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Resumen 

Los linfocitos T reconocen antígenos proteicos en forma de péptidos unidos a moléculas 
del MHC en la superficie de células presentadoras de antígenos (CPA). Algunos de los 
mecanismos intracelulares que participan en el procesamiento de antígenos para las 
moléculas del MHC siguen sin resolver. Las moléculas clase I (MHCI) unen péptidos de 
proteínas endógenas y son reconocidas por linfocitos T CD8+, mientras que las MHCII 
presentan péptidos derivados de proteínas endocitadas a linfocitos T CD4+. Inicialmente 
encontamos que en ratones F1, heterozigotos en H2, el péptido inmunodimonante de un 
antígeno modelo para IAk es presentado por la MHCII híbrida IAαkβb. Las capacidades 
de las MHCI y MHCII para unir péptidos de fuentes diferentes, depende de sus distintos 
mecanismos de transporte intracelular. Las MHCII de neosíntesis son transportadas a la 
vía endocítica, donde se les unen péptidos derivados de proteínas endocitadas. El 
transporte de las MHCII a la vía endocítica depende de la cadena invariante (Ii), la cuál, 
además, previene la unión de péptidos a las MHCII antes de llegar a compartimientos 
endocíticos tardíos. Nuestros estudios demostraron que la cadena Ii es necesaria para 
la presentación de la mayoría, pero no todos los antígenos proteicos. Estudios 
adicionales por otros autores definieron que el procesamiento independiente de cadena 
Ii es a través de una vía alterna de transporte de MHCII recicladas desde la superficie 
celular. A continuación examinamos la presentación de una forma biosintética de 
lisozima de gallina (LG[1-81]Kk) a hibridomas T específicos contra cinco determinantes 
de LG. Todos ellos fueron presentados eficientemente y con una jerarquía comparable 
con la LG exógena. Sin embargo, al utilizar fibroblastos transfectados como CPA, un 
péptido presentado a partir de LG biosintética (23-45), no fue generado a partir de LG 
exógena. En estudios posteriores realizados en México demostramos que aunque las 
formas biosintética y exógena de LG forman pozas distintas, ambas son procesadas en 
compartimientos endocíticos. También examinamos el papel de la molécula accessoria 
CD40 en la presentación de antígeno, y encontramos que la ligación de CD40 en la 
CPA aumenta su eficiencia como CPA al inducir la formación de balsas lipídicas que 
contienen MHCII y el ligando coestimulador CD80. Además, en otro estudio 
encontramos que la ligación de CD40 es un requerimiento absoluto para la función 
presentadora de antígeno de los linfocitos B in vivo y que los linfocitos B son capaces 
de presentar antígeno in vivo a linfocitos T vírgenes. Actualmente estamos examinando 
las vías de transporte de las moléculas MHCII y las de la segunda chaperona privada de 
las MHCII, la MHCII no clásica, DM. Los resultados parciales sugieren que estas dos 
moléculas viajan al sitio de procesamiento por vías vesiculares diferentes. 
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Abstract 

T cells recognize protein antigens as peptides associated to MHC molecules on the 
surface of antigen-presenting cells (APC). Some of the intracellular mechanisms 
involved in the processing of protein antigens for peptide association to MHC molecules 
remain obscure. Class I molecules (MHCI) mostly bind peptides from endogenous 
proteins and are recognized by CD8+ T cells, whereas peptides derived from 
endocytosed proteins generally bind to class II (MHCII) molecules and are recognized by 
CD4+ T cells. Our initial work found that, in H2 heterozygous F1 mice, the 
immunodiminant peptide of the model antigen hen egg lysozyme (HEL) for IAk, is 
presented mainly by the hybrid MHCII molecule IAαkβb. The differential ability of MHCI or 
MHCII molecules to bind peptides from different sources depends on their distinct 
intracellular transport pathways. Thus, newly synthesized MHCII molecules are 
transported to the endocytic pathway, where they meet and bind peptides derived from 
endocytosed proteins. Targeting of MHCII molecules to the endocytic pathway is 
achieved by the invariant (Ii) chain, which also functions by preventing peptide binding to 
MHCII before they reach a late endocytic compartment. We found that the Ii chain is 
absolutely required for processing and presentation of most antigens, with a few 
exemptions, later shown by others to depend on an alternative MHCII presentation 
pathway, which involves MHCII molecules recycled from the cell surface. Next, we 
examined the presentation of a biosynthetic form of hen-egg lysozyme (HEL[1-81]Kk) by 
a B cell lymphoma to T cell hybridomas directed at five different determinants of HEL. All 
these determinants were efficienntly presented and with a hierarchy comparable to that 
of exogenous HEL. However, when the APC was a transfected fibroblast, some peptides 
presented from endogenous HEL were not generated from the exogenous protein. In 
later work carried out in Mexico, we found that biosynthetic and exogenous forms of HEL 
form distinct pools, but both of them are processed in endocytic compartments. We have 
also examined the role of accessory molecules on antigen presentation, having found 
that CD40 ligation on APC increases their efficiency as APC by indicing MHCII and 
costimulatory molecule aggregation on the APC surface. Moreover, we found that CD40 
ligation is an absolute requirement for B cell antigen presenting function in vivo and that 
B cells can present antigen in vivo to naïve T cells. We are currently examining the 
intracellular transport pathways for MHCII molecules and for a second MHCII private 
chaperone (DM). The results obtained so far suggest that these molecules travel to the 
processing compartment by means of discrete vesicular pathways. 
 



Introducción 

En las tres últimas décadas, el conocimiento sobre las bases subcelulares y 
moleculares del procesamiento y presentación de antígenos a linfocitos T, ha 
tenido un crecimiento enorme. Los trabajos que integran esta tesis se iniciaron 
en 1989, apartir de cuando hemos contribuido, en parte, al conocimiento sobre 
los mecanismos de procesamiento y la presentación de antígenos por moléculas 
clase II del complejo principal de histocompatibilidad (MHC) y su reconocimiento 
por linfocitos T y, aunque pequeña, forman parte de la historia del procesamiento 
de antígenos. El trabajo se presenta en forma de revisión cronológica de la 
evolución del conocimiento en el área, introduciendo en los períodos 
correspondientes los artículos propios, publicados desde 1988, y hacer un 
comentario de cómo, cada uno de ellos, contribuyó al conocimiento general del 
área. Para hacer la narración más ágil, éstos no se presentan exactamente en 
forma cronológica, sino en las secciones que corresponden a la descripción de 
los mecanismos específicos examinados en cada trabajo. Los trabajos 
realizados y publicados por mi grupo de trabajo en años ulteriores, se incluyen 
como parte de la misma revisión. Finalmente, se incluyen resultados 
correspondientes al trabajo más reciente de uno de mis estudiantes, los cuales 
no han sido aún publicados y que son parte de su tesis doctoral bajo mi 
dirección. 

 
 
Antecedentes 
 
Respuesta inmune adaptativa, linfocitos T  y células presentadoras de 
antígeno. 

En términos generales, la respuesta inmune adaptativa se divide en humoral, en 
la cual los mediadores son los anticuerpos o inmunoglobulinas y celular, cuyos 
mediadores son los linfocitos T (Janeway and Bottomly, 1994; Kim-Sue et al., 
2000). Las inmunoglobulinas son producidas por los linfocitos B, pero éstos 
carecen de la capacidad de montar una respuesta a largo plazo y memoria 
inmunológica contra un antígeno por si mismos. Así, para su diferenciación 
completa a células secretoras de inmunoglobulinas, los linfocitos B dependen de 
señales provenientes de los linfocitos T (Burstein and Abbas, 1991). Los 
linfocitos T CD4+ que cooperan para la generación de la respuesta inmune 
humoral se conocen como linfocitos T colaboradores (Mosmann et al., 1986), 



2 
 

que se diferencian  a subpoblaciones con características funcionales que 
permiten el desarrollo de diferentes ramas de la respuesta inmune adaptativa y 
de anticuerpos con distintas propiedades biológicas (Stockinger et al., 2007). 
Otro subgrupo de linfocitos T expresa en su superficie la molécula CD8 y su 
función principal es la citotoxicidad específica mediada por células (Parnes, 
1989). 

La mayoría de los linfocitos T reconocen antígenos proteicos por medio de un 
receptor heterodimérico distribuido clonotípicamente, el cual es expresado en su 
superficie (Davis and Bjorkman, 1988). A diferencia de las inmunoglobulinas, que 
reconocen antígenos en su forma nativa, el receptor antígeno específico de los 
linfocitos T (TCR), es incapaz de interactuar directamente con su antígeno 
(Davis and Bjorkman, 1988), ya que reconoce un determinante dual formado por 
la combinación de un péptido antigénico con una molécula del complejo principal 
de histocompatibilidad (MHC) en la superficie de una célula presentadora de 
antígenos (CPA). Así, para ser reconocido por el TCR, un antígeno proteico 
debe ser parcialmente digerido, en el interior de la CPA, a pétidos con la 
capacidad de unirse a moléculas del MHC (Ziegler and Unanue, 1981). Los 
eventos intracelulares necesarios para la generación de los péptidos 
inmunogénicos a partir de una proteína y su unión a las moléculas del MHC se 
conocen, en conjunto, como procesamiento de antígeno. 

Las moléculas del MHC son glicoproteínas presentes en la superficie celular de 
los animales vertebrados, de las cuales existen dos clases que participan en la 
presentación de antígenos a linfocitos T. Las moléculas clase I (MHCI), que 
presentan péptidos a los linfocitos T CD8+ y las moléculas clase II (MHCII), que 
presentan péptidos a lionfocitos T CD4+ (Meuer et al., 1982).  

Las moléculas MHCII son también heterodímeros expresados en la superficie 
celular, formados por una cadena α y una β (ambas codificadas en el MHC), 
cada una con dos dominios extracelulares, uno TM y uno intracitoplásmico. Sus 
Mr son 31-35 y 27-29 kDa respectivamente (Kaufman et al., 1984).  

Ambas clases de moléculas del MHC se caracterizan por un gran polimorfismo, 
debido a lo cual y a la selección en el timo, únicamente de timocitos cuyo TCR 
reconoce moléculas propias del MHC, los linfocitos T de un individuo sólo son 
capaces de reconocer antígenos presentados por moléculas del MHC propias (o 
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(B6C3F1), de los haplotipos H2k y H2b, respectivamente, se ha demostrado que 
se forman cuatro heterodímeros, que son: IAαkβk, IAαbβb, IAαbβk y, finalmente, 
IAαkβb, en orden de abundancia en la superficie celular (Germain, 1986), 
además de que se ha demostrado que algunos linfocitos T reconocen antígenos 
presentados por MHCII híbridas (F1) (Fathman, 1980).  

Ya en 1984 Allen y Unanue (Allen and Unanue, 1984) habían identificado 
algunos péptidos del antígeno modelo lisozima de gallina (LG) presentados en 
ratones H2k a linfocitos T, donde la mayoría de ellos respondía al péptido tríptico 
con la secuencia 46-61, unido a IAk (IAαkβk). Nosotros decidimos examinar la 
respuesta a LG en ratones B6C3F1 para determinar el papel individual de las 
cadenas α y β de IAk en ella. Así, inmunizamos dichos ratones con LG en 
adyuvante completo de Freund, se obtuvieron los ganglios linfáticos regionales, 
de donde se aislaron las células totales y se reestimularon con LG in vitro por 5 
días, después de lo cual se generaron hibridomas T a partir de ellas y se analizó 
su especificidad contra péptidos de LG distribuidos a lo largo de los 129 
aminoácidos de la proteína. En estos primeros estudios (ref (Moreno et al., 1990) 
anexo 1) logramos identificar que en ratones H2k x H2b, la MHCII híbrida (IAαkβb) 
es dominante para el péptido inmunodominante (46-61) de LG, pese a que en 
ratones H2k es dominante para IAk (αkβb). La mayoría de los hibridomas 
respondió contra LG46-61 y otros péptidos que contenían los amonoácidos 52-
61 de LG, unidos a IAαkβb, pero no a IAαkβk ni a IAαbβk. Otros hibridomas 
respondieron contra algún péptido no identificado de LG unido a IAαbβk., 
mientras que un número menor respondió al péptido LG33-47 (segundo péptido 
inmunodominante para IAk en ratones H2k) unido a IAαkβk.  

Este estudio demostró que la inmunodominancia contra un péptido puede 
depender más de una de las dos cadenas de la MHCII, en este caso IAαk. En 
estudios adicionales (Vignali, Moreno, no publicados) estudiamos la afinidad del 
péptido LG46-61 hacia IAαkβb, comparada contra IAαkβk, incubando diluciones 
seriadas de un péptido sintético biotinilado con células del linfoma murino B A20, 
transfectadas con una u otra combinación de MHCII, seguido de estreptavidina-
FITC y examinadas en un citómetro de flujo. Estas células son IAd (Kappler et 
al., 1982) y se ha demostrado que ninguna de las cadenas de IAd forma pares 
estables con ninguna de las de IAk o IAb. La figura 2 muestra que LG46-61-
biotina tiene aproximadamente 10 veces más afinidad por IAαkβb que por IAαkβk. 
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Tabla I. Los hibridomas T de ratones B6C3F1 (H2k,b) reconocen el péptido LG46-61 presentado por IAαkβb 
  Alelos MHCII Ag (proliferación de CTLL-2 [cpm x 10-3]) 

Hibridoma T CPA IA IE Nil LG LG46-61 
A.167 C3H k k 0.3 + 0.0 0.2 + 0.0 0.3 + 0.0 

 B10.A (4R) k - 0.2 + 0.0 0.2 + 0.0 0.3 + 0.0 
 C57BL/6 b - 2.1 + 0.1 1.0 + 0.1 2.9 + 0.1 
 B6C3F1 k, b k, b 0.4 + 0.1 95.1 + 3.1 114.1 + 1.5 
 LK-35.2 k, d k, d 0.7 + 0.1 1.0 + 0.1 0.8 + 0.0 
 LB-27.4 b, d b, d 0.6 + 0.1 0.7 + 0.1 0.9 + 0.0 
 Células L αkβb - 0.7 + 0.1 148.1 + 1.1 155.6 + 0.2 
 Células L αbβk - 0.6 + 0.1 1.0 + 0.1 1.0 + 0.0 

A.481H C3H k k 0.4 + 0.0 0.2 + 0.1 0.3 + 0.0 
 B10.A (4R) k - 0.3 + 0.0 0.1 + 0.0 0.3 + 0.0 
 C57BL/6 b - 0.9 + 0.1 0.2 + 0.0 1.4 + 0.0 
 B6C3F1 k, b k, b 0.5 + 0.0 37.3 + 3.1 125.0 + 1.1 
 LK-35.2 k, d k, d 0.9 + 0.0 1.1 + 0.1 0.8 + 0.0 
 LB-27.4 b, d b, d 0.8 + 0.1 1.0 + 0.1 1.1 + 0.0 
 Células L αkβb - 1.3 + 0.2 155.7 + 2.5 146.3 + 1.6 
 Células L αbβk - 0.9 + 0.0 0.9 + 0.0 0.9 + 0.1 

A.149 C3H k k 0.4 + 0.0 0.2 + 0.0 0.4 + 0.1 
 B10.A (4R) k - 0.3 + 0.0 0.2 + 0.0 0.4 + 0.0 
 C57BL/6 b - 9.8 + 1.0 1.7 + 0.9 12.8 + 0.6 
 B6C3F1 k, b k, b 0.7 + 0.1 13.8 + 1.8 103.3 + 3.2 
 LK-35.2 k, d k, d 0.8 + 0.1 1.0 + 0.0 0.8 + 0.1 
 LB-27.4 b, d b, d 0.7 + 0.1 1.0 + 0.0 1.1 + 0.1 
 Células L αkβb - 0.8 + 0.1 104.0 + 2.8 131.0 + 1.9 
 Células L αbβk - 0.7 + 0.0 0.9 + 0.1 1.1 + 0.5 

A.184 C3H k k 0.3 + 0.0 0.1 + 0.0 0.5 + 0.0 
 B10.A (4R) k - 0.3 + 0.0 0.1 + 0.0 0.4 + 0.0 
 C57BL/6 b - 2.0 + 0.1 0.5 + 0.1 3.9 + 0.3 
 B6C3F1 k, b k, b 0.6 + 0.1 15.8 + 0.9 109.7 + 3.7 
 LK-35.2 k, d k, d 0.7 + 0.1 1.1 + 0.1 0.8 + 0.1 
 LB-27.4 b, d b, d 0.6 + 0.1 1.0 + 0.1 1.1 + 0.0 
 Células L αkβb - 0.7 + 0.1 109.0 + 1.6 120.9 + 2.1 
 Células L αbβk - 0.6 + 0.0 0.8 + 0.1 0.8 + 0.0 

Se incubaron 105 células/pozo de los hibridomas T mencionados con las CPA indicadas, ya 
fueren esplenocitos de las cepas murinas indicadas (2.5 x 105/pozo) o las líneas celulares (2.5 x 
104/pozo) en presencia o en ausencia de LG (100 μg/ml) o el péptido sintético 46-61 (10 μM). A 
las 24 horas de cultivo a 37oC se retiraron 100 μl del sobrebadante que fueron cultivados con 104 
células dependientes de IL-2 CTLL-2 en un volumen final de 200 μl por otras 24 horas, durante 
las últimas 10 horas se agregó 1 μCi de 3H-TdR por pozo, se cosecharon y se cuantificaron en 
un contador beta. Los resultados se expresan como cpm x 10-3 (Moreno et al., 1990) 

 
2. Mecanismos de procesamiento de antígenos presentados por MHCII. 
 
Una de las diferencias más importantes entre las MHCI y las MHCII es el origen 
y los mecanismos de presentación de los péptidos presentados por ellas. Las 
primeras presentan péptidos derivados predominantemente de proteínas 
endógenas (sintetizadas por la propia CPA), incluyendo proteínas virales, 
tumorales o proteínas propias de la célula; mientras que las MHCII 
habitualmente presentan antígenos derivados de proteínas exógenas que 
penetran a la célula por endocitosis en cualquiera de sus formas (Mellman, 
1990). 
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Aunque tanto para MHCI como para MHCII, el procesamiento de antígenos, 
ocurre intracelularmente, los sitios y mecanismos difieren, debido a diferencias 
en su biosíntesis, transporte y ensable (Fig. 4). Como ocurre con la mayoría de 
las proteínas de secreción y con aquellas expresadas en la superficie celular, las 
MHCI y II son sintetizadas en los polirribosomas unidos al retículo endoplásmico 
(RE, (Hammerling and Moreno, 1990), en forma cotraduccional, estas proteínas 
son transolcadas (vía péptido señal hidrofóbico amino terminal) al interior del RE, 
donde el péptido señal es escindido por la enzima señal-peptidasa, mientras que 
que la biosíntesis continúa hasta que cada polipéptido es sintetizado en su 
totalidad. Hasta esta fase, este proceso es idéntico para las MHCI y MHCII. Una 
vez en el lumen del RE, las cadenas polipeptídicas que forman la molécula clase 
I (β2-microglobulina y cadena α) son ensambladas para formar el heterodímero, 
utilizando diversas proteínas chaperonas que permiten su plegamiento y 
ensamble adecuados, mientras encuentran un péptido capaz de unirse a ellas, el 
cual, una vez unido, les confiere su estructura terciaria final y estable. Los 
péptidos que se unen a las moléculas clase I tienen una longitud promedio de 7 
a 9 aminoácidos (Van Bleek and Nathenson, 1990; Falk et al., 1990; Elliott et al., 
1995) y son homogéneos. 

Independientemente de su origen, los péptidos que se unen a las MHCI en el 
RE, provienen del citosol. Los péptidos citosólicos son traslocados al lumen del 
RE por el dímero TAP (TAP1/TAP2) (Monaco et al., 1990; Trowsdale et al., 
1990), que por un mecanismo dependiente de ATP lleva a cabo la traslocación 
de péptidos generados en el citosol por proteasomas asociados al RE, que son 
la principal fuente de péptidos presentados por MHCI (Deverson et al., 1990; 
Spies et al., 1990).  

Existen dos fuentes principales de proteínas para la generación de péptidos 
capaces de unirse a las MHCI. La primera son todas aquellas proteínas 
biosintéticas de la célula, predomiando proteínas originadas en el citosol, 
incluyendo algunas nucleares y mitocondriales (~75%), seguidas de proteínas 
secretorias y transmembranales. Los complejos MHCI-péptido, ya con una 
estructura terciaria estable, son transportados del RE, a través del aparato de 
Golgi a la superficie celular (Neefjes et al., 1990).  

La segunda fuente de péptidos proviene de proteínas de células fagocitadas por 
el fenómeno de transpresentación (cross presentation). En éste, antes de formar 
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los fagolisosomas, las vesículas fagocíticas se fusionan con un segmento de RE 
(Larsson et al., 2001), dando lugar a un compartimiento que contiene en su 
membrana complejos SEC61a, que expulsan proteínas al citosol, donde son 
fragmentadas por los proteasomas (Neefjes et al, 2008). Este compartimiento 
también contiene dímeros TAP, que importan a su lumen los péptidos derivados 
de las proteínas expulsadas. Así, las MHCI presentan también péptidos de 
proteínas fagocitadas, en una vía independiente de lisosomas, ya que el 
compartimiento Fagosoma-RE no se fusiona con los lisosomas, sino que es 
evaginado a la superficie, permitiendo la expresión en ella de las MHCI con sus 
péptidos ya unidos. Esto hace, además (como veremos más adelante), que este 
comartimiento no participe en el procesamiento por MHCII. 

Como las MHCI, las cadenas α y β de las MHCII son traslocadas al interior del 
RE, donde se encuentran trímeros de una molécula conocida como la cadena 
invariante (Ii. (Roche and Cresswell, 1990b). Esta es una chaperona particular 
de las MHCII, que en el ratón tiene dos formas moleculares maduras con Mr de 
41 y 31 kDa, siendo esta última la especie más abundante. La cadena Ii es una 
glicoproteína tipo II de superficie; es decir, con el carboxilo terminal en la región 
extracelular (Hammerling and Moreno, 1990).  

La cadena Ii tiene múltiples funciones; la primera de ellas es servir como base 
para el ensamble de las cadenas MHCII α y β, de manera que constituyen un 
nonámero con un homotrímero de cadena Ii (Fig. 3) y tres heterodímeros MHCII. 
Así, la cadena Ii es una chaperona particular de las MHCII. El nonámero MHC-Ii 
es la estructura estable que permite el transporte del RE hacia el aparato de 
Golgi, hasta la red del transgolgi (RTG, (Cresswell et al., 1987). De ahí, una 
señal dependiente de un motivo de dos leucinas en el dominio citoplásmico de la 
cadena Ii, transporta los nonámeros MHCII-Ii a endosomas tempranos, pasando 
antes por la superficie celular en forma transitoria (Neefjes et al, 2008), lo que 
constituye la segunda función de la cadena Ii. De los endosomas tempranos, 
estos nonámeros continúan siendo transportados en compartimientos 
endocíticos, inicialmente endosomas tardíos y después, en células dendríticas 
pasan al compartimiento MIIC, donde ocurren los últimos pasos de la 
maduración de las MHCII y del procesamiento de antígenos exógenos. En otras 
CPA profesionales (linfocitos B y macrófagos) no existe el MIIC, por lo que las 
MHCII pasan a lisosomas, de ahí algunas diferencias importantes en el 
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detalle el papel de la cadena Ii en el procesamiento de antígenos presentados 
por MHCII. 

