylamide gel electrophoresis;
HRP, horseradish peroxidase.
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