Figura 4. Transporte MHCII y las vías de procesamiento y presentación de antígenos por MHCII (descrita a lo largo 
del texto). 

Nuestro estudio consistió en el análisis de la presentación de dos antígenos 
exógenos diferentes presentados por las mismas células transfectadas con 
genes de las MHCII IAk α y β con o sin el gen de la cadena Ii (Nadimi et al., 
1991). Los antígenos utilizados fueron las proteínas LG y RNAsaA bovina. Las 
CPA fueron fibroblastos de rata Ii- (Rat-2) transfectados con los plásmidos que 
codifican IAk con otro plásmido que codifica la cadena Ii (o sin ella). Estas 
células se utilizaron por qué, a diferencia de otras líneas células (como células 
Ltk- de ratón), no expresan cadena Ii endógena bajo ninguna circunstancia.  

Inicialmente se caracterizaron en detalle las células Rat2 transfectadas para 
determinar la expresión de MHCII y cadena Ii (figura 5, tabla II), las primeras por 
citometría de flujo y por inmunoprecipitación (IP) y las segundas, únicamente por 
IP. A continuación se analizó su capacidad de presentar LG o RNAsaA exógena 
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Tabla II. Niveles de expresión de MHCII y de cadena Ii por células Rat-2 

Grupo Línea celular Expresión de IAk Expresión de Ii 

I Rat-2 6 - 

 RKKI-16 95 ++ 

 RKKI-33 92 ++ 

 RKKI-53 92 ++ 

 RKKI-poly 102 ++ 

II RKKI-1 84 + 

 RKKI-2 93 + 

 RKKI-32 100 +/- 

 RKKI-36 92 +/- 

III RKK-11 70 - 

 RKK-12 89 - 

 RKK-16 89 - 

 RKK-17 104 - 

 RKK-18 90 - 

 RKK-20 112 - 

 RKK-poly 115 - 

Modificado de (Nadimi et al., 1991) 

Estudios realizados por otros investigadores en años posteriores demostraron 
que las MHCII presentan antígenos a partir de dos rutas de procesamiento 
(Germain, 1994; Cresswell, 1994; Green and Pierce, 1996; Griffin et al., 1997). 
Una, la clásica, que es la de neosíntesis y que es dependiente de la cadena Ii, 
representada en nuestros experimentos por la LG y la otra por MHCII recicladas, 
en la cual las MHCII ya expresadas en la superficie con algún péptido son 
endocitadas y el péptido unido es intercambiado por un péptido nuevo derivado 
de alguna otra proteína, en el caso nuestro, la RNAsaA. Los compartimientos 
precisos en los que ocurre el procesamiento de una u otra permanecen sin ser 
caracterizados con precisión. 
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       ____________________Hibridoma T________________________ 

 
Figura 6. Presentación de dos antígenos diferentes presentados por CPA con expresión variable de cadena Ii. 
Los fibroblastos tranefectados con IAk con o sin la cadena Ii se utilizaron como CPA con los hibridomas mencionados 
arriba, en presencia de concentraciones progresivas de los antígenos LG (los cinco de la izquierda) o RNAsaA. A las 24 
horas se midió la secreción de IL-2 en los sobrenadantes de los cultivos.  Los valores en el eje de las Y corresponden a 
la concentración de antígeno necesaria para obtener una respuesta equivalente al 50% del máximo. Las CPA se agrupan 
como se menciona en la parte inferior (modificado de (Nadimi et al., 1991). 

Diversos estudios han demostrado que la unión de los péptidos derivados de las 
proteínas exógenas (que ingresaron a la célula por endocitosis) a las MHCII 
ocurre en un compartimiento endocítico (Lorenz et al., 1988; Harding et al., 
1991). Las MHCII y la cadena Ii pueden detectarse desde endosomas tempranos 
(Guagliardi et al., 1990; Cresswell, 1985). Sin embargo, el sitio donde las MHCII 
son más abundantes, especialmente en células dendríticas, es diferente de los 
endosomas y de los lisosomas clásicos (Peters et al., 1991). Se trata de un 
compartimiento endocítico tardío, multilaminar, donde convergen las MHCII con 
moléculas endocitadas. Dadas sus características únicas, se le denominó 
compartimiento clase II o MIIC. En concordancia con estos resultados, Harding y 
Unanue (Harding et al., 1991) demostraron que el procesamiento y generación 
de péptidos inmunogénicos de LG, ocurre en los lisosomas (o algún 
compartimiento similar) y no en endosomas tempranos. Estos autores utilizaron 
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LG encapsulada en liposomas, la disociación de los liposomas era un requisito 
indispensable para liberar el antígeno y, por lo tanto, para su procesamiento. Los 
liposomas utilizados fueron de dos tipos, uno disociable en presencia de acidez 
moderada mientras que el otro requería de mayor acidez (pH similar al 
encontrado en los lisosomas) para su disociación. Sus resultados indicaron que 
los péptidos inmunogénicos eran generados más eficientemente cuando el 
antígeno estaba encapsulado en los liposomas que requerían de viajar hasta los 
lisosomas para liberar al antígeno; por lo tanto, el procesamiento ocurre en 
forma más eficiente en endosomas tardíos o lisosomas (o quizá en MIIC).  

A diferencia de la homogeneidad en el tamaño de los péptidos que se unen a las 
MHCI, los péptidos que se unen a las MHCII son de tamaño variable (Demotz et 
al., 1989; Chicz et al., 1992), lo cual no es inesperado, ya que la vía endocítica 
contiene una gran variedad de enzimas proteolíticas que pueden fragmentar a 
las proteínas ahí presentes en péptidos de tamaño variable (Bond and Buttler, 
1988). 

Esto nos lleva a la tercera función de la cadena Ii, que cuando está formando 
complejos con las MHCII, un segmento de su secuencia (aproximadamente 
entre los aminoácidos 81-106) se une y cubre la hendidura de la MHCII a la cual 
se unen los péptidos (Bangia and Watts, 1995; Roche and Cresswell, 1990a). 
Esto impide que las MHCI unan péptidos mientras la cadena Ii esté unida a ellas, 
que es todo el trayecto desde el RE y el Golgi, hasta los endosomas tempranos. 
En endosomas tardíos, la cadena Ii se degrada en forma progresiva por la 
acción de las catepsinas (Blum and Cresswell, 1988), que en DC es la catepsina 
S, mientras que en linfocitos B y en macrófagos, se debe predominantemente a 
las catepsinas L y B. Después de esta degradación, el segmento 81-106 
(conocido como CLIP) permanece unido a la hendidura de las MHCII hasta llegar 
al MIIC o a los lisosomas, donde el CLIP es liberado por un mecanismo descrito 
más abajo. Debido a lo anterior, la cadena Ii impide la presentación de péptidos 
presentes en compartimientos previos al MIIC y lisosomas, lo cual favorece 
importantemente la presentación de péptidos derivados de las proteínas más 
abundantes en dichos compartimientos, que son las proteínas derivadas de la 
fagocitosis o de otras formas de endocitosis. En 1990, estas características y 
mecanismos de acción de la cadena Ii eran también controversiales, así que 
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decidimos estudiar la presentación, por MHCII, de péptidos derivados de 
proteínas sintetizadas por la propia CPA. 

Tabla III. Hibridomas de linfocitos T 
Nombre Especificidad Restricción Referencia. 

3A9 LG48-62 IAk (Allen et al., 1984) 
2B5.1 LG48-62 IAk (Moreno et al., 1991) 
1A3.2 LG48-62 IAk (Moreno et al., 1991) 
A2.2B2 LG48-62 IAk (Allen et al., 1985; Allen 

et al., 1984) 
A.167 LG48-62 IAαkβb (Moreno et al., 1990) 
A.744 LG48-62 IAαkβb (Moreno et al., 1990) 
A.184 LG48-62 IAαkβb (Moreno et al., 1990) 
N54.K15 LG48-62 IAαkβb Moreno, Vignali, n.p. 
2B6.3 LG25-43 IAk (Moreno et al., 1991) 
E.907D, K* LG33-47 IAk (Moreno et al., 1990) 
2G7.1 LG1-18 IEk (Moreno et al., 1991) 
TS12 RNAsaA 41-61 IAk (Lorenz et al., 1988) 

* Estos dos hibridomas T son clonas hermanas, el determinante exacto que 
reconocen es desconocido pero se encuentra dentro de los primeros 80 
aminoácidos de la secuencia de LG. 

n.p.= No publicado. 

En estos estudios (Moreno et al., 1991) generamos un plásmido que codifica una 
forma truncada de LG (aminoácidos 1-81), con una región transmembranal y otra 
citoplásmicas, del gen que codifica la MHCI H2-Kk (LG-[1-81]-Kk). Este plásmido 
se transfectó por elecrtroporación en varios tipos de CPA, inicialmente el linfoma 
B A20, cotransfectándose con IAαkβb y en el hibridoma B LK-35.2 (H2k).  Se 
analizaron todas las células transfectadas de acuerdo a su capacidad de 
estimular hibridomas T anti-LG en ausencia del antígeno en forma exógena, lo 
cual dio resultados positivos. Estas células se clonaron por dilución limitante y 
las clonas fueron nuevamente analizadas para su capacidad de inducir secreción 
de IL-2 por los mismos hibridomas T anti-LG. A continuación se analizó en 
detalle la presentación de esta forma biosintérica, no secretada de LG por los 
linfomas B transfectados, siempre comparandola con su capacidad para 
presentar LG exógena a diversos hibridomas de linfocitos T específicos contra 
cinco determinantes de LG presentados por IAαkβb o IAαkβk (Tabla III). Todos 
estos determinantes fueron presentados con una eficiencia similar para las dos 
formas de LG.  
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En estudios adicionales con el mismo modelo (Adorini et al., 1991), encontramos 
que la presentación de péptidos derivados de LG endógena por células LK-35.2 
puede ser competida con péptidos exógenos, lo que indicó en su momento, que 
las rutas de procesamiento de antígeno coinciden con los sitios a donde son 
internalizados los péptidos sintéticos. 
 
A continuación estudiamos si el procesamiento de las dos formas de LG 
(exógena o biosintética) por otro tipo celular resultaba en un patrón similar de 
péptidos generados que en linfomas B. Para ello, se transfectaron células Rat-2-
IAk Ii+ o Ii- con LG[1-81]Kk. Mientras que todos los determinantes analizados 
(incluyendo 25-43) fueron presentados con eficiencia similar por las células Rat-
2 Ii+ e Ii- a partir de LG exógena, el péptido LG24-45 solo fue presentado a partir 
de LG endógena. Esto indica que los fibroblastos son incapaces de generar 
algunos péptidos a partir de antígenos exógenos, pero pueden generados 
eficientemente a partir del mismo antígeno de origen biosintético, sugiriendo 
diferencias en el procesamiento de una y otra formas de la misma proteína, pese 
a que ambas formas pueden considerarse exógenas, difieren en sus 
requerimientos de procesamiento cuando son presentrados por distintas CPA. 

En años subsecuentes, realizados en el CMN Nacional Siglo XXI, en la Ciudad 
de México (Bonifaz et al., 1999), encontramos que, en células LK-35.3, una 
forma endógena de LG con señal de retención en el RE (por los aminoácidos 
KDEL en el carboxilo terminal), es procesada, al igual que la LG exógena en 
compartimientos endocíticos, pero que aparentemente proceden de LG distintas 
fuentes intracelulares de proteínas, indicando que los compartimientos, aunque 
en ambos casos son endocíticos y dependientes de acidificación, son 
parcialmente distintos. 

Continuando con la línea de estudios de presentación de LG, decidimos 
examinar el papel de otras interacciones de superficie en la presentación de 
antígeno por MHCII. Para el año 2002, ya nos habíamos interesado en el papel 
de la molécula CD40, de la familia del receptor del factor de necrosis tumoral 
(TNF) en la capacidad presentadora de antígeno de las células LK-35.2. En un 
estudio al respecto (Clatza et al., 2003) encontramos que el tratamiento de 
células LK-35.2 con un anticuerpo agonista anti-CD40 tiene un efecto 
potenciador de su capacidad de presentar antígenos por un mecanismo 
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independiente del procesamiento, ya que ocurría también en la presentación de 
péptidos sintéticos que no requieren de ser procesados. Estos estudios 
demostraron que el tratamiento mencionado induce una agregación temprana de 
las MHCII en balsas lipídicas en la superficie de las CPA, en donde conicide la 
molécula coestimuladora CD80. Este tratamiento hace que las CPA sean incluso 
capaces de presentar antígeno y activar linfocitos T vírgenes de ratones 
transgénicos para un TCR que reconoce LK48-62 (ratones 3A9). Estos linfocitos 
T secretan en forma temprana las citocinas IL-2 e interferón γ. 

 En otro estudio, más reciente, estudiamos la función de los linfocitos B vírgenes 
como CPA in vivo y el papel de CD40 en esta función. En estos estudios 
(Rodriguez-Pinto and Moreno, 2005) se utilizaron ratones deficientes en la 
recombinasa RAG1 (haplotipo H2b), que no tienen linfocitos T ni B y se 
reconstituyeron con diversas combinaciones de linfocitos T derivados de ratones 
transgénicos para un TCR contra LG48-62+IAk, y linfocitos B de ratones MD4, 
que son transgénicos para las cadenas ligera y pesdada de un anticuerpo contra 
LG o B10.BR (H2k). Esas combinaciones de linfocitos T y B son histocompatibles 
entre ellos (H2k), pero incompatibles con el ratón receptor. De esta manera, las 
únicas CPA capaces de presentar los péptidos de LG son las transferidas. En 
este caso, los linfocitos B. Los resultados iniciales mostraron que los linfocitos B 
vírgenes específicos contra LG, pero no los irrelevantes son capaces de activar 
linfocitos T vírgenes específicos contra el mismo antígeno en ratones 
inmunizados con LG, incluso sin adyuvante y en ausencia de células dendríticas 
histocompatibles. Para estudiar el papel de CD40 en esta función, se realizaron 
estudios adicionales, transfiriendo combinaciones de linfocitos T y B de ratones 
3A9L y MD4 retrocruzados con ratones deficientes en CD40 (para MD4) o su 
ligando (para 3A9). Los resultados mostraron que la ausencia de la molécula 
CD40 en el linfocito B previene su capacidad como CPA in vivo, indicando la 
necesidad de la interacción CD40-CD40L en la maduración de los linfocitos B 
como CPA capaces de activar linfocitos T vírgenes. 
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Estado actual del conocimiento del procesamiento de antígenos para 
MHCII 

Mecanismos de captación de antígenos por CPA profesionales.  

Para ser procesados, los antígenos exógenos, presentados predominantemente 
por MHCII, entran a la célula por cuatro mecanismos esenciales: endocitosis 
mediada por receptores (EMR), macropinocitosis y fagocitosis (Mellman et al., 
1998). Las células dendríticas y los macrófagos utilizan los tres mecanismos, 
mientras que los linfocitos B se restringen a EMR. 

La EMR ocurre cuando el antígeno se une a un receptor en la superficie celular, 
de donde es endocitado, habitualmente en vesículas cubiertas por clatrina, a 
endosomas tempranos, de donde viaja a endosomas tardíos y lisosomas. En 
linfocitos B, la EMR depende del BCR, que capta con gran afinidad el antígeno 
reconocido por la inmunoglobulina de superficie, lo cual hace que el antígeno 
sea endocitado con mayor eficiencia que cualquiera otra molécula del medio 
extracelular. El antígeno endocitado a través del BCR llega a los lisosomas, que 
en las CPA son los compartimientos clase II (MIIC (Xu et al., 1996). Finalmente, 
el entrecruzamiento del BCR por el antígeno transduce señales que además de 
iniciar su diferenciación a célula secretora de inmunoglobulinas, aumentan la 
eficiencia del linfocito B como CPA (Vyas et al., 2008). Así, en linfocitos B, la 
EMR es un mecanismo que concentra los antígenos reconocidos por su BCR, 
aunque se encuentren en concentraciones muy bajas, permitiendo captarlos 
varias órdenes de magnitud por arriba que otras moléculas, aunque éstas sean 
más abundantes. 

La mayoría de los receptores utilizados para EMR y fagocitosis por las células 
dendríticas son proteínas de superficie tipo lectina, de las cuales las más 
estudiadas son el receptor DEC-205 y el receptor de manosa, aunque hay 
muchos otros que no se han estudiado funcionalmente ref. Estos unen proteínas 
glicosiladas y las internalizan a los compartimientos en donde son procesados 
los antígenos. Algunos receptores tipo lectina parecen seguir distintos caminos 
en la vía endocítica, lo cual podría resultar en procesamiento alterno y generar 
péptidos distintos, amplificando la diversidad de una respuesta inmune (Figdor et 
al., 2002). Las células dendríticas y macrófagos captan antígenos en forma de 
complejos inmunes a través de receptores Fcγ, aumentando la eficiencia de 
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presentación de antígenos una vez que se ha iniciado la producción de 
anticuerpos contra ellos. 

La fagocitosis es probablemente el mecanismo de defensa más antiguo, que 
permite la captura y eliminación de diversos tipos de partículas, como microbios, 
células apoptóticas, partículas inertes y los antígenos contenidos en ellas. Las 
partículas a ser fagocitadas generalmente se unen a un receptor, después de lo 
cual se genera un fagosoma, que al fusionarse con un lisosoma, constituye el 
fagolisosoma. Hay múltiples receptores, que además de participar en la EMR, 
facilitan la fagocitosis, como receptores Fcγ, receptores de complemento y 
lectinas. Los macrófagos y las células dendríticas inmaduras, y en menor grado 
las maduras, tienen gran actividad fagocítica (Vyas et al., 2008). 

La captación de células apoptóticas por fagocitosis permite a las células 
dendríticas adquirir antígenos de células propias, lo que normalmente lleva a la 
tolerancia inmunológica. Por otro lado, las células apoptóticas infectadas 
contienen antígenos del agente invasor, por lo que la fagocitosis de sus 
fragmentos por CPA es importante para la respuesta inmune contra agentes que 
infectan células distintas de las CPA. Además, aparentemente las células 
dendríticas también obtienen antígenos de células infectadas aunque éstas 
estén vivas, lo cual también induce inmunidad contra los antígenos del agente 
infeccioso (Vyas et al., 2008).  

Una variante de la EMR ocurre en caveolas, formaciones lipídicas de la 
membrana celular que contienen la proteína caveolina (Mellman et al., 1998). 
Las caveolas contienen receptores que son endocitados en vesículas 
denominadas caveosomas, los cuales vierten su contenido en la vía endocítica, 
aunque algunos de ellos tienen acceso a compartimientos como el aparato de 
Golgi y RE. Se desconoce si las caveolas participan en captación de antígenos 
por las CPA. 

La macropinocitosis es el mecanismo constitutivo de captación de solutos en DC 
inmaduras y en menor grado por macrófagos. Se inicia en la membrana con 
ondulaciones, formando macropinosomas que vierten su carga en endosomas 
tempranos. La maduración elimina la actividad macropinocítica de las DC, pero 
persiste su capacidad de captar antígeno por otros mecanismos (Vyas et al., 
2008). El papel real de la macropinocitosis in vivo es desconocido, ya que se 
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restringe a antígenos solubles y habitualmente los antígenos de los agentes 
invasores se encuentran en forma insoluble, por lo que esencialmente son 
captados por fagocitosis. 

La mayoría de los eventos de la EMR se lleva a cabo en vesículas recubiertas 
por clatrina y el adaptador AP-2 y puede ser dependiente o independiente de la 
proteína dinamina. La endocitosis por caveolas es independiente de clatrina, 
pero dependiente de dinamina y de caveolina, mientras que la fagocitosis y la 
macropinocitosis dependen del esqueleto de actina, con participación de las 
GTPasas Rac y Cdc42 (Mellman et al., 1998). 

Finalmente, las moléculas del MHC pueden captar péptidos libres del medio 
extracelular. Sin embargo, debido a que la mayoría de las moléculas del MHC 
llegan a la superficie celular ya ocupadas, a que los péptidos pequeños tienen 
vidas medias cortas, además de que no se conocen sistemas de intercambio 
activo de péptidos en la superficie celular, es poco probable que tengan 
relevancia in vivo. No obstante, este fenómeno es útil para estudiar la 
presentación de antígeno in vitro a nivel experimental. 

 
Cadena invariante y otras chaperonas de las MHCII 

En ratones hay dos isoformas de cadena Ii, resultantes del empalme alterno de 
su RNA mensajero (Strubin et al., 1986). La más abundante es p31 y la menos 
abundante (aunque siempre presente) es p41. Debido a un codón alterno de 
iniciación, en humanos la cadena Ii tiene cuatro isoformas (p33, p35, p41 y p45), 
lo que explica algunas diferencias funcionales en el procesamiento de los 
antígenos presentados por MHCII en humanos y en ratones. 

Los linfocitos B expresan, además, la MHCII no clásica DO, la cual, mientras el 
pH es neutro está unida a DM, previniendo su función (Vyas et al., 2008). Al 
llegar los lisosomas especializados, donde el pH es menor, DO se separa de 
DM, permitiendo a ésta llevar a cabo sus funciones. Dado que el BCR con su 
antígeno unido es endocitado hacia el mismo sitio en que DO se disocia de DM, 
el antígeno reconocido por un linfocito B es procesado precisamente en el sitio 
donde las MHCII están en óptimas condiciones de unir los péptidos derivados de 
él. 
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Como otras proteínas cuyo destino es secreción o expresión en superficie, las 
MHCII son sintetizadas en los ribosomas asociados al RE, ingresando a éste en 
forma cotraduccional. Durante su biosíntesis y traslocación al lumen del RE, las 
cadenas MHCII α y β se ensamblan al asociarse con la cadena Ii, que es una 
proteína de superficie tipo II (carboxilo terminal extracelular) no polimórfica. La 
cadena Ii forma homo u heterotrímeros (entre sus distintas isoformas 
moleculares), sobre los cuales se ensamblan tres dímeros αβ, dando lugar a un 
nonámero que viaja hasta la vía endocítica, donde, a un pH ácido, las catepsinas 
S y L fragmentan a la cadena Ii, disociándola gradualmente de las MHCII, lo que 
les permite unir péptidos. La cadena Ii es la estructura de ensamble para la 
formación de dímeros αβ de MHCII estables, condición necesaria para su 
transporte del RE al aparato de Golgi (Riberdy et al., 1994).  

El segmento con los aminoácidos 81-104 de la cadena Ii, conocido como CLIP 
(class II-associated invariant chain peptide), cubre la hendidura de las MHCII, 
impidiendo la unión de péptidos a ellas antes de llegar a la vía endocítica. Esto 
favorece la presentación de péptidos derivados de proteínas exógenas o que se 
concentran en la vía endocítica. Después de la degradación de la cadena Ii, el 
CLIP permanece unido a las MHCII hasta llegar a los MIIC, donde es 
reemplazado por péptidos derivados de las proteínas ahí procesadas (Vyas et 
al., 2008). 

La cadena Ii, además, regula el transporte de las MHCII a la vía endocítica, ya 
que su región citoplásmica tiene una señal de tráfico intracelular (Leu-Leu), que 
dirige los nonámeros Ii-MHCII de la red de trans-Golgi (RTG) pasando 
brevemente por la superficie celular (Bakke and Dobberstein, 1990). Finalmente, 
la isoforma p41 de la cadena Ii inhibe la catepsina H (Bevec et al., 1996). 

 

MIIC y  lisosomas 

Los MIIC son lisosomas especializados presentes únicamente en las DC (Peters 
et al., 1991; Kleijmeer et al., 1997; Lutz et al., 1997), son ricos en MHCII y son 
los sitios principales de procesamiento de antígenos exógenos. En MIIC, 
además de las MHCII, convergen la cadena Ii, la molécula DM (ver más abajo) y 
receptores tipo lectina provenientes de la superficie celular. Por microscopía 
electrónica, los MIIC son compartimientos endocíticos tardíos multilaminares que 
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después del estímulo inflamatorio adquieren una forma multivesicular. En 
linfocitos B, el procesamiento de antígenos ocurre en lisosomas, en los cuales 
convergen, además de MHCII, cadena Ii y DM, la molécula DO y la 
inmunoglobulina de superficie. Esto tiene implicaciones importantes, ya que DO 
permanece unido a DM mientras el pH no alcance la acidez necesaria para su 
disociación (4-5, que es el pH de los lisosomas). Una vez disociado de DO, DM 
queda libre para ejercer su función catalítica sobre las MHCII, permitiendo así 
que el CLIP sea liberado de ellas al mismo tiempo que se encuentran con la 
inmunoglobulina de superficie, que acarrea su propio antígeno desde la 
superficie celular. Con esto, los péptidos más abundantes en los lisosomas de 
los linfocitos B son derivados del mismo antígeno reconocido por su 
inmunoglobulina. 

Algunos péptidos pueden intercambiarse espontáneamente por el CLIP, pero en 
forma muy ineficiente. Así, en CPA profesionales la remoción del CLIP es 
catalizada por el dímero MHCII no clásico HLA-DM (H2DM en ratones), que se 
une a las MHCII, relajando su hendidura, facilitando así la liberación del CLIP, 
después de lo cual, los péptidos ahí presentes pueden unirse a las MHCII, con lo 
cual, éstas adquieren una estructura estable que permite su transporte a la 
superficie celular, donde son reconocidas por linfocitos T CD4+. 

En resumen, CPA procesan antígenos exógenos en los MIIC donde, en 
presencia de DM, el CLIP se disocia de las MHCII. Allí, las MHCII convergen con 
receptores provenientes de la superficie celular, que acarrean moléculas 
exógenas a los MIIC y a los lisosomas. La variabilidad de los péptidos 
presentados por MHCII depende de propiedades únicas de cada proteína, de 
cada péptido en la misma, de cada alelo MHCII y del tipo de CPA. Las 
diferencias en resistencia o susceptibilidad a la degradación confieren a cada 
proteína una cinética única de digestión intracelular. Algunas se digieren en 
endosomas tempranos y otras necesitan un pH más ácido e incluso condiciones 
reductoras que rompan puentes disulfuro y permitan la acción de proteasas. Los 
macrófagos degradan antígenos en forma rápida, mientras que las DC lo hacen 
lentamente, lo que las hace más eficientes, pues dan más tiempo a que los 
péptidos formados durante el procesamiento se unan a las MHCII. 
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Proteasas que procesan antígenos presentados por MHCII y 
heterogeneidad de los péptidos 

Como se mencionó, los péptidos presentados por MHCII derivan de proteínas 
degradadas en compartimientos endocíticos (Riese et al., 1998). En los 
lisosomas hay múltiples proteasas de cisteína de la familia la papaína con 
distintas actividades proteolíticas, denominadas catepsinas. Estas enzimas se 
sintetizan como precursores inactivos (zimógenos) que son transportados a la 
vía endocítica por el receptor de manosa 6 fosfato (M6P), donde, a pH ácido, los 
glucosaminoglicanos disparan su actividad autocatalítica de endopeptidasas, 
dando lugar a las enzimas activas. Las catepsinas B, L, S, V, F y H son 
endopeptidasas (cortan enlaces peptídicos internos de las proteínas). La 
catepsina X es una carpoxipeptidasa (corta el aminoácido carboxilo terminal). La 
catepsina C es aminopeptidasa (corta el amino terminal). Las catepsinas B y H 
tienen, además, actividad de carboxipeptidasa. Las exopeptidasas son activadas 
por endopeptidasas. Una proteasa más, presente en lisosomas es la AEP 
(endopeptidasa específica para asparagina), que se ha implicado en la 
degradación de la cadena Ii y en la generación de algunos péptidos 
inmunogénicos. La actividad de estas enzimas es regulada por inhibidores 
conocidos como cistatinas, estefinas y cininógenos (Vyas et al., 2008). 

Aunque no hay una proteasa especializada en el procesamiento de antígenos 
para MHCII, las más importantes son las catepsinas S y L, con la participación 
de exopeptidasas (catepsina D). La generación de los péptidos que se unen a 
MHCII requiere de la tiol-reductasa inducible por interferón gamma (GILT), que 
reduce los puentes disulfuro de las proteínas, seguida de la acción concertada 
de una o más endopeptidasas y, finalmente, exopeptidasas que rasuran en 
grado variable los extremos del péptido unido a la MHCII (Vyas et al., 2008). 

A diferencia de los péptidos unidos a las MHCI, que son homogéneos (ver 
abajo), los péptidos naturalmente procesados extraídos de las MHCII son de su 
tamaño muy variable y de mayor longitud (en promedio 12 a 15 aminoácidos), 
incluso tratándose de péptidos del mismo determinante antigénico (Chicz et al., 
1993). Esto no es inesperado, ya que la hendidura de las MHCII está abierta en 
sus extremos y los extremos de las MHCI limitan el tamaño de los péptidos que 
pueden unir y por otro lado, las múltiples proteasas lisosómicas fragmentan las 
proteínas en péptidos de tamaño variable. Finalmente, las exopeptidasas 
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recortan en forma variable algunos péptidos unidos a las MHCII, contribuyendo 
así a su heterogeneidad. 

Estudios recientes de mi grupo 

En estudios más recientes (Pérez-Montesinos y Moreno, resultados no 
publicados), estamos examinando en detalle los compartimientos de 
procesamiento de antígenos exógenos, especialmente, el sitio preciso donde las 
MHCII se concentran para interactuar con su chaperona DM, adquirir péptidos 
para presentar a linfocitos T, e iniciar su transporte final a la superficie celular, 
todo esto en células dendríticas de ratón derivadas de médula ósea. Para 
caracterizar los compartimientos intracelulares por los aque pasan las MHCII, se 
han realizado estudios cinéticos, en células dendríticas diferenciadas a partir de 
médula ósea con GM-CSF durante 5 días. A partir del quinto día (tiempo 0), las 
células dendríticas se estimulan con lipopolisacárido (LPS) y se fijan a distintos 
tiempos, hasta 24 horas. La caracterización fina de los compartimientos se 
realizó por medio de un microscopio confocal, después de teñir con anticuertpos 
contra distintas GTPAsas Rab, las cuales participan en la selectividad del 
transporte vesicular y que identifican subcompartimientos de distintas vías, pero 
en nuestro caso sólo de la vía endocítica. Se encontró que las MHCII y DM 
convergen en un compartimiento positivo para Rab7 (característica de 
endosomas tardíos y lisosomas) y Rab9 (característica de lisosomas y red del 
trans Golgi (RTG) e indicador de la presencia del receptor de manosa 6 fosfato. 
Las MHCII y DM llegan a dicho compartimiento (probablemente, el sitio de 
procesamiento) por vías independientes, ya que las MHCII llegan en vesículas 
Rab7/Rab5 positivas, mientras que  de DM llega en vesículas que no se tiñen 
con ninguno de los antisueros contra las GTPasas Rab con que contamos 
(Rab5a, 7, 9 y 11a). La convergencia de MHCII y DM en este compartimiento 
ocurre una hora después de agregar el LPS. A las dos horas, el compartimiento 
de convergencia (MIIC) ya es positivo para Rab5a, así como Rab11a, lo que 
sugiere que, en CPA profesionales, el MIIC es un compartimiento de “muestreo” 
al que llegan vesículas procesdentes de diversos sitios de la célula. Esto 
favorecería que las MHCII captaran péptidos de cualquier proteína célular y al 
ser subsecuentemente expresadas en la superficie celular, serían capaces  de 
informar a los linfocitos T de su contenido y así, en las condiciones apropiadas 
mantener la tolerancia inmunológica, mientras que en presencia de un proceso 
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Figura 9. Convergencia temprana de las MHCII con Rab7 o Rab5, seguida de confluencia de las tres moléculas, 
de allí, las MHCII parten independientemente de ambas Rab a la periferia celular. Imagen de microscopía confocal 
que muestra tres colores de fluorescencia con las MHCII (azul), Rab7 (verde) y Rab5 (rojo). Las imágenes se tomaron en 
forma secuencial a los tiempos mencionados, después de una dosis de 10 μg/ml de LPS (experimentos de Gibrán Pérez 

Montesinos). 

 

 

 

Figura 10. Después de 
converger inicialmente en el 
compartimiento Rab7+ (verde) 
Rab11+ (rojo), las MHCII (azul) 
parten a la periferia celular 
acompañadas sólo de Rab11. 
Imagen de microscopía confocal 
que muestra tres colores de 
fluorescencia con las MHCII 
(azul), Rab11 (verde) y Rab7 
(rojo). Las imágenes se tomaron 
en forma secuencial a los 
tiempos mencionados, después 
de una dosis de 10 μg/ml de 
LPS (experimentos de Gibrán 
Pérez Montesinos). 
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Figura 11. DM llega en forma temprana a los compartimientos Rab7+Rab9+ independiente de todas las Rab 
estudiadas para permanecer allí durante todo el proceso de maduración de las células dendríticas. Imagen de 
microscopía confocal que muestra tres colores de fluorescencia con DM (azul), Rab7 (verde) y Rab5 (rojo). Las imágenes 
se tomaron en forma secuencial a los tiempos mencionados, después de una dosis de 10 μg/ml de LPS (experimentos de 
Gibrán Pérez Montesinos). 

 
Figura 12. Después de 26 horas, la cadena Ii, aparentemente libre de MHCII, permanece debajo de la superficie 
celular en compartimientos Rab11+, mientras que las MHCII se encuentran en la superficie predominantemente 
independientes de Rab11. Imagen de microscopía confocal que muestra tres colores de fluorescencia con las MHCII 
(verde), cadena Ii (azul) y Rab11 (rojo). Las imágenes se tomaron en forma secuencial a los tiempos mencionados, 
después de una dosis de 10 μg/ml de LPS (experimentos de Gibrán Pérez Montesinos). 
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Conclusiones 

Estos estudios, realizados inicialmente por mí y después por mi grupo de trabajo, 
han contribuido a caracterizar distintas actividades durante la presentación y el 
procesamiento de antígenos, que van desde la preferencia de las MHCII por unir 
ciertos péptidos, su capacidad de adquirir y presentar eficientemente péptidos de 
proteínas intracelulares, la existencia de dos vías de procesamiento para las 
MHCII y el papel dual de la cadena Ii, que es necesaria sólo en una de ellas. En 
estudios posteriores demostramos que las proteínas de origen exógeno y las 
sintetizadas por la propia CPA son procesadas en forma ligeramente diferente, 
aunque en ambos casos en compartimientos de la vía endocítica. Además, 
estudiamos mecanismos adicionales que aumentan la eficiencia de la 
presentación de antígeno in vitro e in vivo, en los cuales el receptor CD40 juega 
un papel primordial. También, como parte de estos estudios, se pudo comprobar 
que los linfocitos B antígeno específicos tienen la capacidad de activar linfocitos 
T vírgenes específicos contra el mismo antígeno in vivo. Finalmente, estamos en 
el proceso de caracterizar en forma fina dos vías de transporte distintas para las 
MHCII y para DM hacia el sitio de procesamiento de antígeno, así como el 
posible papel de la GTPAsa Rab11a en el transporte final de las MHCII hacia la 
superficie celular. 

 

Materiales y Métodos 

Líneas celulares y anticuerpos. El linfoma B A20 (Kim et al., 1985) es derivado de 
ratones Balb/c (H2d). El hibridoma B LK-35.2 fue derivado de la fusión somática de una 
sublínea de A20 con esplenocitos de ratones B10.BR (H2k), por lo tanto, expresa H2

d,k
 

(Kappler et al., 1982). La capacidad de ambas líneas de funcionar como CPA ha sido 
demostrada en múltiples estudios. El fibroblasto de rata Rat-2 es deficiente en timidina 
cinasa (TK) y se utilizó en algunos estudios por ser negativo para la expresión de 
cadena Ii endógena. La línea de linfocitos T dependientes de interleucina-2 (IL-2) CTLL-
2 fue derivada por (Gillis et al., 1978). El hibridoma HF10-316.20 secreta un anticuerpo 
clase IgM, específico contra el péptido 38-45 de LG y fue un obsequio del Dr. Fred 
(Universidad de Pennsylvania, (Karush and Tang, 1988). El hibridoma GK1.5 secreta un 
anticuerpo monoclonal de rata (IgG2b) contra la molécula CD4 murina (Dialynas et al., 
1983) y fue obsequio del Dr. Bruno Kyewski (DKFZ). Finalmente, H116.32 (Hammerling 
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et al., 1978) es específico contra la cadena IAαk. Los hibridomas de linfocitos T se 
describen en otra sección. 

Conjugación de anticuerpos con biotina. Para el análisis por fluorescencia de los 
linfocitos B, se biotiniló el anticuerpo H116.32 a partir de líquido de ascitis murino, de 
donde se purificó por afinidad en una columna de proteína A de Staphylococcus aureus, 
la cual se lavó con PBS y finalmente, el anticuerpo se eluyó con solución de HCl/glicina 
pH 3.5. La acidez del eluido se neutralizó con tris 1M. El anticuerpo purificado se dializó 
dos veces en PBS y así se expusó a succinimidil-biotina durante 12 horas. Después de 
lo cual se dializó nuevamente en PBS. 

 
Transfecciones. Se transfectaron 3 líneas celulares con una o con combinaciones de 
las construcciones descritas, de la siguiente manera: 

1. El linfoma murino A20 con: 
 a) IAαkβb genómicas + el gen de resistencia a neomicina. 
 b) IAαkβb genómicas + la construcción genómica que codifica a LG[1-81]-Kk 

2. El hibridoma B murino LK-35.2 transfectado con LG[1-81]-Kk 

Método. Estos dos linfomas B se transfectaron por electroporación con un eletroporador 
Bio-Rad "Gene Pulser" equipado con un extensor de capacitancia. Inmediatamente 
antes de la transfección, las células, que se encontraban en fase exponencial de 
crecimiento se lavaron 3 veces con en PBS pH 7.4 sin suero y se resuspendieron a una 
densidad de 108/ml. Para la transfección se utilizaron 200 μl (2 x 107 células), los 
cuales se colocaron en celdas de 2 mm. El DNA a ser transfectado se linearizó con la 
enzima PvuI, la cual corta en el gen de resistencia a ampicilina. Se utilizaron 20 μg de 
cada uno de los DNAs correspondientes a los genes clase II y 1 μg del DNA 
correspondiente al marcador de selección (neo). Las celdas fueron sometidas a 
corriente electrica con una intensidad de 150 mV y con capacitancia de 960 μF. La 
selección se realizó mediante cultivo en presencia de 0.8 (LK-35.2) y 1 mg/ml (A20) del 
aminoglucósido G-418 (Geneticina). Las células resistentes a G-418 fueron clonadas a 
una célula por pozo en placas de 96 pozos, por medio del separador de células activado 
por fluorescencia (FACS) como se describe más abajo. 

3. El fibroblasto de rata Rat-2 (cadena Ii negativo) fue transfectado con: 
 a) Las clonas de cDNA de IAαkβk  
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 b) Las clonas de cDNA de IAαkβk + gen de la cadena Ii murina 
 c) Las clonas de cDNA de IAαkβk + LG[1-80]-Kk + pATK 
 d) IAαkβk + gen de la cadena Ii murina + LG[1-80]-Kk + pATK 

Método. Se transfectaron mediante las células Rat-2 la técnica de precipitación de 
Ca2HPO4. Para ello, las células se cultivaron a 37°C en cajas de petri de 10 cm en 

medio esencial mímimo modificado por Dulbecco (DMEM), suplementado con suero 
fetal bovino al 10%, glutamina 200 mM, 2-mercapto etanol (2-ME) 5 x 10-5 M y 
antibióticos. A las cajas de petri se añadió directamente el precipitado de CaHPO4 con 

el DNA, el cual fue preparado 30 minutos antes de la siguiente manera. 10 μg DNA + 
140 mM NaCl, 0.75 mM Na2HPO4, 25 mM Hepes y 125 mM CaCl2. Esta mezcla fue 

incubada durante 30 minutos a 37°C hasta que se observó un precipitado fino. 

Las células sometidas al proceso de transfección fueron cultivadas 4 horas a 37°C, 
después de lo cual fueron tratadas con glicerol al 50% en DMEM durante un minuto, 
lavadas y finalmente cultivadas 12 horas en medio completo, después de lo cual se 
agregó el G-418 a una concentración de 0.5 mg/ml. Las cajas de petri se dejaron en 
cultivo con medio y G-418 hasta que la mayoría de las células habían muerto y se 
empezaron a observar colonias aisladas de células resistentes a G-418. Cuando el 
tamaño de las colonias llegó a 0.25 cm de diámetro, se rasparon con una punta de 
pipeta y fueron transferidas para ser expandidas en placas de cultivo de 12 pozos. 
Todas estas líneas fueron utilizadas como CPA en los diferentes experimentos 

Determinación de la expresión de los genes transfectados.  

Northern blot. La expresión del gen quimérico LG[1-81]-Kk se analizó inicialmente por 
Northern blot, (Chomczynski and Sacchi, 2006) de RNA total extraído de las células. El 
RNA fue obtenido mediante solubilización en amortiguador de guanidina, al cual se 
agregó 2-ME (0.7 ml por 100 ml) inmediatamente antes de utilizarlo. Las células fueron 
homogeneizadas en esta solución con un homogeneizador de tejidos. A ello se 
añadiieron 0.4 ml de acetato de sodio 2 M pH 4, 4 ml de fenol pH 5.5 y 0.8 ml de 
cloroformo. Se centrifugó y se recuperó el sobrenadante, al cual se agregaron 8 ml de 
etanol frío, se incubó 60 min a -20°C, se centrifugó, el botón se disolvió en 400 μl de 
agua-DEP, se agregaron 50 μl de proteinasa K (1 mg/ml en TE pH 8) y 50 μl de 
amortiguador ACE 10x. Se incubó 15 min a 56°C, se agregaron 500 μl de 
fenol/cloroformo (pH 5.5), se mezcló y se incubó 10 min a 56°C. Se centrifugó a 14,000 
g y el sobrenadante fue transferido a un tubo nuevo. Se añadieron 200 μl de acetato de 
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amonio 7.5 M, se dividió en dos tubos y se añadieron 750 μl de etanol 100% frío, se 
incubó 60 min a -20°C, se centrifugó a 14,000 G, se lavó con etanol 70%/agua-DEP, se 
centrifugó nuevamente y el botón fue disuelto en 50 μl de agua-DEP. Se determinó la 
concentración por espectrofotometría a 260 y 280 nm. una densidad óptica de 10 
equivale a 40 μg/μl. El RNA fue corrido a 200 V en geles de agarosa/formaldehido al 
1.5% en alícuotas de 10 μg en un volumen de 20 μl de amortiguador MOPS 1x, con 
agitación continua (con agitadores magnéticos). Los geles fueron inicialmente lavados 2 
veces en solución 10x SSC y, finalmente, transferidos por capilaridad a membranas de 
Nylon prehidratadas con 10x SSC. El RNA fue fijado a la membrana en horno de vacío y 
secado. A continuación, las membranas fueron expuestas a solución de pre-hibridación 
durante 2 horas a 42°C. Finalmente, éstas fueron hibridadas a 42°C con una sonda 
correspondiente al DNA complementario de LG (Jung et al., 1980) o con el DNA 
complementario de la cadena Ii murina marcadas con 32P-dCTP y lavadas dos veces 
con solución de lavado a 65°C. Las membranas fueron expuestas a película de rayos X 
a -70°C durante el tiempo necesario (generalmente dos días) para la visualización de 
las bandas. 

Citometría de flujo. La expresión de las moléculas clase II de histocompatibilidad por 
las células transfectadas se determinó por citometría de flujo (FACScan, Becton 
Dickinson) por inmunofluorescencia indirecta con el anticuerpo monoclonal H116.32 
(IgG2a), específico contra la cadena IAαk (Hammerling et al., 1978). Las células A20 y 
LK-35.2 a ser analizadas fueron expuestas a una dilución óptima de H116.32 biotinilado 
durante 30 min a 4°C, en PBS con suero normal de conejo al 2% y azida de sodio 0.1%, 
lavadas dos veces y, finalmente, incubadas con estreptavidina conjugada con 
isotiocianato de fluorseceína (FITC) a 4°C durante otros 30 min. Después de dos 
lavados más, las células fueron analizadas en un citómetro de flujo. Para los linfomas B 
se utilizaron anticuerpos biotinilados y como segundo reacvtivo se utilizó avidina 
conjugada con FITC. Para los fibroblastos el anticuerpo utilizado no fue biotinilado y el 
reactivo secundario fue antisuero de cabra anti-inmunoglobulina de ratón conjugado con 
FITC. 

Inmunoprecipitación. Este método se empleó con dos finalidades: 1) expresión de la 
cadena Ii  y 2) expresión del gel quimérico LG[1-80]-Kk. En el primer caso el anticuerpo 
utilizado fue In-1 (rata anti-Ii murina) y en el segundo se intentó con varios anticuerpos, 
el primero de ellos fue el anticuerpo monoclonal HF10-316.20 que reconoce un 
determinante correspondiente al péptido LG38-45, en segundo lugar, con antisuero 
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producido en conejos mediante inmunización con LG desnaturalizada en adyuvante 
completo de Freund. El método consistió inicialmente en marcaje interno de las células, 
mediante cultivo en medio RPMI deficiente en metionina, el cual sue suplementado con 
100 a 500 μCi de metionina marcada con 35S. El tiempo de marcaje fue variable, pero 
generalmente fue de 60 min. Las células marcadas fueron lisadas con amortiguador de 
lisis, después de lo cual fueron expuestas a un antisuero de conejo anti IgG de ratón 
(para el anticuerpo HF10-316.20), rata (para In-1), o ninguno (antisuero de conejo). Los 
lisados fueron entonces mezclados con 100 μl de proteína A de Staphylococcus aureus 
conjugada a sehparosa 4B, previamente hidratada en amortiguador de lisis. Los 
inmunoprecipitados fueron incubados a 4°C durante 12 horas con rotación contínua, 
después de lo cual se centrifugaron, se lavaron 5 veces con amortiguador de lisis y se 
desacoplaron de la proteína A por calentamiento. Dichas muestras fueron corridas en 
geles de poliacrilamida al 12% en SDS/glicina, en condiciones reductoras (con 
ditiotreitol). Los geles fueron intensificados con difenoxazol (PPO) en dimetilsulfóxido, 
secados en un secador de geles y, finalmente, fueron sometidos a autorradiografía a -
70°C. 

Clonación. Las células A20 transfectadas con IAαkβb  fueron clonadas por medio del 
separador de células activado por fluoresencia (FACS) a una célula por pozo, en placas 
de 96 pozos con fondo redondo, después de exponerlas a concentraciones óptimas del 
anticuerpo H116.32 biotinilado durante 30 min a 4°C, lavadas 2 veces y después 
teñidas con estreptavidina-FITC durante optros 30 min a 4°C. El medio utilizado para 
clonar las células fue RPMI 1640 completo suplementado con 20% de sobrenadante de 
células A20 (como fuente de factores de crecimiento). Los pozos en los que se 
identificaron colonias de células fueron expandidos en placas de 12 pozos y las células 
de ahí obtenidas, analizadas nuevamente por citofluorometria (Fig. 14). Para continuar 
el estudio, se seleccionaron aquellas clonas que expresaban los genes transfectados 
(IAαkβb ) con una densidad similar a las moléculas clase II endógenas (IAd). En cuanto a 
la expresión de la molécula quimérica LG[1-81]Kk, su expresión fue determinada 
inicialmente por su capacidad de estimular hibridomas de linfocitos T anti-LG y después 
por la expresión de RNA mensajero de la molécula quimérica (sección Northern blot). 

 

Hibridomas de linfocitos T anti-LG y anti RNAsa bovina. 

Se utilizaron los siguientes hibridomas de linfocitos T específicos hacia diferentes 
péptidos de LG (Tabla II): El hibridoma 3A9 fue subclonado por medio del FACS a una 
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célula por pozo después de tinción con el anticuerpo monoclonal de rata anti-CD4 
murina, GK1.5, seguido de antisuero de cabra anti-rata conjugado con FITC. Las células 
así marcadas fueron clonadas mediante un separador de células activado por 
fluorescencia a una densidad de una célula por pozo, en placas de 96 pozos. Los 
hibridomas T 2B5.1, 2B6.3, 2G7.1 y 1A3.2 fueron un obsequio del Dr. Luciano Adorini 
(Sandoz, Basilea) y fueron generados mediante fusión somática con polietilenglicol de 
blastos de linfocitos T obtenidos de ganglios linfáticos de ratones C3H inmunizados con 
LG (100 μg emulsificados en adyuvante completo de Freund) con el timoma murino 
BW5147 de acuerdo a descripción previa (Adorini et al., 1988). Las células resistentes a 
hipoxantina-aminopterina-timidina (HAT) fueron clonadas dos veces por dilución 
limitante (0.3 células/pozo) en placas de 96 pozos y su especificidad y trestricción 
genéticas fueron determinadas mediante el uso de CPA derivadas de bazos de ratones 
portadores de la molécula clase II adecuada en presencia de LG total o péptidos 
sintéticos (Adorini et al 1988) representativos de distintas regiones de LG. N54.K15 es 
un hibridoma T específico contra el péptido 46-61 de lisozima, que fue obtenido a partir 
de una subclona CD4 negativa (N54) del hibridoma anti-LG48-62 con restricción 
genética IAαkβb denominado A.167 (Tabla II). La clona K15 fue obtenida mediante 
transfección de N54 con el cDNA de la molécula CD4 murina (obsequio de la Dra. Jane 
Parnes, Universidad de Stanford), dicho cDNA fue insertado en el vector pHβAPr1-neo 
(cortesía del Dr. Dario Vignali), y la transfección fue por electroporación. Las células 
fueron cultivadas en medio de selección en presencia de 0.5 mg/ml de G-418 y las 
células resistentes a G-418 fueron clonadas en el FACS a una densidad de una célula 
por pozo, en placas de 96 pozos, después de haberlas teñido con el anticuerpo anti-
CD4 murina GK1.5 (Dialynas et al., 1983), seguido de antisuero de cabra anti-rata 
conjugado con FITC. N54.K15 es una de las clonas obtenidas y se utilizó en algunos 
estudios debido a su gran sensibilidad a dosis bajas de LG. Finalmente, el hibridoma 
anti-RNAsa TS12 (Lorenz et al., 1988) fue utilizado en algunos estudios acerca de la 
función de la cadena Ii para comparación con los hibridomas anti-LG. Todas las líneas 
celulares fueron analizadas en forma rutinaria para detectar una posible infección de 
ellas por Mycoplasma. 

Los hibridomas T y las células transfectantes se mantuvieron en cultivo en atmósfera de 
5% CO2, 95% aire, en medio RPMI 1640 suplementado son suero fetal bovino (10% 

v.v.), L glutamina (2 mM), HEPES (25 mM), 2-ME (5 x 10-5 M), penicilina (100 U/ml) y 
Estreptomicina (100 μg/ml) en botellas.  
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Condiciones de cultivo para los estudios de presentación de antígeno. Los cultivos 
se realizaron en microplacas de cultivo con 96 pozos como ha sido descrito (Moreno et 
al, 1990). Habitualmente, se cultivaron 5 x 105 células de los distintos hibridomas T con 
números variables de CPA, que fueron las líneas mencionadas con o sin transfectar en 
ausencia o en presencia de concentraciones variables de LG. Los cultivos se incubaron 
durante 24 horas a 37°C en un volumen final de 200 μl, después de lo cual se 
obtuvieron 100 μl de sobrenadante, los cuales fueron transferidos a pozos de cultivo con 
104 células CTLL-2. Estas fueron cultivadas durante 24 horas más, al final de las cuales 
se determinó su proliferación con base en su capacidad de incorporar timidina marcada 
con 3H (3H-TdR), lo cual fue determinado en un contador de centelleo liquido. Las 
células denominadas CTLL-2 (Gillis et al., 1978) son una línea de linfocitos T citotóxicos 
murinos que tienen la característica de depender de la presencia de interleucina-2 (IL-2) 
para proliferar (y sobrevivir) en cultivo. Mediante el uso de esta línea se determinó la 
presencia de IL-2 en los sobrenadantes de los cultivos de los hibridomas de linfocitos T 
con las diferentes CPA. Lo anterior es indicativo del reconocimiento antigénico por los 
hibridomas T ya que sólo al ocurrir ésto secretan IL-2 al medio. 

Péptidos sintéticos. Algunos péptidos sintéticos fueron un obsequio del Dr. Luciano 
Adorini de Sandoz, Basilea. El péptido LG52-61 (secuencia DYGILQINSR) fue 
sintetizado en fase sólida con un sintetizador semiautomático LKB. El aminoácido 
amino-terminal (R) estaba unido a la resina, la cual fue suspendida en dimetilformamida 
(DMF), empacada en una columna y el grupo carboxilo desprotegido con piperidina, se 
lavó con DMF y se pasó el aminoácido siguiente (S) y así subsecuentemente con ciclos 
de piridina (desprotección), aminoácido (acoplamiento), DMF (lavado) se fueron 
añadiendo todos los aminoácidos hasta completar la secuencia completa. Antes de 
liberar el péptido de la resina se desprotegió la arginina mediante lavado con tioanisol. 
Finalmente, el péptido fue liberado de la resina con ácido trifluoroacético, lo cual 
también desprotege las cadenas laterales de todos los aminoácidos, excepto la 
arginina. Los péptidos fueron precipitados con eter anhidro, lavados y disueltos en ácido 
trifluoroacético al 1%. Posteriormente fueron liofilizados, disueltos en PBS y se 
purificaron por cromatografía líquida de alta resolución en una columna de fase reversa 
(B-16) con un gradiente continuo de acetonitrilo-agua de 100% acetonitrilo hasta 100% 
agua (con 1% TFA). 
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Helper (CD4+) T lymphocytes recognize protein Ag 
as peptides associated to MHC class I1 molecules. 
The  polymorphism of class I1 a- and  @-chains has a 
major influence on the  nature of the peptides pre- 
sented  to CD4+ T lymphocytes. For instance,  T cell 
responses in H-2” and H-2b mice are directed at 
different epitopes of the hen egg lysozyme (HEL) 
molecule.  The current  studies were undertaken with 
the aim of defining the role of mixed haplotype I-A 
(akBb and ab@“) molecules in T cell responses to HEL 
in (H-2” X H-2b)FI  mice, as well as  the  nature of the 
immunogenic peptides of HEL recognized in the con- 
text of I-AakBb and I-AabBk. A series of HEL-reactive 
T cell lines  and hybridomas derived from MHC class 
I1 heterozygous (C57BL/6 x C3H F1) mice  were estab- 
lished. Their responsiveness to HEL and  synthetic 
HEL peptides was analyzed with the use of L cells 
transfected with either I-Aakpb or I-Aab@” as APC. 
Out of 28 clonal T cell hybridomas tested, 13 (46%) 
only responded to HEL presented by I-Aakpb, 11 
(40%) by I-Aab@” (and to a minor extent I-Aakpk), only 
4  (14%) were primarily restricted by I-Ak, and none 
by I-Ab. All the I-Aa”Bb-restricted T cell hybridomas 
responded to  the HEL peptide 46-61 and  to  its 
shorter fragment 52-61, even at concentrations as 
low as 0.3 nM. As this determinant has been  previ- 
ously defined as immunodominant for I-A” but  not 
for I-Ab mice, these  results suggest a role for the I- 
Aak chain in the selection and immunodominance 
of HEL 52-61 in H-2”  mice. The fine specificity of I- 
AakBb-restricted T cell hybridomas for a series of 
different HEL peptides around  the sequence 52 to 
61  suggests that peptide 52-61 binds to I-Aakpb with 
higher affinity than to I-Aak@”. The peptides recog- 
nized in  the context of I-Aabpk and I-AakBk were not 
identified. 

In contrast  to Ig, the TCR lacks  the ability  to  bind  native 
Ag. T  cells  only  recognize Ag associated  with MHC mole- 
cules  expressed  on  the  surface of a n  APC.  MHC molecules 
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are cell surface  glycoproteins  with  the  ability  to  bind 
peptides (1  -3). They  function as restriction  elements  in 
that T  cells  respond  to Ag only in the context of syngeneic 
MHC molecules  (reviewed in Ref. 4).  The  tertiary  struc- 
ture of class I MHC molecules shows  the  existence of a 
groove (5) that  appears to  bind  peptides,  around  which 
putative TCR-binding sites  have  been described (6). The 
predicted tertiary  structure of class I1 MHC molecules 
appears  to  be  similar (7). The majority of native  proteins, 
however,  cannot  bind  to MHC molecules.  Therefore, it is 
assumed  that most Ag require  a  phase of intracellular 
processing,  during  which  peptides  capable of binding  to 
MHC molecules are  generated (8.9). Peptides  derived  from 
endocytosed Ag bind  predominantly  to  class 11 molecules, 
and  these complexes are recognized by CD4’ T  cells 
(reviewed  in Ref. IO). 

Class I1 MHC molecules are noncovalently-linked cell 
surface  heterodimers  containing an  a-chain (32 kDa) and 
a @-chain (28 kDa) showing  extensive  intraspecies poly- 
morphism. MHC polymorphism has a major influence  in 
the  nature of the peptides recognized by T  cells (2). Class 
I1 molecules are encoded by two  regions  within  the  murine 
MHC; for  the I-E products  polymorphism is found only on 
the  @-chain,  whereas  for  the I-A heterodimers  both chains 
are polymorphic  (reviewed in Ref. 11). Therefore,  in I-A 
heterozygous  F,  mice,  additional  polymorphism  may  re- 
sult  from  the  combination of the  a-chain of one  parental 
haplotype  with the  @-chain of the  other (12, 13). This 
phenomenon  has  been  shown to generate  unique  F,-type 
I-A determinants  that  are  not  present in  either  parental 
strain (12, 131. 

Exon shuffling  studies (14-16) have  indicated  that 
both  peptide-binding and TCR-binding functions of class 
I1 molecules  reside in  the highly  polymorphic amino  ter- 
minus  domains of both a- and (3-chains (a1 and (3,). More- 
over,  discrete  functional  regions  within  these  domains 
have  been  defined by site-directed  mutagenesis (1 7, 18). 
Although this  approach,  in  conjunction  with  the pre- 
dicted tertiary  structure of class I1 molecules, has yielded 
valuable  information,  the  fine  analysis of Ag recognition 
by T  cells  restricted by I-A F,-type  determinants could 
also  aid  our  understanding of MHC-peptide interactions. 
The  immunodominant  peptides recognized in  the context 
of Fl-type I-A molecules could be  the  same  as  either  one 
of the  parental haplotypes.  Alternatively, the association 
of  I-A 01- and (3-chains of different  haplotypes could give 
rise to a different  peptide-binding  capacity. In the  former 
case,  the  finding of a  peptide recognized in  the context of 
one  parental  haplotype  and of an  Fl-type I-A determinant 
could help  to  define  in  greater  detail  the  individual  con- 
tribution of each  class I1 chain  for  the  selection,  binding. 
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and  presentation of certain  immunogenic  peptides to T 
lymphocytes.  On the  other  hand, if the peptides recog- 
nized  in the  context of F,-type MHC determinants  were 
different, it could confer  to MHC heterozygous animals, 
carrying  the  appropriate MHC combinations,  the  ability 
to  respond  against a larger  number of epitopes of certain 
Ag, thereby  reducing  the  frequency of nonresponding 
individuals  among  the  population. 

The role of F,-type I-A determinants  in  T cell Ag rec- 
ognition in  F, mice has  been  shown experimentally  in 
the  response  to  either  nominal Ag (12)  or  allodetermi- 
nants (1 9). At the molecular  level, the  association of I-Ab 
a- and  @-chains  with  those of  I-A” has  been  confirmed by 
their  expression  after  transfection of the respective  genes 
into  mouse L cells  (20).  Recently,  however, it has  been 
found  that  this  phenomenon is not a s  general as initially 
assumed,  and  some allelic combinations of a- and @- 
chains may  not  be  assembled  and  expressed  on  the cell 
surface.  Thus,  the  possible mixed combinations of the CY- 

and  @-chains of I-Ad and I-Ak cannot  generate  F,-type I-A 
determinants  (21-23). Moreover, studies  carried  out  in 
transgenic mice suggest  that  even  in  favorable H-2 com- 
binations  such as the k and  the b  haplotypes,  F,-type I- 
A molecules  may be  expressed  on  the cell surface at lower 
density  than  the  parental I-A molecules (24).  From  these 
results  one would expect that  in  F, mice T cell responses 
to most Ag would be restricted,  mainly, by the more 
abundant  parental I-A molecules. 

Previous studies  on  the  T cell responses  to  the  protein 
Ag HEL4 have  shown  that  the k haplotype  is a high 
responder (reviewed in Ref. 9). whereas  the b  haplotype 
is a low responder  (25-27). Moreover, when  the low re- 
sponsiveness  from  the  b  haplotype  was overcome by 
immunization  with a truncated HEL molecule, the re- 
sponse  was  directed at epitopes  differing  from  those  rec- 
ognized by H-2”-restricted  T  cells (28). In the  current 
studies,  T cell responses  against HEL in (H-2” X H-2b)F1 
mice  were examined  in  order  to  establish  the role of F,- 
type I-A determinants  in  the  response  to HEL, as well as 
the  nature of the peptides  recognized in  the context of 
the  F,-type I-A molecules of these mice. I t  was found  that 
in (H-2” X H-2’7Fl mice the majority of HEL-specific T 
cells  appear to be  restricted by F,-type  class I1 determi- 
nants. In addition, a HEL peptide  52-61, recognized in 
the context of the  F,-type  determinant I-AakDb, was  the 
same as the major immunodominant HEL epitope for 1- 
Aakpk. These  results  suggest a role for  the I-A“a chain  in 
the  immunodominance of  HEL peptide  52-61  in H-2“ 
mice. 

MATERIALS  AND  METHODS 

Mlce. C3H/HeN (C3H. H-2k),  C57BL/6  (B6, H-2b).  CBA/J (CBA. H- 
2k).  B6xC3H FI  (B6C3FI. H-2b X H-2‘). and B6XDBA/2 F,  (H-2b X H- 
Zd). were  purchased  from  Charles  River WIGA (Hannover, FRG); 
B1O.BR  (H-2’).  B6XCBA FI (H-Zb x H-2*) and BlO.A(4R] (H-2“*] were 
purchased  from  Harlan  Olac, (UK) and  maintained  in  the  German 
Cancer  Research  Center (DKFZ) animal  facilities. 

Ag and  reagents.  HEL and KLH were  obtained  from  Sigma  Chem- 
ical Co. (St.  Louis, MO). The  synthetic HEL peptides  46-61,  34-45. 

(San Diego. CA). The HEL peptides  1-18,  8-29,  25-43,  31-43, 39-55. 
78-93,  and  81-96  were  purchased  from  Multiple  Peptide  Systems 

lowing  mAb  have  been  described  (20. 30) and  were  used as culture 
101-1  16,  105-120.  and  107-129  have  been  described  (29).  The fol- 

supernatant:  17/227, IgG2a anti-I-Ak,b.d.”; H 1  16-32. IgG2b anti-I-Ak,‘ 
(a-chain  specific):  25-9-17  (31), IgG2a anti-I-Ab.d.q (8-chain-specific): 

Abbreviations used in this paper: HEL, hen egg-white lysozyme; KLH, 

40-60, 51-61,  52-61,  53-61,  51-66,  64-77. 74-86.  80-95, 94-110. 

keyhole limpet hemocyanin. 

and  10-2-  16  (32). IgG2b anti-I-Ak r.Q.U ((3-chain-specific); 53-6.7 a rat 
IgG2a anti-mouse Lyt2 (33) and GK1.5, a rat IgC2b against  the  mouse 
CD4 (L3T4)  molecule  (34) (a generous  gift of Dr. Bruno Kyewski. 
DKFZ). 

Culture  medium. RPMI 1640 (GIBCO. Paisley.  Scotland)  supple- 
mented  with  10% FCS (Seromed.  West Berlin.  FRG), nonessential 
amino  acids. 2 mM glutamine.  100 U/ml penicillin. 100 pglml strep- 
tomycin,  and 5 X M 2-ME is referred  to as complete  medium. 

and  were  the generous gift of Dr. Diane Mathis  and Dr.  Christoph 
Cell  lines. The  1-A-transfected L cells have  been described  (20) 

Benoist  (University of Strasbourg.  France].  These  cells  have  been 
transfected  with  combinations of  I-A a and 8 cDNA  of the b and k 
haplotypes as follows: I-AakBk, 1-AnkOb, I-AabBk, and I-AabOb. These 
cells  had  comparable  surface 1-A-density (data  not  shown) as exam- 
ined by flow cytometry  (FACScan.  Becton-Dickinson.  Mountain 

goat  anti-mouse Ig. LK35.2 (LK] and LB27.4 (LB) are Ag-presenting 
View, CA), after staining  the  mAb-reacted L cells  with FlTC-labeled 

B cell hybridomas  positive  for 1-Ak and I-Ab. respectively (35) (ob- 
tained  from  the  American  Type  Culture Collection.  Rockville, MD). 

Preparation of lymph-node CD4+ cells. Mice were  immunized S.C. 
at  the  base of the  tail  with 100 pg of  Ag (HEL or KLH) emulsified  in 
CFA. After 8 to  15  days,  mice  were killed by cervical  dislocation, 
para-aortic  lymph  nodes  were  removed,  and  single cell suspensions 
were  obtained by pressing  the  lymph  nodes  through  steel  sieves. 
CD4’ cells  were  prepared by a panning  technique as described (36) 
after  reacting  such  lymph  node  cells  with  mAb  against Lyt-2 and I- 
A (17/227).  These  cells  (-97% CD4+) failed  to  respond  to Ag in  the 
absence of accessory  cells. 

described by Kimoto and  Fathman  (12). Briefly. lymph  node  cells 
T cell  lines and  hybridomas. T  cell lines  were  generated as 

from  immunized mice were  stimulated  in  culture  flasks  (Costar, 
Cambridge. MA) a t  a density of 2.5 x lo6 cells/ml  in  complete 
medium  with  optimal  concentrations of  Ag (100 pg/ml of  HEL or 50 
pg/ml of KLH). Five days  later  the  cells  were  recovered.  washed,  and 
cultured  for  12  to  15  days  with  freshly  isolated,  irradiated  syngeneic 
splenocytes (3500 rads).  Lines  were  maintained  by  intermittent 
periods of stimulation  and  resting  without  the  addition of exogenous 
lymphokines. 

B6C3F1-derived T  cell line  was harvested  after the  third  stimulation 
For  the  generation of the HEL-specific  T cell hybridomas, a 

period and  the  dead  cells  were removed by centrifugation  over a 
Ficoll-Isopaque  gradient  (Lymphoprep, Nyegard,  Norway). Live T cell 
blasts  were  fused (5:l ratio)  with  the AKR lymphoma  BW5147 as 
described  (37)  with  minor  modifications.  After  fusion,  cells  were 
plated in 96-well  flat-bottom  plates  (Falcon  Plastics.  Oxnard, CA) in 

Growing  hybridomas  were  screened  for  their  ability  to  release IL-2 
hypoxantine-aminopterin-thymidine-containing complete  medium. 

in  response  to HEL in  the  presence of syngeneic  splenocytes. Positive 
cells  were  expanded,  examined  for  restriction, and cloned by limiting 
dilution  (0.3  cells/well). 

( 104/well) were  cultured  in  triplicate  wells for 120  or 72  h ,  respec- 
Culture conditions.  Lymph  node T cells ( 105/well) or T  cell lines 

tively.  in  96-well  flat-bottom  plates  in  the  presence  or  in  the  absence 
of an optimal  number of  APC with  or  without Ag. During  the  last 18 
h of culture. 1 pCi  of 3H[TdRI (sp.  act. 5 Ci/mmole,  Amersham. 
Buchler  GmbH.  Braunschwieg. FRG) was  added  to  each well, after 
which  plates  were  harvested  in a semi-automated cell harvester 
(Dunn.  Asbach. FRG) and  analyzed  in a liquid scintillation  counter 
(LKB-Wallac, Turku,  Finland). T cell hybridomas  (105/well]  were 
cultured  in  triplicate  wells  with a n  optimal  number of  APC in  the 
presence  or  in  the  absence of Ag. After 24  h in  culture,  100 p1 of 
supernatant  were removed and  assayed  for  the  presence of IL-2. 

Werner Falk. DKFZ) and CTLL-2 were used (38, 39). W2 or CTLL-2 
IL-2 assay. The IL-2-dependent T cell lines W2 (a gift of Dr. 

cells  (1 04) were  cultured  in  96-well  flat-bottom  plates  in  100 pl of 
CM plus  100 p l  of test  supernatants.  After a 20-h  incubation, 1 pCi 
of  3H[TdR] per well was  added. Cells were  cultured  for a n  additional 
10 to 18 h (for  W2)  or 4 to 6 h (for CTLL-2) before  harvesting. 

RESULTS 

The  Role  of F,-Type  Determinants  in T Cell   Responses 
to HEL in  B6C3F1 Mice 

In order  to  define  the role of F,-type I-A molecules in 
the  response  to HEL, accessory  cell-depleted  lymph  node 
CD4’ T cells  were  prepared  from  immunized B6C3F1 
mice. As  seen  in  Table I, these T  cells  responded  strongly 
to HEL with  B6C3F,  or C3H (H-2”)  splenocytes,  but  only 
marginally  in the  presence of B6 (H-2b) APC (Table I). In 
addition,  some  experiments  showed a preferential  re- 
sponse  to HEL in  the context of F,-type  determinants 
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TABLE I 
Recognition of HEL in  the  context of F,-type I -A  determinants by BGC3F,-deriued CD4’ T cells“ 

No. 
Mice Expt. 

APC(H-2) (T Cell DNA Synthesis  (cpm X 
HEL 

Nil C3H (k) R 6  lb) 8 6 C 3 F 1  (k, b) 

- 0.6 f 0.0 3.8 f 0.8 
+ 0.9 f 0.4 5.6 f 0.4  24.4 f 2.0 

5.1 f 1.0 
7.8 f 0.9 

4.7 f 0.6 

- 0.2 f 0.1 2.6 f 0.7  3.5 f 0.6 
+ 0.9 f 0.2  6.6 f 0.4  38.4 f 3.2 

2.9 f 0.8 
38.3 f 3.7 

0.3 f 0.0 2.5 f 0.0 
2.6 f 0.4 55.5 f 5.5 10.5 f 1.4 

4.4 f 1.0  3.0 f 0.8 
65.4 f 4.8 

- 0.2 f 0.1 
+ 

2.0 f 0.4 
0.2 f 0.0 

3.1 f 0.3 
44.6 f 2.8  3.8 -I 0.3 29.9  3.5 

1.9 f 0.4 

1  6 

2a  1 

b 1 

C 1 

- 

+ 

were  cultured  for 5 days  in  the  presence or in  the  absence of 100 pg/ml HEL with 5 x lo5 splenocytes of the  indicated 
A total of lo5 lymph node CD4’ T cells from B6C3F, mice immunized at  the  base of the tail  with 100 p g  HEL in CFA 

strain  as APC.  At the  fourth  day of culture,  1 pCi  of 3H[TdR] was added to each well. Cultures were incubated  for an  

represents  lymph node cells pooled from six individually immunized mice. Expt.  2  was performed with individually purified 
additional 18  h.  harvested,  and  analyzed  in  a  scintillation  counter.  Results  are  expressed as  cpm X f SEM. Expt.  1 

CD4’ T cells from independent mice. All  APC populations  supported T cell proliferation  in  response to protein purified 
derivative. 

(Expt.  1 is from a pool of six  mice). All three  populations 
were  similarly  capable of supporting  T cell proliferation 
in  response to tubercylin  protein  purified  derivative  (data 
not  shown). Based on these  results, HEL-reactive  T cell 
lines  were  generated  from  another pool of six B6C3F1 
mice. A s  seen  in  Table 11, the  response  to HEL in  the 
presence of B6C3F1 spleen  cells  was  greater  than  the 
addition of the  responses  obtained  with  splenocytes  from 
both  parental  haplotypes as APC. Table I1 shows  results 
obtained  with  one  such  T cell line. Thus,  the  pattern of 
responsiveness of the T cell line  shown  was very similar 
to that  seen with  some of the  freshly isolated  lymph  node 
T  cells.  Taken  together,  the  data  suggest  that, a s  for  other 
Ag (12, 40, 41).  F,-type I-A determinants  appear  to play 
a n  important role in T cell recognition of  HEL in (H-2” X 
H-2b)F1  mice. 

F,-Type  I-A  Determinants Involved in the Recognition 
of HEL by T Cell Lines 

The  F,-type  determinants  functioning as restriction 
elements  in  the  response  to HEL could be either I-Aakpb 
or I-Aab@”. The  use of splenocytes,  which  bear  simulta- 
neously  all the possible class I1 heterodimers  occurring 
in  F,  mouse as APC, does  not  permit  such a distinction. 
To address  this  issue,  I-A-transfected L cells  expressing 
different  combinations of  I-A 01- and  0-chains were  used 
as APC. A s  seen  in  Table 11, the majority of the T cells in 

TABLE I1 
T cell responses to HEL in B6C3F, mice T cell lines preferentially 

utilize F,-type I-A determinants“ 

HEL (pgjml) (T Cell DNA Synthesis  (Acpm X 

APC Expt. 1 Expt. 2 

1 10 100 1 10 100 

Splenocytes 
Nil 
C3H 

0.0 0.0 0.0 0.0 0.0 0.0 

B6 
8.7  14.1  12.4  5.5  13.5  16.3 

B6C3F, 
0.0 0.0 3.1 0.0 0.0 0.0 
8.0 44.4  47.2  2.8  22.3  41.7 

L cells 

I-AmbOk 
I-AmkOb 0.0 6.6 7.8 0.7 7.7 17.2 

ND ND ND 5.4 11.2 22.6 
I - A N ~ O ~  0.0 0.0 0.0 0.0 0.0 0.0 

with  increasing  concentrations of Ag in  the  presence or in the absence of 
A total of 1 O4 HEL-specific T cell line cells were incubated for 3 days 

5 x IO5 splenocytes or lo4 L cells bearing the indicated  combinations of 
I-A a- and  @-chains  as APC. Results  represent  the  mean 3H[TdR] incor- 
poration by T cells in triplicate wells and  are expressed as Acpm X 
In the  absence of Ag. the  T cells lines  plus  either L cells or splenocytes 
had  a  mean  background  3H[TdR]incorporation of -500  cpm. 

this  bulk  line were  restricted by I-Aa”pb or I-Aabp”. The 
ability of these  T cell lines  to  respond  to HEL in  the 
context of  I-A” (or I-E”) was suggested by their prolifera- 
tive response  in  the  presence of H-2k APC. Interestingly, 
in  no  instance  was a response  to HEL seen  in  the  pres- 
ence of I-Ab  APC. This  was  not  due  to a n  inability of these 
cells  to  support  T cell proliferation,  inasmuch as they 
were  capable of presenting Ag to KLH-reactive T  cells 
(data  not  shown).  Thus,  a high  proportion of the clones 
in  this  bulk  T cell line  utilize the  combinations I-Aakpb or 
I-Aab@” as restriction  elements  for  the recognition of HEL. 

HEL-Reactive T Cell Hybridomas from B6C3Fl Mice 
Are Restricted Mainly by F,-Type  I-A Determinants 

Bulk cultures of T cell hybridomas  reacted  to HEL with 
the  same  pattern as T cell lines  (data  not  shown). Figure 
1 depicts  the  patterns of responsiveness of five  clonal  T 
cell hybridomas  representative of the  three major  restric- 
tion patterns  found. Overall, out of 28 clonal  T cell hy- 
bridomas  resulting  from  three  independent  cloning  at- 
tempts,  13  (46%) were  restricted by I-Aakpb, 11 (40%) by 
I-Aab@”, and 4 (14%) by I-A” (Table 111). 

I-Aa”pb-restriction. Thirteen  T cell hybridomas  re- 
sponded  to HEL only in  the  presence of either B6C3F1 
splenocytes  or  I-Aakpb-bearing L cells.  Hybridomas 
A.167P59 and  A.744 (Fig. 1A) are typical of this  pattern 
of reactivity.  For this restriction  element,  the  transfected 
L cells were,  in  many  instances, more  efficient APC than 
B6C3F1 splenocytes.  This  observation,  together  with  re- 
cent  findings  on  the  expression of I-Aakpb in I-Aa” trans- 
genic B6 mice (24).  suggests  that  the  expression of  I- 
Aa”pb in (H-2” X H-2b)F1  mice is lower than  the  other I-A 
a- and  @-chain  combinations. L cells  expressed I-Aa”pb a t  
high  density  (data  not  shown).  Seven of these  hybridomas 
are described  in  Table 111, their  fine specificity and  pat- 
tern of responsiveness is shown  in  greater  detail below. 

I-Aabpk-restricted T cell hybridomas. Besides  A.221 
and A. 135 (Fig. lB),  nine T cell hybridomas released IL- 
2  in  response  to HEL when  either B6C3F1 splenocytes or 
I-Aab@”-bearing L cells  were  used as APC (Table 111). Un- 
like the  case of I-Aakpb-restricted  T  cells,  however, the 
response  in  the  presence of L cells a s  APC was  usually 
lower and required  higher Ag concentrations. Nine of 
these  T cell hybridomas  also recognized HEL in  the con- 
text of I-A”, inasmuch  as  they  also responded  to a variable 
extent  to HEL in  the  presence of C3H, BlO.A(4R) splen- 
ocytes  or  I-A”-bearing B lymphoma  cells (Fig. 1B). I-Aabpk 
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hybridomas. A total of lo5 T cell hybridoma  cells  were  cultured  in  the 
Figure I .  Three  different  types of restriction of B6C3 F,-derived T cell 

presence of APC that  were  either  splenocytes of the indicated  strain (5 X 

bearing L cells (5 X lO‘/well]. HEL was  added  to  the  cultures  at  increasing 
105/welI). B cell  hybridomas  LK35.2  and  LB27.4 (2.5 X 1O4/welI]. or I -A- 

concentrations  as  indicated.  Results  represent  mean CTLL-2 ’HITdR] 

and  are expressed as  cpm x SE of stimulated  cultures  were  lower 
incorporation  induced  by  hybridoma  supernatants  from  triplicate  wells 

than  3%. 

appears to  be their  main  restriction  element  because, 
first, I-AabDk-bearing L cells  supported  a  response  to HEL 
by these  hybridomas  and,  second, B6C3F,  splenocytes 

presented HEL at  lower concentrations  than I-A“ splen- 
ocytes ana  B lymphoma  cells [Fig. 1).  Some I-Acub@”-re- 
stricted  T cell hybridomas  had  a low level reactivity 
against  the  parental B6 splenocytes  (but  not I-Ab-bearing 
B lymphoma  cells) a s  APC in the  absence of exogenous 
Ag [e.g.,  hybridoma  A.135  in Fig. 1). Of interest,  no 
augmentation of the  response to B6-derived APC was 
seen  in  the  presence of HEL. Indeed, the  presence of 
increasing  concentrations of  HEL [which  were  not toxic) 
progressively inhibited  the  response of hybridoma A. 135 
to the  parental B6 splenocytes [from 19,643 f 612 to 
2349 f 104  cpm).  This  finding  suggests  that  peptides 
derived  from HEL can bind  to the I-Ab molecule and 
compete  with the self peptides  cross-recognized by this 
and six  other T cell hybridomas  [see  Table 111). 

Restriction  by I-A”. Four  T cell hybridomas  responded 
to HEL only  in  the  context of the  parental I-Ak because 
they  secreted IL-2 in  the  presence of C3H. (H-2”). B6C3F1 
(H-2” X H-2b) a s  well as with  splenocytes of the recombi- 
nant  strain BlO.A(4R) []-Ak+, ]-Ek-) a s  APC, but  not I- 

or  I-Aabpk-bearing L cells.  The  most  efficient APC 
were the I-A”-bearing  B  lymphoma  cells that  presented 
HEL at  concentrations  as low a s  1 pg/ml [Fig. 1). T cell 
hybridoma E.907K [Fig. 1C) is representative of this 
group. 

I n  summary,  based on their  patterns of restriction and 
responsiveness  [Table HI), T cell hybridomas  were sub- 
classified  into  three major groups as follows: group I 
contains  hybridomas recognizing HEL solely in  the con- 
text of I-Acx”~”. Group I1 is restricted  primarily by I-Aahpk 
and  can be split  into  three  subgroups.  Subgroup IIa in- 
cludes  T cell hybridomas  restricted by either I-Anb/3” or I- 
Ak, which  cross-react  with I-Ab in the  absence of exoge- 
nous Ag. Group IIb hybridomas recognize HEL only  in the 
presence of B6C3FI APC and  (at high Ag concentrations) 
with I-Anbpk transfectants. All hybridomas  in  this 
subgroup  were CD4- (see  Table 111). Group IIc includes 
two hybridomas  that  responded to HEL with  a  restriction 
pattern  similar  to  subgroup IIa but,  unlike  these. did not 
react  against B6 splenocytes.  Finally,  group 111 is repre- 
sented by T cell hybridomas  restricted by I-Aa”pk. 

HEL Peptides  Recognized by I-Ak X I-Ab F,-Restricted 
T Cell Hybridomas 

Previous studies  have  shown  that  the I-A” and  the I-Ab 
molecules  bind and  present  different  peptides of the HEL 
molecule (42).  Therefore, it was of interest  to  determine 
whether  the HEL peptides recognized in the context of 
F,-type I-A molecules would have a pattern of immuno- 
dominance  similar to the  parental  haplotypes.  Similar to 
the  four  hybridomas  shown  in  Table IV, all the I-Acukpb- 
restricted  T cell hybridomas recognized peptide 46-61 
which is immunodominant for I-Ak (43). Moreover, these 
hybridomas recognized HEL and peptide 46-61 only  in 
the context of I-AakPb with  no  cross-reactivity  with  any 
other  restriction  element [i.e..  I-Aakpk or 1-Aabpk, Table 
IV). No 46-61-specific, I-An“/3k-restricted T cells  were 
identified. Thus,  although I-Ankpb could be expressed at  
much lower density  than I-Aakpk or I-Ad’p” (24),  it pro- 
vided the major restriction  element  for  T cell recognition 
of peptide 46-61  in B6C3F,  mice. Attempts to identify 
the peptides recognized by the I-Anbpk and I-Aa“@”-re- 
stricted  hybridomas  failed to detect any reactivity against 
the 20 peptides  tested  in  these  studies  [data  not  shown). 
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TABLE Il l  
Patterns of responsiveness of B6C3 F,-derived T cell  hybridomas” 

GrouD Hvbrldoma  Restriction  HEL-peptide  Cross-Reactionb CD4 

I A.167  1-AakBb + 
A.481 

None 

A.744 I-AmkPb 46-61 None 
A. 184 

+ 
A.149  l-A0”(3~ 

None + 
None + 

A.189  l-Aak’pb 46-61 None + 
A.2 17 
A . 2 8 2  
A. 135 I-Aabflk NI HEL/I-A”.  I-Ab + 
A . 1 7 6  I-Aab/3’ NT HEL/I-A”,  [-Ab + 
A.474  I -Aabpk NI HEL/I-A*,  I-Ab + 
A.231  I -AabSk NT HEL/l-A*,  I-Ab + 
A. 1 7 4  I-AabBk NT HEL/I-Ak.  I-Ab NT 
A . 2 9 2  I-Am”P” NT HEL/I-A*.  I-Ab + 
A . 2 5 6  [-A&?‘ NT HEL/I-A*. 1-Ab + 
A. 109 I-Aab@‘ NI - 
A . 2 4 3  I-Anb!3* 

None 
N T  None 

A.221  I-AabBk Nl HEL/I-A” - 
A . 2 5 5  I-AmbBk NT HEL/l-Ak + 
E.907 1-A* NI None + 
E . 9 7 9  I-Ak NI  None NT 
E.918 I-A“ NT None NT 
E . 9 3 1  I-Ak NT None NT 

46-61 
46-61 None NT‘ I-Aakpb 

I-Aa*pb 46-61 
46-61 

l-Aakpb 
I-AnkBb 

46-6 1 None + 
4 6 - 6 1  None + 

IIbb 

llcb 

I l I b  

- 

E MHC restriction was determined by the  ability of the T cell hybridomas  to  respond  to HEL in  the  presence of splenccytes 
of the following strains: B6,  C3H.  B6C3F,.  B1O.BR. and BIO.A(4R] or I-A-bearing L cells.  The peptide specificity was 
determined by stimulating  the  T cell hybridomas  with  each of the HEL-peptides described in the  Materials  and  Methods 
section  in  the  presence of APC bearing  the  appropriate  restriction  elements. Only four and two hybridomas of groups 11 
and III  (respectively] were tested  for  their  ability  to  respond  to  the  peptides.  The  hybridomas  are ordered sequentially 
according to the  magnitude of their  responsiveness  to HEL within  each major group. 

Besides the  data  shown.  these  hybridomas  were  negative for alloreactivity against H-2q.  H-2d and H-2‘ splenocytes. 
NT. not tested: NI. not  identified. 

TABLE IV 
HEL-specific T cell  hybridomas  recognize  peptide 4 6 - 6 1  uniquely  presented by I-Aa*Bb 

Hybridoma 
T  Cell APC 

A. 149 

A. 184 

A. 167 C3H 
BlO.A(4R) 
C57BL/6 
B6C3F1 
LK35.2  
LB27.4  
L cells 
L cells 

BlO.A(4R) 
C57BL/6 
B6C3F, 
LK35.2 
LB27.4  
L cells 
L cells 
C3H 

C57BL/6 
BlO.A(4R) 

B6C3F,  
LK35.2 
LB27.4 
L cells 
L cells 
C3H 
BlO.A(4R) 
C57BL/6 
B6C3FI  
LK35.2 
LB27.4 
L cells 
L cells 

A.481H  C3H 

I-A I-E 
Ag (CTLL-2  cell prollferation (cpm x 

Nil 

k 
k 
b 
k.  b 
k.  d 
b. d 
a k p b  

U”B* 

k 
k 
b 

k.  d 
k.  b 

b. d 
N k B b  

a V *  
k 

b 
k 

k.  b 
k .  d 
b,  d 
a ” P  
a b p  
k 
k 
b 
k.  b 
k. d 
b. d 
a ” B b  
a”@* 

k 

k, b 
k. d 
b,  d 

k 

k.  d 
k,  b 

b. d 

k 

k,  b 
k. d 
b,  d 

k 

k.  b 
k.  d 
b. d 

0.3 f 0.0 
0 . 2  f 0.0 
2 . 1  f 0.1 
0 . 4  f 0.1 
0.7 f 0.1 
0.6 f 0.1 
0.7 f 0.1 
0.6 f 0 . 1  
0.4 f 0.0 
0.3 f 0.0 
0.9 f 0 . 1  
0.5 f 0.0 
0 . 9  f 0.0 
0.8 f 0.1 

0.9 f 0.0 
1.3 f 0.2 

0 . 4  f 0.0 
0 . 3  f 0.0 
9 . 8  f 1.0  
0.7 f 0.1 
0.8 f 0 . 1  
0.7 f 0 . 1  
0.8 f 0 . 1  
0.7 f 0.0 
0.3 f 0.0 
0.3 f 0.0 
2 . 0  f 0.1 
0.6 f 0.1 
0.7 f 0.1 
0.6 f 0.1 
0 . 7  f 0.1 
0.6 f 0.0 

HEL 

0.2 f 0.0 
0.2 f 0.0 

95.1  f 3.1 
1.0 f 0.1 

1.0 f 0 . 1  
0.7 f 0 . 1  

148.1 f 1.1 
1.0 f 0.1 
0.2 f 0.0 
0.1 f 0.0 

37.3 f 3.1 
1 .0  f 0 . 1  

1.1 f O . l  

1 5 5 . 7  f 2.5 
1 . 0  f 0.1 

0 . 9  f 0.0 
0.2 f 0.0 
0.2 f 0.0 

1 3 . 8  f 1.8 
1 . 7  f 0.9 

1 .o f 0.0 

104.0 f 2.8 
1 .0  f 0.0 

0.9 f 0 . 1  
0.1 f 0.0 
0.1 f 0.0 

15.8 f 0.9 
0 . 5  f 0.1 

1 .o f 0.1 
1.1 tO.l 

109.0 f 1.6 
n R t 0.1  

46-61 

0.3 f 0.0 
0.3 f 0.0 
2.9 f 0 . 1  

114.1 f 1.5 
0.8 f 0.0 

1 5 5 . 6  f 0.2 
0.9 f 0.0 

0.3 f 0.0 
1 .o f 0.0 

1 

0 . 3  f 0.0 
1 .4  f 0.0 

25.0 f 1.1 
0.8 f 0.0 

4 6 . 3  f 1.6 
1 . 1  f 0.0 

0.9 f 0 . 1  
0 . 4  f 0.1 
0.4 f 0.0 

1 2 . 8  f 0.6 
03.3 f 3.2 
0.8 f 0.1 
1.1 f 0.1 

131.0f 1 . 9  
1 . 1  f 0 . 1  
0 . 5  f 0.0 
0.4 f 0.0 

1 0 9 . 7  * 3.7 
3.9 f 0.3 

0.8 f 0.1 
1.1 f 0.0 

1 2 0 . 9  f 2.1 
0.8 f 0 . 0  

lo5 T cell hybridoma  cells  were  incubated  with or without Ag ( 1 0 0  pg/ml HEL or 10 pM 46-61]  in  the  presence of APC 
that were either  splenocytes of the  indicated  strain, B cell hybridomas (LK35.2 and LB27.4).  or L cells bearing  the  indicated 
combinations of I-A a- and  pchains. After  a 2 4 - h  culture, 100 pl of medium were removed and tested  for  the  presence of 
IL-2 as  defined by their  ability  to  support  proliferation of CTLL-2 cells. Results  represent  mean 3H[TdRI incorporation of 
triplicate wells and  are  expressed as cpm x f SEM. 

Minimal Determinant  Recognized  by I-Aockpb- restricted T cell hybridomas  (Table V). At  a peptide  con- 
Restricted T Cell Hybridomas centration of 5 pM, hybridomas A. 149, A. 184,  and A. 189 

Next, peptides,  varying  in  length and  within HEL se- responded  only  to  peptide  52-61.  whereas  hybridoma 
quence  46 to 61, were  used  to stimulate  the I-Aockpb- A. 167  also recognized peptide 40-60,  although weakly. 
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TABLE V 
Response to HEL peptides by I-AnkBb-restricted hybridomas“ 

330 1 

Peptide (5 
P M )  

Sequence 

Nil 
34-45 
40-60 
46-61 
53-61 
64-77 
78-93 
8 1-96 

HEL 
112-129 

FESNFNTQATNR 
TQATNRNTGDSTDYGILQINS 
NTDGSTDYGILQINSR 
YGILQINSR 
CNDGRTPGSRNLCN 
IPCSALLSSDITASVN 
SALLSSDITASVNCAK 
RNRCKGTDVQAWIRGALR 

Response  to Ag by I-Ank$b-Restricted T Cell Hybridoma (CTLL-2 cell 
proliferation (cpm x 10”7) 

A.149  A.167  A.184  A.189 

0.2 f 0.0 0.3 f 0.0 
0.2 f 0.0 0 .2  f 0.0 

0.2 f 0.0 0.3 f 0.0 

0.5 f 0.0 7.2 f 0.5 
0.3 f 0.0 0.3 f 0.0 
1.1 fO.l  

72.9 f 9 . 0  201.1 f 1.7 126.0f9.9  81.72 1.2 
0.5 f 0.0 

0.0 f 0.0 
0.4 f 0.0 0.7 f 0.1  0.5 f 0.0 

0.0 f 0.0 
0.5 f 0.0 

0.3 f 0.0 0.3 f 0.0 
0.2 f 0.0 0.3 f 0.0 
0.2 f 0.0 

0.3 f 0.0 
0.3 f 0.0 0.3 f 0.0 

0.2 f 0.0 
0.2 f 0.0 

0.4 f 0.0 0.5 f 0.0 0.2 f 0.0 
172.5 f 8.2 218.7 f 4.8 159.2 f 9.9 159.2 f 9.9 

0.2 f 0.0 

pg/ml)  in  the presence of 5 x lo4 I-Ank8b-bearing  L  cells as APC. After a 24-h  culture. 100 pl of medium  were  removed 
A total of lo5 I-Ankpb-restricted  T  cell  hybridoma  cells  were  incubated with the indicated  peptide (5 pM) or HEL [ 100 

and tested  for  their  ability  to  support  CTLL-2  cell  proliferation.  Results  represent  the  mean of triplicate  wells  and  are 
expressed as cpm x SEM.  Peptide  sequences  are  given  in  one  letter  code. In additional  experiments  (Fig. 3) peptide 
40-60 stimulated  hybridomas A.167 and A.184 a t  a concentration of 10 pM, whereas  peptide 53-61 stimulated  only 
hybridoma A.167. 

The  responsiveness of these T cell hybridomas  to peptide 
concentrations  ranging  from  0.3 nM to 10 pM was  also 
tested  (Fig.  2). It was  found  that  the peptides  52-61  and 
46-61  gave  the  highest  response. Both were  indistin- 
guishable  from  each  other  and  were  able  to  induce 50% 
maximal  stimulation at 3 nM. Peptides 5 1-61,40-60,  and 
53-61  were  also recognized by some  hybridomas,  but only 
at higher  concentrations.  For  instance. T cell hybridoma 
A.167  recognized  peptides 40-60 (50% maximal  stimu- 
lation = 10 pM) and  53-61  (50%  m.s.  >10 pM), whereas 
T cell hybridoma A. 184  responded  marginally  to  10 pM 
40-60  and failed  to  recognize 53-61 (Fig. 2).  The  response 
of hybridoma A. 167 to N- and  C-terminus  truncations of 
the  sequence  52-61  required  >lo00  higher  concentra- 

ognized in  the context of I-Acu“P” (43). Of note, peptide 51 - 
61,  containing  all  the  residues  present  in  the  sequence 
52-61  plus a Thr  in position 51,  was >lOO-fold less 
efficient than peptides  46-61  and  52-61 (Fig. 2). This 
finding  suggests  that peptide 51-61  does  not  form a n  
optimal  ligand  for the TCR (or  does  not  bind  with the 
same  affinity as 52-61  to I-Acu”Pb) and  cannot be further 
processed  to  generate  the  optimal  determinant,  namely 
52-6  1. 

DISCUSSION 

The  current  studies were  undertaken  with  the  aim of 
defining  some of the  characteristics of T cell responses 
in (H-2k X H-2b)FI mice to a well defined  protein Ag:  HEL. 

tions of peptide. Thus,  the  minimal  determinant recog- This  haplotype  combination  was  chosen  for  two  main 
nized  efficiently by the I-Acu”pb-restricted hybridomas reasons;  first, it derives  from a high  responder  (H-2”) and 
was  52-61,  which is also  the  shortest HEL peptide  rec- a low responder (H-2b)  haplotype;  second,  when  the low 

00‘ I 

HEL concentration ( pg / ml ) HEL concentration ( p g  / ml ) 
.01 .1 1 10 100 ,001 .01 .1 1 10 100 

HEL 

, , , I I , / , I ,  

* /* IiEL 
A. 184 

I50 

N 
h 

$ 2  
100 3 L, 

0 
,0001 ,001 .01 .1 1 10 ,0001 ,001 .01 .1 1 10 

Peptide  concentration ( pM ) Peptide  concentration ( pM ) 

lo4 AnkOb-transfected L cells as APC. with  the  addition of the indicated  peptide or HEL. Peptide  concentration is shown  at  the bottom  in & I ,   t h e  
FIgure 2. Fine  responsiveness of I-An*Bb-restricted T cell  hybridomas. A total of lo5 T  cell  hybridoma  cells  were  cultured  in  the  presence of 5 x 

concentration of HEL ( t o p ]  is expressed as pg/ml.  Results  represent  the  mean CTLL-2 cell 3H[TdR]  incorporation  induced  by  hybridoma  supernatants 
from  triplicate  wells.  and  are  expressed as cpm x SE of stimulated  cultures  were  lower  than 3%. 
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responsiveness of the b  haplotype  is overcome, the re- 
sponse  is directed at  different  epitopes of the HEL mole- 
cule  (42). Moreover, it has  been  shown  that  this  particular 
combination of mixed-haplotype I-A determinants  can be 
expressed  on the cell surface  (20).  although  apparently 
at a reduced level (24). A series of HEL-specific T cell 
hybridomas  derived  from B6C3F1 mice  were generated 
and  their ability  to  respond  to HEL and HEL-peptides in 
the  presence of I-A-transfected L cells  bearing  the possi- 
ble a lp  combinations  presumably  expressed by the APC 
of (H-2” X H-2b)FI  mice was  examined. 

The major findings of these  studies  can be summarized 
as follows: 1) A considerable  proportion of T cell re- 
sponses  to HEL in B6C3F1 mice is restricted by F1-type I- 
A determinants,  namely I-Aakpb and I-Aabpk. Some  T  cells 
were found  to  be  restricted by I-Aa“@”, whereas  no HEL- 
reactive  T  cells  restricted by I-E”, I-Eakpb  or I-Ab were 
isolated. 2) Peptide 46-6  1,  and its shorter  fragment  52- 
61,  which  are  immunodominant  for I-A” (43).  can be 
uniquely recognized in  the context of I-Aakpb, but  not I- 
Aabpk or I-Aabpb, by B6C3 F,-mice-derived  T  cells. This 
suggests a role for the I-Aak chain  in  the immunodomi- 
nance of peptide 52-6  1.  The  shortest  peptides recognized 
in  the  context of I-Aa”pb were  40-60  and  53-61,  lacking 
residues Arg 61  and Asp 52, respectively,  which were 
both  previously  identified a s  necessary  for  the  binding  to 

Previous studies  (21-23)  have  shown  that mixed hap- 
lotype I-A determinants  occur only in  certain  F1  strain 
combinations.  They  have  been  demonstrated by immu- 
noprecipitation  in (H-2“ X H-2b)F1  mice (13).  and  their 
functional role is well established  (12,  19,  40,  41).  Thus, 
F1 mice bearing  the  combination of haplotypes k and b 
can respond  to  nominal Ag (12,  19,  40,  41) or  allodeter- 
minants  (19)  in  the context of F,-type I-A molecules. 
Moreover, by blocking the  responses  with  chain-specific 
anti-I-A  mAb, it has  been  shown  that  the  combinations 
I-Aab@” (19,  40,  41) or I-Aakpb (19)  can  be  functional. In 
the  response  to  insulin by (H-2” X H-2b)F1  mice, the 
dominant  restriction  element  was  found  to be I-Aab@” (40, 
41).  T cell responses  to HEL in (H-2” X H-2b)FI  mice  have 
not  been previously examined. In addition,  no  studies 
have  attempted  to  define  the  restriction  elements utilized 
by F,  murine  T  cells  with L cells  bearing exclusively 
mixed haplotype I-A molecules. 

Among the  factors involved in  the  generation of T cell 
responses  to a n  Ag are  the ability of a n  APC to  generate, 
by proteolytic  cleavage,  peptides capable  to  bind  to  the 
MHC molecule (3). Apparently,  not all the possible  im- 
munogenic  peptides are  generated  during  the  intracellu- 
lar  processing of proteins (reviewed in Ref. 42). In addi- 
tion  to the  generation of the  appropriate  peptides, MHC 
polymorphism  plays a major role in peptide-MHC mole- 
cule  interactions:  not  all MHC alleles  bind  each of the 
peptides  generated  after  processing,  and  the  binding af- 
finity  can  also  be  variable (3). Thus,  nonresponsiveness 
to  some  protein Ag is determined by a n  inability of some 
MHC haplotypes  to  bind  certain  peptides  (2) (reviewed in 
Ref. 9). There  are at least  three  immunodominant HEL 
peptides  recognized by T  cells  in the  context of I-A”; these 
are  34-45,  52-61,  and  112-129 (reviewed in Refs. 9 and 
29).  Furthermore, H-2” mice can respond  to  additional 
HEL peptides  in the  context of I-E” (44). Although H-2b 
mice do not  respond  to the  intact HEL, they  can  respond 

I-A” (43). 

when  immunized  with a truncated HEL (25).  The major 
HEL epitope  recognized in  the  context of I-Ab has been 
identified as peptide 74-89  (28).  Such a peptide,  however, 
cannot  be  generated  after  immunization  with  the whole 
protein  (42). It is not  known  whether  the  heterodimers 
resulting  from  the  association of a- and  @-chains derived 
from the k and b  haplotypes, in (H-2k X H-2b)F,  mice, 
would determine a similar  pattern of T cell responsive- 
ness to the  different HEL peptides.  Therefore, it was of 
interest  to  determine  the  immunodominant HEL peptides 
for  (H-2k X H-2b)FI  mice. 

In the  present  studies, it was  found  that  the cells 
dominating  the  in  vitro  responses  to HEL in B6C3F1 mice 
were  restricted by class I1 determinants  present  on  either 
B6C3F1 or C3H  APC.  In some  experiments, a clear  pre- 
dominant  restriction by F,-type I-A determinants  was 
observed  (see  Table I, expt.  1). Moreover, HEL-specific T 
cell lines  and  the majority of hybridomas  generated  from 
one of them were found  to  be  restricted by the  F,-type I- 
A determinants: I-Aakpb and I-Aab@“. The  basis  for  this 
apparent  predominance of mixed haplotype I-A determi- 
nants as the restriction  elements  in  the  responses  to HEL 
in B6C3F1 mice is not  clear. I t  is possible that  the  affini- 
ties of these  combinations of  I-A a- and  @-chains  for  the 
peptides  generated  during  the  processing of  HEL are 
higher and could, therefore,  compete  with  the  other I-A 
molecules  for their  binding.  Alternatively,  the  T cell rep- 
ertoire of H-2 heterozygous F, mice could be  skewed  for 
the recognition of certain Ag in  the  context of a restriction 
element  different  from  the  parental  ones.  The  strong role 
of I-Aakpb in  the  response  to HEL is unexpected,  inas- 
much as it has  been  shown  that splenocytes  from I-Aak- 
transgenic B6 mice express I-Aakpb at  a  density below 
one-tenth of the expression of either I-Aakpk or I-Aabpk by 
splenocytes  from I-Aa”P” double  transgenic B6 mice (24). 
The low expression of I-Aakpb by B6C3F1 splenocytes is 
compatible  with  the  finding,  in  the  present  studies,  that 
spleen cells  were less  efficient APC in vitro than L cells 
that  express I-AakPb a t  high  surface  density.  The  capacity 
of B6C3Fl  splenocytes  to  stimulate I-Aakpb-restricted  T 
cell hybridomas is similar  to  that of splenocytes  from I- 
Aa”-transgenic B6 mice. These  transgenic  spleen cells 
express  the mixed haplotype  determinant  on  the  surface 
at  barely  detectable  levels (A. Heuser and G. J. Hammer- 
ling, unpublished  observations). A s  a n  alternative expla- 
nation, I-Aak@” could bind HEL peptide 52-61  with  higher 
affinity  resulting  in  a lower  population of I-AakOb carrying 
the peptide,  with the  predominant  response  to  the peptide 
in  the context of the hybrid  determinant  being  manifest 
at the level of the T cell repertoire.  The  functional role I -  
Aakpb in vivo is evidenced by the  finding,  in  these  studies, 
that  in B6C3FI  mice I-Aakpb is the  dominant  restriction 
element  for a peptide known  to  bind  with high affinity  to 
the  parental I-Aak@” (43).  which is expressed at  a  much 
higher  density  (24). Finally. it is also of interest  that, 
despite  being  expressed at  much lower density, a n  MHC 
molecule (I-Aakpb) can be sufficient  for  the  thymic selec- 
tion of T  cells.  This  conclusion is supported by the  finding 
that all the I-Aa”pb-restricted  T cell hybridomas recog- 
nized  peptide 46-61 only in  the  context of the hybrid 
restriction  element  and,  therefore,  are  not  primarily  re- 
stricted by I-Aa”@”. Thus,  the molecule most likely in- 
volved in  the  selection of such T  cells  during ontogeny in 
B6C3F1 mice is I-Aakbb. 
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In the  present  studies,  a  number of I-Aakpb-restricted 
T cell hybridomas  responded  to HEL peptide  46-6  1, pre- 
viously known as immunodominant  for I-A” (2).  The op- 
timal  stimulatory  peptides  for  such  T cell hybridomas 
were  52-61  and  46-61. In addition,  no I-AakBk or I-Aab/3”- 
restricted T cells  against  this  determinant  were  found. 
These  findings,  together  with  the low responsiveness  to 
HEL-46-61 by I-Ab (42).  suggest  that  the I-Aa” chain, in 
combination  with  either I-AP” or I-ABb, is critical  for  the 
binding of peptide 52-6  1.  Alternatively, I-Anh could be 
interfering  with  the  binding of 52-61  to  the  permissive I- 
ABb and I-AB” chains. However,  only the  former possibil- 
ity would explain the low frequency of HEL-52-61-spe- 
cific T cells  in I-A”-negative mice (42). Although  in the 
current  studies  only  responsiveness  and  not  binding  to I- 
A was  examined,  two  observations  suggest  that I-AakB” 
could have a higher  affinity  for  52-61  than I-An”(3”; first, 
the  minimal  stimulatory  concentration of peptide 46-61 
for  T cell hybridoma A. 167  was  0.3 nM (the  range  for  all 
the  hybridomas  was  from  0.3  to 3 nM), and  the  minimal 
dose  reported  for  I-A”-restricted  hybridomas is in  the 
range of 1  to 10 nM (45):  second,  T cell hybridoma A. 167 
responded  to  peptides  40-60 and  53-61  lacking Arg 61 
and Asp 52, respectively  (although at  much higher  con- 
centrations). Both residues  were previously  identified as 
absolutely  necessary  for  the  binding  and  presentation of 
HEL peptide 52-61 by I-A” (43). If peptide 52-61  binds  to 
I-Aa”pb with  higher  affinity  than  to  I-Aakpk, it could ex- 
plain  our  failure  to  detect  52-61  specific, I-Ankpk-re- 
stricted  T  cells  in B6C3F,  mice.  Interestingly,  peptide 5 1 - 
61 with Thr  in position 5 1 was >lOO-fold less  efficient 
than  46-6  1  and  52-6 1  to  stimulate  the I-Aa”p”-restricted 
T cell hybridomas,  although it contained all the  residues 
of 52-6  1.  This  finding  suggests  that peptide 5 1-6  1  cannot 
be  processed  to  generate  the  optimal  determinant, 
namely  52-61. It is also of interest  that peptides  40-60 
and  53-61,  lacking  residues  Asp  52  and Arg 6 1,  which 
are  both  necessary  for  the  binding  to I-A” (43), were 
(weakly)  recognized by some  I-AakBh-restricted  T cell hy- 
bridomas.  Taken  together,  these  two  observations  sug- 
gest that  the dipolar  peptide  with  two  charged  amino 
acids a t  both ends,  namely Asp  52(-) and Arg 61(+) is 
the  best  fit  for I-AakDh (or I-A“). We did not  analyze  the 
ability of peptide 53-60  to be  recognized by our  T cell 
hybridomas,  but if we assume  that  at  least  one polar 
amino  acid could account  for  weak  binding, it would seem 
unlikely  to  obtain a response  in  the  absence of both 
charged  residues.  Finally,  the  peptides recognized by the 
I-AnkBk- and I-AabBk-restricted  T cell hybridomas could 
not be  identified,  but  the  finding  that  the  latter  ones  also 
responded  to HEL presented by I-Ak+ APC suggests  that 
such  an epitope can bind  to  both  I-Aakpk and I-Aa”/j”, but 
that  these  hybridomas recognize it more  efficiently  in the 
context of the  latter. 

Based on  the  predicted  tertiary  structure of class I1 
MHC molecules, Brown et a1 (7)  suggested two  possible 
orientations  for peptide 52-61  in  the  context of  I-A” with 
HEL-Asp 52  binding  to  the /3” (model 1) or the a” chain 
(model 2). If one  assumes  that  the  binding  site  for peptide 
52-61 is the  same  in I-Aak(Ih and I-An”@“, the recognition 
of peptide 40-60  (lacking Arg-61) by some I-An“p”-re- 
stricted  hybridomas would be consistent  with model 2 
with HEL-Asp 52  binding to Arg 56 or 57  in  the I-An” 
chain n-helix (I-Anh lacks  an equivalent  binding  site). 

These  binding  residues  map to the second  polymorphic 
region of I-Aa” (7). However, a  recent  study  (46)  indicates 
that  the  third polymorphic region of I-Aa”, as well as  the 
third and  fourth polymorphic  regions of  I-AB”, are critical 
for the recognition of HEL-52-61 by I-A”-restricted  T cell 
hybridomas. If one  considers only the  charge,  the  third 
polymorphic region of I-An“ could have a potential  bind- 
ing  site  for HEL-Arg-61 in  Glu-75  (residue 75 of I-Anh is 
a Gly). However, the side  chain of such  a negatively 
charged  residue  does  not  appear to point into  the Ag- 
binding groove (7). Moreover, substitution of Glu 75 for a 
positively charged Lys, had  no  effect  in  the recognition 
of  HEL by I-A”-restricted  T cell hybridomas  (46). On the 
other  hand,  there  are  several  differences  in  charged 
amino  acids  between I-AB” and I-AP’ but  these could not 
explain by themselves  the  influence of I-Aa“ in  the  im- 
munodominance of HEL-52-61. Taken  together,  the  pre- 
vious observations  indicate  that Ag binding  to MHC mol- 
ecules is a complex phenomenon  that  cannot be  predicted 
based  only  on the  charges of isolated  residues.  This con- 
clusion is compatible  with the observation that HEL pep- 
tide 46-61  in  combination  with  the I-A” molecule can give 
rise  to  more than  one T cell epitope (17).  Finally,  antibody 
binding  studies  suggest  that  the  conformation of I-Aa”Pb 
might  be  different  from  that of  I-A” (20).  thus  these two 
I-A heterodimers could present peptide  52-61  with a 
slightly different  orientation, providing  a  potential  expla- 
nation  for  the  absolute  lack of cross-recognition of  HEL 
in  the  context of I-A“ by all of the presently  examined I- 
Aa“@’-restricted T cell hybridomas. 
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The existence of different pati/ways of 
antigen presentation by class land class/I 
molecules raises ~'o fundamental ques- 
tions. (I) Why are class q, but not class I 
mr, lo ~/es, transported to the endosoma/ 
compartment where the exogenous anti- 
gen is met? (2) What are the mechanisms 
that prevent cla.~s II molecules from being 
occupied and olocked by endogenous 
pepti~s before they reach endo:omes? 
These and other ques[ions were discussed 
at the recent 7th Intemational HLA/H-2 
Workshop*. In round table discussions 
particular attention was paid to the class- 
II-assooated invanant chain, because it 
was considered that this molecule was a 
likely candidate to exp,a,n some of the 
differences of class I and class II molecules 
in antigen presentation. 

In contrast to antibodies, the T-cell 
receptor (TCR) does not recognize 
native antigens, but recognizes pep- 
tides derived from partially degraded 
proteins ~.2 bound to a groove on the 
MHC antigen 3. Of the two classes of 
MHC antigens, the class I molecules 
bind endogenously-derived peptides, 
probably shortly after the bio- 
synthesis of class I molecules in the 
endoplasmatic reticulum (ER). The tri- 
molecular complex composed of 
class I, 132-micro, J~bulin (132m) and 
peptide is then tra ~ ported along the 
constitutive secret ,:y pathway to the 
cell surface and presented to CD8 * 
cytotoxic T (T c) lymphocytes. In con- 
trast, the MHC class II molecules seem 
to be predominantly engaged in the 
presentation of exogenous antigens 
that have, after endocytosis, been de- 
graded in endosomes. There the re- 
sulting peptides are met by class II 
mole. ules, transported to the cell sur- 
face and presented to CD4 ÷ helper T 
(T,) cells (see Fig. I). This dichetomy 
of antigen recognition by helper and 
kil!er ceils is required bec~ Jse the im- 
mune system has to (1) destroy cells 
which are infected with virus or 
altered by neoplastic transformation 
and which, therefore, produce en- 
dogenous foreign peptides, while (2) 
it should not eliminate antigen pre- 
senting cells, especially B cells, which 
are needed to activate T a cells recog- 
nizing exogenous antigen in the con- 
text of class II. 

*The 7th International HLA/H-2 Workshop was held 
at the Castle of Elmau, Germany on 2-5 May, 1990 
under the chairmanship of GOnter J. Hammerllng 

The fundion of the invariant chain 
antigen presentation by MHC class II 
molecules . . . . . .  

from Giinter J. Himmerling and Jos  Moreno 
The invariant chain (li) 

Information accumulated on the 
expression, structure and molecular 
biology of li for more than a decade 
before clues to its biological function 
in antigen presentation emerged. 

Jones et al. 4 discovered in 1978 
that class II antigens were non- 
covalpntly associated with a molecule 
of 31 kDa which they designated the 
invariant chain (li) because of its lack 
of polymorphism 4. li was found to be 
expressed in all cell types expressing 
class II (and a few additional onesS), 
and induction of class II by lympho- 
kines was, in general, accompanieu 
by induction of li s. Recent studies 
have reinforced previous sugges- 
tions 6 that li can be expressed on the 
cell surface 7, but the majority of class 
!l ar, d !i on tko surface does not ap- 
pear to be assooated. 

After cloning of the comp- 
lementary DNA (cDNA! ~'-I°. it was 
found that the genc encoding li was 
not linked to the MHC but located on 
chromosome 18 in mice and chromo- 
some 5 in humans ~],~2. Yamamoto et 
al. :~ observed that the li gene en- 

~ Class II 

• . ) 

o,, .',',,., ...._---- 

1 

codes two polypeptides, li 31 (the 
major fraction) and li 41 which orig- 
inate from differential RNA splicing. 
Soon after their b~osynthesis, li and 
the ~ and 13 chains of class II mol- 
ecules associate in the endoplasmic 
reticulum (ER) ~4. This complex is 
transported through the Golgi appar- 
atus into an endosomal compa,-t- 
ment,~ ~7, where class II molecules 
are suggested to meet endocytosed 
exogenous antigens. There li dis- 
sociates from class II molecules and 
some of the li chains are cleaved into 
fragments of 21 and 23 kDa Is. Class II 
molecules complexed with the ex- 
ogenously derived peptides then 
move to the cell surface. The coex- 
pression and physical association of 
class II molecules with ii led to the 
assumption that the function of I 
must be tightly connected with the 
function of class II molecules. 

The transport hypothesis 
The first hypothesis to be proposeo 

was that fi was required for cell sur- 
face expression of class II molecules, 
by analogy with the celt surface 

. , , ~  Class I 

ENDOPLASMIC 
RETICULUM 

GOLGI 

• • 
o IbRnp o 

9 f o o  o e w ~  

Fig. 1. The processing and presentation of endogenous and exogenous ~eptide ant,gens 
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expression of class I molecules for 
which association w!th 13,m is necess- 
ary 1his transport hypothes~s was 
later dismissed because transfection 
studies showed that class II could be 
fully expressed on the cell surface in 
the absence of li 's,~9 Today it seems 
that the complete d,c':,~issal of the 
transport hypothesis was premature. 
The consensus emerged that the li 
chain can improve the transport of 
class II ctl3 dimers to the cell surface in 
situations where the transport is not 
optimal. R. Germain (Bethesda) re- 
ported class li gene trensfections into 
L cells, showing that in haplotype- 
mismatched combinations, for 
example et d. 13 k. the et and 13 chains 
weuid pair in the ER but that appre- 
c!able surface expression was only 
obtained after transfection with li. 
Likewise, i:, the presence of li, en- 
hanced surface expression was ob- 
served for Pl-linked ~ and I~ chains 
(Germain) fgr I-A" molecules, in 
which the transmembrane and 
cytoplasmic domains had been re- 
placed by the respe~ive class I do- 
mains (J. McCluskey, Melbourne) and 
for I-A ~ transfected into the thymoma 
EL-4 (J. Miller. Chicago). The mechan- 
ism is not clear. Possibly, li facilitates 
proper folding of the txl3 dimer as a 
chaperone molecule and/or inter- 
feres with putative retention proteins 
in certain ceil tvnes Hnwpv~r in mn~t 

. . . .  J r -  . . . . . . . . . . . .  , . . . . . .  ~ 

situaticns the cell surface expression 
of class II molecules does not seem to 
be influenced by the li chain. There- 
fore, this function does not seem to 
be its main role. 

li in antigen processing and presentation 
The first hint that li might be in- 

volvecl in antigen-processing came 
from studies showing that I-E d plus li 
transfected L cells were more ef- 
f ioent in processing and presenting 
the C5 antigen to a specific T hy- 
briooma compared with cells trans- 
fected with class II alone 20. However, 
these studies were ob~.,-ured by the 
later observation that sometimes L 
cells can express their endogenous li 
chain and that after cloning of the 
Lransfected cell lines no clear corre- 
lation could be found between im- 
proved antigen-processing and the 
presence of li. Nevertheless, these ob- 
servaticns stimulated similar investi- 
gations by several groups who used 
li-negative cells transfected with class 
II and li. Unfortunately (or interest- 
ingly), the results did not always 
agree (see Table 1). Miller 2~ and Ger- 

338 

Table 1. Effect of Ii on antigen processing and presentation in transfectants expressing MHC 
class II, either alone or together with Ii 

~, ~anL=ment of Refe,ence Arbgen Transfec;.an[ . . . . . .  
presentation with li 

Ce, MHC 

C5 L E d yes 20 
Insulin L A o no 21 
OVA L A n no 21 
OVA Cos A d no (a) 
OVA ra~ 2 A d no (a) 
OVA CHO A d no (a) 
Cytochrome C Cos E k no (a) 
Cytochrome C rat-2 E k no (a) 
Cytocnrome C CHO E k no (a) 
HEL rat-2 A ~ yes (b) 
RNase rat-2 A k no (b) 

(a) Germain et aL, unpuoiished. (b) Nadimi, Moreno and H~mmer]inu, unpublished. In the case of 
HEL, geceration and presentation of a large number of determinants was enhanced by ti. 

main (unpt, blished) used L cells, COS 
cells, rat-2 and CHO cells transfected 
with i-A d or I-E k, and ovalbumin, in- 
sulin and cytochrome C as antigens. 
In these studies the presence of li 
did not improve the processing and 
presentation to respective T-cell 
hybridomas. In contrast, J. Moreno, 
F. Nadimi and G.J. Hammerling 
(Heidelberg) reported that the pro- 
cessing and presentation of hen-egg 
lysozyme (HEL) by a set of I-A k and li 
transfected rat-2 fibroblasts was 
Hr~tir~llu imn rn t t ~ r~  i n  t he ,  l i _nnc i f i ~ .~  

viously, these two hypotheses are not 
mutually exclusive. However, do the 
data fit with these hypotheses? 

The blocking hypothesis 
P. Cresswell (Durham) reported 

that isolated DR5 ~13 dimers bound 
radiolabelled influenza haemaglutinin 
peptide more efficiently that DR5 
complexed with li 24, suggesting that li 
prevents the binding of endogenous 
peptide. This interpretation appears 
to be at variance with functional 

. . . . . . . . . .  j . . . .  p . ~ , ~ v ~ . . - , . ~  w ~  v.wl-~- H l ~ v - ~ l ~ . l w ~ . .  . . I I . ~ I~ .~ I~D  ~ I IU I I I I ~ I l J  uy  IV IU I~ I IU  ~U l l -  

transfectant, when stimulation of a published). Moreno transfected a 
panel of T hybrioomas specific for 
different HEL determinants was used 
as the readout system. However, 
using the same set of transfectants 
no influence of li on the presentation 
of another antigen, RNase, was 
found. Thus, for some but not all 
antigens, li-positive cells seem to be 
more potent antigen-presenting cells 
than li-negative ones (Table 1). 

How might the li chain exert ~:s 
function in the cases where antigen 
presentation is clearly improved? 
Two hypotheses have been pro- 
posed. First, li may block or modify 
the peptide binding groove early in 
the biosynthetic pathway, protecting 
class II from association with en- 
dogenous peptides in the ER or Golgi 
that could compete with foreign pep- 
tides 22.23. After transport into the en- 
dosomal compartment li is released 
and the groove made available for 
the peptides derived from exogenous 
antigens. Second, li might contain a 
signal that targets the li-class II com- 
plex from the trans-Golgi network 
into endosomes (see Fig. 1). Ob- 

truncated form of the HEL gene, en- 
coding amino acids 1-80 and con- 
taining a transmembrane fragment, 
into I-ALbearing rat-2 fibrob!asts. 
Various peptides derived from the en- 
dogenous HEL were presented by 
class II molecules in a pathway that 
was clearly different from the endo- 
somal pathway used for processing 
of exogenous HEL. Thus, non- 
endosomal presentation of endogen- 
ous peptides is not a rare event. In 
additicn, these studies also showed 
that the rat-2 fibroblasts could not 
genera,~e the same range of peptides 
from exogenous HEL and endogen- 
ous HF_L, indicating that in different 
intracellular compartments different 
sets of peptidgs can be generated. 

The introduction of li into these 
cells by li gene transfection did not 
decrease their capacity to present the 
endogenous HEL Such a decrease 
would have been expected if the li 
chain protected the groove. Since the 
bulk of class II molecules are routed 
via the endosomal pathway in li-posi- 
tive cells 17, it is unlikely (although not 
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impossible) that a small fraction of 
cla~s II carries the endogenous HEL 
peptides to the surface via the con- 
stiT.utive secretory pathway. How- 
ever, it seems possible to reconcile 
these different results if one assumes 
that li influence~ the conformation of 
class II mclecules, which would be a 
modification of the blocking hypoth- 
esis (see below). 

The conformation hypothesis 
It is conceivable that li keeps the 

binding groove of class II molecules 
wide open and prevent.~ a transition 
into a confgrmational state which 
binds peptides with high affinity. 
These open class II molecules could 
bind various peptides in the FR albeit 
with only low affinity, and there 
would be no strong selection for high 
affinity peptides. In the endosomes 
the removal of !i would allow the class 
II molecule to snap into another con- 
formation with high affinity for cer- 
tain peptides During or after this 
transition, the high-affinity peptides 
derived from the exogenous antigens 
could compete with the low-affinity 
endogenous peptide carried along by 
class II molecules. In the case of pres- 
entation of the endogenous HEL pep- 
tides, in the presence of li (see above) 
the HEL peptides bound by class II are 
already high affinity pepticles, of 
which a sufficiently high number 
would stay in the groove after the 
conformational change. Confor- 
mational changes of class II molecules 
have indeed been observed. Miller 
reported that certain antibody deter- 
minants on I-A a on tran_~fected cells 
were strongly influenced by the pres- 
ence or absence of li in these cells 2 
In addition, previous studies with iso- 
lated class II molecules inserted into 
planar membranes suggested tlqe 
existence of class II molecules with 
different conformations and with dif- 
fe: ent affinities for peptide 2s. 

The sorting hypothesis 
The 'sorting hypothesis' does not 

conflict with the blocking of confor- 
mation hypotheses. It would explain 
why class II is found in the endosomal 
compartment, in contrast to class I. 
This is supported by O. Bakke 
(Heidelberg) who reported that li is 
found in a vesicle-like post-Golgi 
compartment. However, after re- 
moval of the first 15 amino acids from 
the amino terminus, the truncated li 
molecule was not found in this com- 
partment. These data suggest (but do 

. . . . . . .  - ..... ~ .  

Box 1. Function of the invariant chain in antigen presentation: 
sur~mary of hypotheses 

Hypothesis Experimental observations 
(la) Blocking hypothe~,is Pro: Isolated class i! binds peptide better 

li blocks the binding of endogenous than class II complexeo with li 
peptides to class II in the ER Contra: ii does not decrease presentation of 

endogenous antigen by class II 

(lb) Conformation hypothesis 
li keeps class Ii in a conformation with 
low affinity for peptides. In the 
endosomes li is removed and a high 
affinity conformation acquired. 

Pro: All observations abcve and class iI 
seem to exist in different 
conformations depending on li 

Contra: None 

(2) Sorting hypothesis Pro: ti polypetide has a signal for transi~ort 
li routes cla~s II into the endosomes into endcsomes 
where exogenous antigen is met. Contr,,: None 

The blocking or conformation hypothesis and the sorting hypothesis do not exclude each other, li 
seems to be important for only some antigens. Additional pathways of antigen presentation by 
class II may exist which are indepenoent of li. 

not prove) that li contains a sortingi 
retention signal which may also d~rect 
the li-class II complex to endosomes. 
This approach appears very promis- 
ing and functional studies will dem- 
onstrate its validity. The sorting 
hypothesis is in agr?ement with the 
observation that tt-,e li chain influ- 
ences the presentation of exogenous 
HEL but not endogenous HEL (Mor- 
eno). This, however, does not rule out 
the possibility that class II also carries 
a sorting signal. The alternative 
mechanism by which c!ass II mol- 
ecules could enter the endosomes, 
namely by recycling from the cell sur- 
face, does not seem to be the major 
pathway because Brefeldin A, which 
blocks egress of proteins from the ER, 
was shown to inhibit exogenous anti- 
gen ~resentation by class II (Ref. 26 
and Moreno, unpublished). 

Tqe various hypotheses are test- 
able, and would explain why li has an 
effect in some antigen systems. How- 
eve~, none of the hypotheses explains 
why the presentation of some anti- 
gens, for example HEL, but not 
others, such as RNase and OVA, are 
influenced by li. It is possible that the 
endocytic process directs different 
aatig~ns into distinct endosomal 
compartments. Some of these may 
be reached by class II molecules 
alone, others only by the li-class II 
complex. Thus, the requirement of li 
for more efficient processing of some 
antigens would enable the immune 

system to respond to more antigens. 
The existence of the putative distinct 
compartments has not yet been 
proved, but is also testable. It has to 
be kept tn mind, however, that most 
functional studi~s of li have been 
performed with non-professional 
antigen-presenting cells (APCs) 
which are not vep/efficient in antigen 
presentation and processing to start 
with. In these cells secondary path- 
ways could be artificially over- 
emphasized. Elimination of li from 
professional APCs, for example by 
homologous recombination, to- 
gether with ceil biological studies on 
intracellular comFartments and 
transport, could provide the final 
answer. 
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o, o o, The development and function of rc.~a, chers carn~ together at the inspir- 
ing locat~un of Sego~a, Spain* to ex- 
caange/nfo,-mation and opinions on ~I~ T 
cells. In this report, the new, unpublished 
findings presented, and the ideas that 
germinated during the meeting are dis- 
cussed in the con,~xt of recent ~1~ 
lite,,ature. 

"ta T-cell ontocjeny and subsets 
Insight into :he lineage relationship 

between ,~13 and -ya T cells has come 
from the analysis of various T-cell re- 
--,-~,,,-,"~'t'~ rrr-D~, .,.,,, transgenic mice. ~ T 
cells develop normally in ~/a TCR 
transgenic mice if the ~ transgene 
includes a silencer ~.2. Thus, commit- 
ment to the Ira cell lineage seems to 
be determined not by productive ~/ 
and 6 gene rearrangements, but by 
nuciea~ proteips which comroi % ~nd 
perhaps B, chain expression. 

In mice, various ~/6 T-cell subsets 
are generated ~vithin the thymus and 
in the periphery at different times 
during ontogeny (Table I). In the fetal 
thymus tvvo homogeneous subsets 
ar? genelated in consecutive, over- 
lapping waves. The variable domains 
of the TCR that are expressed by 
these subsets are encoded by Va 1 and 
one (V~5 and V~6 respectively) of sev- 
eral V.~ genes. These genes are ex- 
pressed by day 13 of gestation (A. 
Hayday, Yale). The homogeneity of 
the junctional sequences in product- 
ively rearranged Val, V.~5 and V.~6 
genes is most striking 3.4.o. Since the 

".The meetino on Development and Function of ~/B 
T cells was I~etd in Segovia, Spain on 11-13 June 
1990 and was organized by S. Tonegawa and 
C. Ma~nez-A 
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Werner Haas, Stefan Kaufman and Carlos Martinez-A. 

junctions in the corresponding non- 
productive rearrangements were 
more diverse, it has been suggested 7 
that the accumulation of particular 
types of in-frame junctional se- 
quences (canonical sequences) re- 
suits i~rom positive thymic selection of 
cells expressing the canonical 
sequences. 

The development of the two hom- 
ogeneous subsets (V~5 and V,,6) has 
also been observed m fetal thymus 
organ cultures. Addition of anti-TCR 
antibodies or cyclosporine A to such 
cultures did not prevent the gener- 
ation of these subsets (no evidence 
for positive selection, J. Allison, 
Berkeley) but lead to the appearance 
of noncanonical V~5, V.~6 and ~al in- 
frame junctional sequences (strong 
support for positive selection, S. 
Tonegawa, Boston)• 

In adult mice the V.5 subset has 
• , .Y 

been found m the skin, m particular in 
the epidermal layer (S-IEL) 4 while the 
V.~6 subset has been identified in the 
mucosal epithelia of the tongue and 
uterus as well as the vagina 6.B where 
the numbers of V~6 increase during 
oestrus (Allison). The V~5 subset 
develops only in tile early fetal 
thymus s.7. It is not found in the skin of 
nude mice nor in litters of mothers 
that were treated during pregnancy 
with anti-V~5 antibodies (Allison). Be- 
cause of the homogeneity of their 
TCR, the two fetal ~/B T-cell subsets 
are likely to recognize self antigens 

which are expressed in the fetal 
thymus as weli as in the epidermis 
(ligand for V~5 subset) or in the 
mucosal ~pithelia (ligand for V)6 sub- 
set). As a first step in the etuodation 
of these self antigens Allison's group 
found that cells of the V~5 subset 
recognize antigens that are pre- 
sented by keratinocytes or by fibro- 
blasts that had been treated with 
tryptic digests of keiatinocytes. 

In other species, counterparts of 
the two fetal ~6 T-cell subsets have 
not been found. In particular, in 
chickens (M. Cooper, Birmingham; 
Ref. 9)and in humans (M. Brenner, 
Boston; J. Borst, Amsterdam; Ref. 10) 
no predilection of ~/~ T cells for the 
epidermis has been observed In the 
skin of cattle and sheep -y6 T cells are 
abundant (C. Mackay, Basel; Ref. 12) 
but it is not yet known whether these 
cells express homogeneous TCR like 
the epidermal ~/~ T cells in mice. Intes- 
tinal 3'5 T cells (I-IEL) have been found 
in all species but the preferential lo- 
calization to the epithelial layer that 
has been obse,'ved in mice and 
chickens is less obvious in cattle, 
sheep and humans. 

In contrast to the other murine h'B T 
cells that have a predilection to epi- 
thelia, intestinal ~ T cells of mice are 
divers:fled, although their TCR reper- 
toire is somewhat limited by the pref- 
erential use of V~7 (Refs 5, 13). A. 
Bandeira (Paris) reoorted that murine 
intestinal ~/a T ce!!s are generated in 
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Class I1 MHC molecules on the surface of an APC 
present immunogenic peptides derived  mainly  from 
exogenous proteins to CD4+ T cells.  During its  trans- 
port to  the cell surface, class XI molecules intersect 
the endocytic  pathway  where they acquire peptides 
derived  from  endocytosed proteins. However, class 
11-restricted presentation of endogenously  derived 
peptides can also occur. The current  studies were 
undertaken to examine the ability of different types 
of  APC to generate and present four different T cell 
determinants derived  from an endogenous, nonse- 
creted, truncated form of hen-egg  white  lysozyme 
(HEL[1-80]-Kk). This was  compared  with the ability 
of these APC to generate the same  determinants 
from  exogenous HEL. All the peptides  derived  from 
endogenous HEL[ 1-801-Kk tested, were presented by 
B cells to HEL-specific T cell hybridomas with an 
efficiency similar to presentation of the same deter- 
minants from  exogenous HEL. In contrast, an 1-A"- 
bearing rat fibroblast was unable to generate the 
HEL peptide  25-43  from  exogenous HEL, but could 
efficiently  produce it from  endogenous HEL[ 1-801- 
K". The results indicate first, that peptides  derived 
from an endogenous Ag can be presented by MHC 
class I1 molecules  with an efficiency comparable to 
that of the presentation of the exogenous Ag. Sec- 
ond, that Ag-presenting B cells can generate the 
same repertoire of antigenic peptides  from  endoge- 
nous Ag as those generated from the exogenous 
protein. And third, that in contrast  to B cells, cer- 
tain "nonprofessional" APC can generate, from an 
endogenous protein, T cell determinants distinct 
from those generated after endocytosis of the ex- 
ogenous protein. These results suggest that proc- 
essing of exogenous and endogenous Ag by different 
APC take place in different intracellular compart- 
ments. 

Unlike Ig, the TCR recognizes protein Ag as  peptides 
associated  to MHC molecules on the  surface of an APC 
(1).  The MHC class I molecules generally  bind and  present 
peptides derived from proteins  synthesized  within the 
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cell (2) and  are recognized  by CD8+ T cells (3), whereas 
class I1 MHC molecules mainly bind peptides derived from 
endocytosed proteins  (4) and  present  them  to CD4+ T 
lymphocytes. The  preferential  association of endoge- 
nously or exogenously derived peptides  with  class I or I1 
molecules, respectively, appears to be dictated by their 
different  intracellular  routes of transport to the cell sur- 
face. Thus,  class I molecules are exported directly from 
the Golgi apparatus to the plasma  membrane  through  the 
constitutive  secretory  pathway,  whereas newly synthe- 
sized class I1 molecules, before reaching the cell surface, 
pass through an endocytic compartment  in which they 
meet peptides derived from endocytosed proteins  (5-7). 
Acidification of endosomes or lysosomes is a  necessary 
step for antigen processing and presentation by class I1 
(8-101 but not class I MHC molecules (2). 

However, recognition of endogenously derived peptides 
in  the context of class I1 molecules has now been exten- 
sively documented [ 1 1 - 17),  but it is not universal (2, 18. 
19). Processing of endogenous proteins for presentation 
by class I1 can occur in  the endocytic pathway (1 1).  Yet, 
some endogenous proteins  appear to be processed in an  
intracellular  compartment that is independent of acidi- 
fication (14,  16).  The  characteristics of an  endogenous 
protein needed for presentation by class I1 molecules are 
not well understood. A recent  study  suggests that only 
proteins that  are translocated  into the ER2 can be pre- 
sented by class I1 molecules (17). Nevertheless, other 
studies  have  found  class 11-restricted presentation of pep- 
tides derived from purely cytosolic proteins (14, 20, 21). 
Processing of a protein Ag by certain  types of  APC or  in 
different  intracellular  compartments could generate  dis- 
tinct  T cell determinants.  Supporting  the potential im- 
portance of this is the variability in  the intracellular 
distribution of proteases  in  different cell types (22), as 
well as  the observation that certain  determinants of a 
given protein may be the  result of different  proteases (23, 
24). 

To further  pursue  these  issues, a  construct encoding a 
truncated, nonsecreted form of hen egg-white lysozyme 
(HEL[ 1 -80]-Kk) was  generated and  transfected into two 
different  types of  APC. Using these  transfectants we 
investigated  whether the  first 80 amino  acids of exoge- 
nous HEL and endogenous HEL( 1 -801-Kk could generate 
the  same repertoire of immunogenic peptides. 

'Abbreviations  used  in this paper: ER, endoplasmic  reticulum: HEL. 
hen-egg white lysozyme: HEL[1-801-Kk, chimeric  protein,  product of the 
fusion of  HEL and H-2Kk genes: GaRIg (GaMIg). goat  anti-rat (mouse) Ig: 
MIIC. class 11-related endocytic compartment:  neo,  neomycin-resistance 
gene: li .  class Il-associated invariant  chain: TM. transmembrane  domain. 
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The probe was labeled with a random-priming DNA-labeling kit 
(GIBCO-BRL, Heidelberg, Germany). 

bated at  37OC in  triplicate in  96 well flat-bottom plates in the 
Culture  conditions. T cell hybridomas (5 x 104/well)  were incu- 

presence of varying numbers of  APC with or without exogenous 

wells containing lo4 CTLL-2 cells in  100 pl ,  After 20 h at  37°C. 
HEL. After 24  h,  100 pl  of supernatant were removed and added to 

cultures were  pulsed  with  1 pCi  of meth~l[~H]TdR  (sp.  act. 5 Ci  mM. 
Amersham-Buchler,  Braunschwieg. Germany)  and  incubated  for a n  
additional  9  h before harvesting in a semiautomated cell harvester 
(Inotech, Zurich,  Switzerland)  and  counting in a liquid scintillation 
counter. 

supplemented with 25 mM HEPES buffer, 2 mM L-glutamine, 100 
Reagents  and  miscellaneous.  Culture medium was RPMI 1640 

U/ml penicillin, 100 pg/ml streptomycin, 1 mM N a  pyruvate (all from 
GIBCO), 10% FCS (CONCO, Mainz. FRG). and 5 X M 2-ME. HEL 
was obtained  from  Sigma Chemical Co. (St. Louis, MO). The affinity- 
purified FITC-GaMIg and GaRIg were purchased from Jackson Im- 
muno  Research (Dianova,  Hamburg,  Germany). All the molecular 
biology reagents were purchased from GIBCO-BRL. The HEL peptide 
25-43  has been  described (38). 

RESULTS 

HELff-80]-Kk construction and transfectants. Our 
initial  aim  was to produce a nonsecreted form of  HEL. 
Therefore, the pJAM2p-neo construct (Fig. 1) was made 
by linking the  first two exons of the HEL gene, encoding 
the signal peptide and amino  acids 1-80 of HEL, to  exons 
5-8 of the  murine MHC class I gene H-2Kk, encoding the 
TM and cytoplasmic domains  (26). Exon 2 of  HEL and 
exon 4 of K" both donate  one bp to the  first codon of the 
next  exon. Thus, ligation of  HEL exon 2 to Kk exon 5 
maintains  the reading  frame. Moreover, because the chi- 
meric gene  contains  a  signal  sequence  plus 80 amino 
acids before the  insertion of the Kk TM domain, it is 
expected to be translocated  into the ER. This  construct 
was inserted  into the pHpAPr-1-neo plasmid containing 
the  human P-actin promoter (27) which has a  ubiquitous 

MATERIALS AND METHODS 

Plasmids  and  constructs.  The  construct pSP72-HELl was produced 
by inserting exon 1 of  HEL (Fig. 1) into  the plasmid  pSP72  (Promega, 
Madison, WI) as a 567-bp XbaI-BamH1 fragment from pUC-HEL-XI 
(25) (a gift of Dr. Christopher Goodnow, University of Sydney, Syd- 

XbaI site. In a separate ligation, pSP72-HEL2 was  constructed by 
ney. Australia). The  start codon is located 30 bp  downstream of the 

subcloning exon  2 of  HEL into pSP72 a s  a -1 150-bp  BamH1-Xbal 
fragment from the plasmid pSVG-MT/HEL (25).  This  eliminates  one 
Xbal  site from intron  2. Next, a -2400  bp  fragment  containing  exons 
5, 6, 7, and 8 and  the 3' untranslated exon of H-2Kk was isolated 
from  the  construct C32 (26) (a gift of Dr. Bernd Arnold, DKFZ). This 
was removed as a blunted CZaI-Sal1 fragment  and ligated into  the 
blunted XbaI-Sal1 polylinker sites of pSP72-HEL2 to produce 
pJAMl. A -2750-bp  BamHl  fragment  containing  the  relevant cod- 
ing  regions of the p J A M l  insert  was ligated into  the  BamHl  site of 
pSP72-HEL1 to produce pJAM2. Finally, the  entire pJAM2 insert, 
consisting of the  first two exons of  HEL (encoding up  to  amino  acid 
80 of HEL) plus  the TM and cytoplasmic domains of Kk was ligated 
a s  a -3200-bp  fragment  into  the Sa11 and EcoRI sites of the vector 
pHj3APr-1-neo which  has  the  human p actin promoter (27) (kindly 
provided by Dr. Robert Lechler. Royal Postgraduate Medical School, 
London with permission from Dr. Larry Kedes, Stanford University. 
Stanford, CA). This  construct is pJAM2B-neo (Fig. 1).  The genomic 
clones of I-Aok (pCA6, 28)  and I-AB" (29) were gifts of Dr. Bernard 
Malissen (Luminy. Marseille) and Dr. Ronald Germain  (National 
Institutes of Health, Bethesda. MD), respectively. 

Cell llnes.  The IL-2-dependent cell line CTLL-2 has been  described 
(30). The B cell lymphomas A20 (31) and LK-35.2 (32) as well as the 
thymldine  kinase-deficient  rat  fibroblast  Rat-2 (33) were  used as 
APC and for the  transfections described below (Table I). The hybrid- 
oma  HF10-316.20, secreting a n  IgM specific for  the HEL peptide 
38-45  (34)  was a generous gift from Dr. Fred Karush (University of 
Pennsylvania, Philadelphia, PA). 

T Cell hybrtdomas (Table 11). The HEL-specific T cell hybridomas 
A2.2B2 (provided by Dr. James McCluskey, Monash Medical School, 
Melbourne, Australia with permission  from Dr. Laurie  Glimcher. 
Harvard,  Cambridge, MA) (35). E.907K and D, A.167.  A.184, and 
A.744 have been  described (36).  N54.Kl5 is a HEL 46-61-specific  T 
cell hybridoma which  was derived by transfection of a CD4- subclone 
of the hybridoma  A.167  (A.167N54) with  the mouse CD4 cDNA (a 
gift of Dr. Jane Parnes.  Stanford).  This hybridoma was used  in some 
experiments  because of its  particularly high sensitivity to exogenous 
HEL. The T cell hybridoma 3A9 (37) (from J. McCluskey with  per- 
mission  from Dr. Paul Allen, Washington University, St. Louis, MO) 
was subcloned by means of the FACS (Epics 752 Autoclone, Coulter. 
Hialeah, FL) at  one cell per well after  reacting with the  rat  anti- 
mouse CD4 mAb GK1.5 followed by FITC-labeled goat anti-rat Ig 
(GaRIg). The  hybridomas  285.1, 1A3.2, 2B6.3. and 2G7.1 (37a). were 
generated by somatic  fusion of T cell blasts obtained  from  lymph 
nodes of HEL-immunized ( 100 pg emulsified in CFA)  C3H mice with 
the TCR-a/@(-) BW5147 thymoma cells as described (38). HAT- 
resistant cells  were screened for their ability to respond to HEL and 
were cloned twice by limiting  dilution (0.3 cells/well) and analyzed 
for  peptide  specificity with a panel of peptides spanning  the  entire 
HEL sequence (38). All cell lines were  routinely screened  for Myco- 
plasma infection. 

Transfectlons  (Table I).  The B lymphoma  cells A20 and LK-35.2 
were transfected by electroporation with a Bio-Rad gene-pulser (Bio- 

tender. Linearized plasmid DNA (20 pg) was  either  transfected  alone 
Rad Laboratories,  Richmond, CA) equipped with a capacitance ex- 

(pJAM2B-neo) or  cotransfected  with  one-tenth  the  concentration of 
the plasmid containing  the  neomycin-resistance  gene  (neo). Selec- 
tion was accomplished by culture  in  the  presence of optimal  concen- 
trations of G418 (Geneticin. GIBCO-BRL Paisley, Scotland, 1 mg/ml 
for A20 and  0.8 mg/ml for LK-35.2). I-Aokpb+ A20 cells  were cloned 
by means of the FACS at  1 cell/well after  reacting  G418-resistant 
A20 cells  with the I-Ao*-specific mAb H116-32 (39) followed by 
FITC-GaMIg. LK-35.2 cells  were cloned by limitingdilution (0.3 cells/ 
well) in 96-well plates  (Costar, Cambridge, MA) and selected  on the 
basis of their ability to  stimulate a number of HEL-specific T cell 
hybridomas. Rat-2 cells  were cotransfected with the cDNA  of I-Aa* 
and I-AOk plus  either  the  neomycin-resistance gene or  the mouse 

I-Ak-bearing transfectants RKK. 17  and RKK.153 were supertrans- 
invariant  chain  gene  and selected  in the  presence of G418  (40).  The 

fected  with pJAM2B-neo-TK (10 rg) by the  CaHP04 precipitation 
method (41)  and selected in HAT medium. 

Northern blot. Total cell RNA was  extracted  under  denaturing 
conditions with  guanidium thiocyanate-phenol-chloroform as de- 
scribed (42)  with minor  modifications. RNA (10 pg) was  run  in a 

membrane (Pall  Corporation, U.K.) and hybridized with a 32P-dCTP- 
1.4% formaldehyde/agarose gel, subsequently blotted onto nylon 

labeled HEL  cDNA probe (43) (a gift of Prof. Gunther  Schutz, DKFZ). 

pSP72-HE 

Figure 1 .  pJAMZp-neo construction. To produce this construct the 
following ligations were  performed. ( 1 )  A 567-bp XbaI-BamHI fragment 
with  exon 1 of HEL gene ( A )  into the plasmid  pSP72  to yield pSP72-HELl. 
(2) A -1 150-bp BamHI-XbaI fragment containing HEL exon 2 (€3) into 
pSP72  to  produce  pSP72-HEL2. 13) A 2.4-kb blunt ClaI-Sal1 fragment 
containing exons 5-8 of Kk ( C )  into pSP72-HEL2  to  yield  pJAM1. ( 4 )  A 
-2.7 BarnHI fragment from pJAMl  ligated into pSP72-HELl to  yield 
pJAM2. (5) The entire insert of pJAM2 cut with EcoRI and Sal1 into 
pHPAPr- 1 -ne0 is pJAM2p-neo. 
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pattern of expression and constitutive  transcription  (44). 
A20 cells (H-2d) were cotransfected with genomic I- 

Aakpb together with  either pUC19-neo or pJAM2p-neo 
(Table I). Two clones, A2O.KB (I-Aakpb/neo) and A20.KB- 
HEL (I-Aakpb/HEL[ 1 -801-Kk), were chosen for further 
studies on the  basis of their similarly high levels of 
surface  expression of the  transfected I-A genes  (data  not 
shown)  and on the ability of the  latter to  induce IL-2 
release by the HEL 46-61-specific, I-Aakpb-restricted T 
cell hybridoma A. 167  in  the  absence of exogenous HEL. 
In addition, the Ag-presenting B cell hybridoma LK-35.2 
(H-2k.d)  was  transfected  with the pJAM2p-neo construct. 
All 18 HEL[ 1 -801-Kk-transfected LK-35.2 clones induced 
IL-2 release by the HEL 46-6  1 -specific T cell hybridoma 
3A9 in the  absence of exogenous HEL (data not  shown). 
However,  only a few stimulated  the other HEL-specific T 
cell hybridomas. Thus, selection of the HEL[  1-801-Kk- 
transfectants solely on the  basis of their ability to  present 
endogenous Ag does not appear  to  introduce  a  bias toward 
the selection of an infrequent type of clone uniquely 
capable of presenting  endogenous Ag. 

Northern blot analysis of the HEL[ 1 -8O]-K”-transfec- 
tants hybridized with a HEL  cDNA probe (Fig. 2) revealed 
that all the  transfected clones  tested  expressed  a  1.1 -kb 
band  that  was  the predicted size of the pJAM2P-neo 
mRNA. The product could not be detected on the  plasma 
membrane by  flow cytometry using  the anti-HEL peptide 
mAb HF10-316.20,  which recognizes a  linear  determi- 
nant within the HEL sequence  38-45 (34). Similarly, the 
HEL[ 1 -801-Kk product could not be detected by immuno- 
fluorescence  in the cytoplasm,  immunoprecipitation 
(even under  denaturing  conditions) or immunoblotting 
with the  same mAb. Neither could it be detected by two 
different  rabbit antisera raised  against  denatured HEL, 
with mouse anti-HEL antisera or with  several anti-HEL 
mAb. Thus, although  it is possible that  the HEL[l-801- 
K” chimeric protein is not recognized by any of the  anti- 
bodies used due to its  abnormal conformation, it is also 
possible that  the product is rapidly degraded after  its 
translocation  into the ER. 

Hierarchical  recognition of exogenously  and  endog- 
enously  derived HEL peptides  by  class 11-restricted T 
cells. Several HEL-specific T cell hybridomas directed 
against  four  different  determinants  within  the HEL se- 
quence 1-80 [Table 11) were tested  for  their ability to 
release IL-2 in response  to  increasing  concentrations of 
exogenous HEL presented by LK-35.2 B cells. Figure 3A 
shows  that  the sensitivity of the T cell hybridomas  to 
exogenous HEL is: 3A9 > 286.3 = 2G7.1 > E.907K = 

Ag BY MHC CLASS I1 MOLECULES 

A2.2B2 > 2B5.1 > 1A3.2. 
Having established the hierarchy of exogenous HEL 

recognition by these  T cell hybridomas,  their ability to 
release IL-2 in response  to three HEL[ 1-80]-Kk-trans- 
fected LK-35.2 clones was examined. As  seen  in Figure 
3B, all but one of the seven  T cell hybridomas  secreted 
IL-2 in  response to the  transfectant LK-HEL1, whereas 
the clones LK-HEL2 and LK-HEL3 were only  recognized 
by the most sensitive  hybridomas.  The recognition of 
peptides derived from endogenous HEL[ 1 -801-Kk by the 
T cell hybridomas  was  similar to their  sensitivity to sol- 
uble exogenous HEL presented by  LK-35.2. Additional 
experiments  indicated that  the HEL[ 1 -801-Kk transfec- 
tant LK-HELl presents endogenously derived HEL pep- 
tides  with an efficiency equivalent  to -1 pg/ml of exoge- 
nous HEL presented by LK-35.2 (Fig. 4). 

Similar  results were obtained with  a second antigen- 
presenting  B cell. As  seen  in Figure 5A, the  transfectant 
A20.KB-HEL induced IL-2 release by three HEL 46-61, 
I-Aakpb-restricted T cell hybridomas  with an efficiency 
equivalent to 2 pg/ml exogenous HEL (Fig. 5B).  These 
results  indicate that  the efficiency in the recognition of 
T cell determinants derived from endogenous HEL[ 1-80] 
-Kk is only related to the sensitivity of the T cells and  that 
is independent of the peptide specificity or the restricting 
element. 

Presentation of endogenous HEL[l -801-Kk is not due 
to  release  and  reuptake. The  determinants  presented by 
the HEL[ l-80]-Kk-transfectants could be derived from 
released and reendocytosed HEL despite the presence of 
the K” TM domain. To test  this possibility, increasing 
numbers of the HEL[ 1 -801-K” transfectant A20.KB-HEL 
were incubated  with the T cell hybridoma 3A9, which 
responds to as little as 100 ng/ml HEL, in the presence 
or absence of LK-35.2 cells. The A20 transfectant ex- 
presses endogenous HEL[l-80)-Kk  but  lacks the appro- 
priate  restriction  element  for the hybridoma 3A9  (I-A”) 
whereas LK-35.2 is LA”+ but does not  express endoge- 
nous HEL[l-801-Kk. Figure 6 shows that LK-35.2  did not 
present HEL peptides derived from A20.KB-HEL cells, 
despite the  fact  that  these  transfectants presented  en- 
dogenous HEL to  three I-Aakpb-restricted T cell hybrido- 
mas  at a level equivalent  to  2 pg/ml exogenous HEL [this 
concentration is 20  times  higher than  the minimal 
needed to  induce 50% optimal IL-2 release by 3A9, see 
Fig. 5B). No uptake of released HEL  by LK-35.2 cells was 
observed even in wells containing as many as 4 X lo5 
A20.KB-HEL cells. In view of the elevated cell death 
expected to occur at  the highest cell density, this finding 

TABLE I 
APC and  transfectants 

Name Parental 
H - 2  Lineage Transfected with: Reference 

A 2 0  
A20.KB 
A2O.KB-HEL 

LK-35.2 
LK.HEL1.2.3 

Rat-2 
RKK. 1 7  
RKK. 17-HEL 
RKK.Ii53 
RKK.Ii53-HEL 

Mouse invariant  chain. 

d B cell 
d B cell 
d B cell 

d. k B cell 
d. k B cell 

Fibroblast 
Fibroblast 
Fibroblast 
Fibroblast 
Fibroblast 

I-Aakpb 
I-Aak@b,HEL[  1-801-K” 

HEL[  1-801-K” 

I-Aa”P” 
I-Aa*@”,HEL[  1  -80)-K” 
mIia,l-Aakp” 
rnII,I-An”p”,HEL[l- 
801-K” 

3 1  
This  report 
This  report 

32 
This  report 

33 
40 

This  report 
40 

This  report 
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A. Exogenous HEL 

SIZE 
(k b) 

9.5 - 
7.5 - 

4.4 - 

2.4 - 

1.4 - 
8-1.1 

. .” . 

B. Endogenous HELI1-801-K 

RNA (10 pg) was run In a 1.4%  formaldehyde/agarose gel. blotted onto 
Flgure 2. HEL[1-801-Kk mRNA expression by transfectants. Total cell 

nylon membrane.  and hybridized with  a ”P-dCTP labeled HEL  cDNA 
probe. Lane 1 .  parental A20 cells: lane 2. A20.KB-HEL: lane 3. LK-35.2: 
lanes 4. 5. and 6. LK-HEL3. 2. and  1,  respectively:  lane 5. I-A*-bearing 
rat-2  fibroblasts:  lane 6, pJAM0-neo-TK super-transfected LA*’ rat-2 
cells. Thefalnt  band in lane 3 is due  to  nonspecific  hybridlzatlon  and 
does  not  have the  appropriate  size [ 1.1 kb). 

TABLE I1 
T cell  hubrfdomas  used In these  studles 

Name 

3 A 9  
285.1 

A2.282 
1A3.2 

A.167 
A. 184 
A.744 
N54.Kl5 
2B6.3 
E907D. K“ 
2G7.1 

LK-35.2 
(2.5 X 104)  B”o 

T cell hybridomas w o-a 286.3 - 2G7.1 
bd E.907K 

W 285.1 
A2.282 

1A3.2 

Speclrlclty 

HEL 46-61 
HEL 46-61 
HEL 46-61 
HEL 46-61 
HEL 46-6 1 
HEL 46-6  1 
HEL 46-6 1 
HEL 46-6  1 
HEL 25-43 
HEL AI-80  
HEL 1-18 

MHC Restrlctlon 

I-A* 
I-A* 
[-A* 
I-A* 
I-AnkBAb 
I - A N ” ~  

I-AN*M~ 
I-An*ljb 

I-A* 
I-A* 
I-E* 

Reference 

37 
40 
40 
35 
36 
36 
36 

This report 
40 
36 
37a 

“These two  T cell hybridomas  are  sister  clones,  the  exact  determinant 
recognized by them Is unknown  but it is located within  the  first 80 amino 
acids of the HEL sequence. 

also  indicates that endogenous HEL or peptides thereof 
were not  released from dead cells. The positive control 
containing  4 x lo5 A20.KB-HEL cells  together  with the 
I-Acukpb-restricted, 46-6 1 -specific T cell hybridoma 
N54.Kl5,  indicates that  the lack of response by 3 A 9  was 
not due  to nonspecific  interference by the high number 
of cells  in the wells. Similar  results  were  obtained  with 
the reciprocal experiment  using the I-Aakpb-restricted  T 
cell hybridoma A. 167 as a read-out  (data  not  shown). 

Dvferentfal  processing of exogenous HEL and  endog- 
enous HELIl -801-Kk by  fibroblasts. The  next question 
addressed  was  whether  processing of endogenous 
HEL[ 1 -801-K” and exogenous HEL by certain APC could 
result  in  different sets of antigenic  peptides. We have 
obtained, by gene  transfer, a series of Ii chain positive 
and negative, I-Ak-bearing cells  from the  rat fibroblast 
line  rat-2. Although the Ii chain improves their Ag-pre- 
senting capacity, these cells are less  efficient than B cell 
lymphomas  in  presenting  exogenous HEL to  some of the 
T cell hybridomas (40).  Therefore,  the ability of rat-2 cell 
clones  to generate  the HEL determinants 25-43. 46-61 
and  that recognized by the hybridomas E.907K and D 
(hereafter  referred to as A1 -80) from either exogenous or 
endogenous HEL was compared. All three  determinants 

r- LK-HEL3 

0.71.5 3 6 1 2 2 5  5010, 
APC/well x 

Flgure 3. Hlerarchlcal  presentation of HEL[ 1 -8O]-K*-derived T cell 
determinants by B cell transfectants. A. Exogenous HEL. T cell hybridoma 
cells 15 X lo4) were  cocultured for 24  h  with  2.5 X 10‘ LK-35.2 cells/well 
in the  presence of various  concentrations of exogenous HEL. B. Endoge- 
nous HEL[1-80]-Kk. T cell hybrldomas (5 x lo4  cells/well)  with  the 
indicated  number of the HEL[ 1 -801-K*-transfected LK-35.2 cells a s  APC 
in  the  absence of exogenous HEL. Supernatants from triplicate wells were 
tested  for  their  ability to support CTLL-2  cell [3H]thymldine  incorporation. 
Results  are  expressed as  mean  cpm x 

are generated very efficiently and with a similar  hier- 
archy from either  endogenous  or exogenous HEL  by B 
lymphoma  cells (Fig. 3). Figure 7A shows  that  an Ii chain 
positive rat-2 clone generated the peptide 46-61 from 
exogenous HEL and  presented it to the hybridoma 3A9 
with  reasonable  efficiency. However, these APC were  less 
efficient  for the processing and  presentation of exoge- 
nous HEL to  the hybridoma E.907D. and did not  present 
the  determinant  25-43 at  all (Fig. 7. A and B). The ability 
of rat-2 cells to induce IL-2 release by 3A9  and  other 46- 
61-specific  T cell hybridomas  indicates that, although 
less  efficient than LK-35.2, the  rat-2  transfectants used 
here  can  take-up  and process HEL in an endosomal com- 
partment.  but  that  they  are  unable  to  generate  the deter- 
minant 25-43. This is not  due to an intrinsic  inability of 
rat-2 cells to present  the peptide itself as both Ii+ and Ii- 
rat-2 cells could present peptide 25-43 to the T cell 
hybridoma 286.3 with a similar efficiency (Fig. 7B). 
These  results were reproduced in  several  independent 
experiments with four  different I-A”-bearing rat-2 clones 
(data not shown). 

It was of importance  to  examine if Ii+ and Ii- rat-2 cells 
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2 50 
3A9 (I-Ak 46-61) 

200 

150 

100 

50 

267.1 WEk 1-18] -r 

I A ' l  d 
0.7 1.5 3 6 1 2   2 5   5 0 1 0 0  0.7 1.5 3 6 1 2   2 5   5 0 1 0 0  

Antigen-presenting  cells/well x 

tants. T cell hybridoma cells (5 x lo4) were  cultured  with the indicated 
Flgure 4. Titration of  HEL[  1-801-Kk presentation by B cell transfec- 

number of LK-35.2 (contlnuous lines,  open symbols) or HEL[l-801-Kk- 
transfected LK-HEL1 cells (V) in  the  absence (V. V) or in  the presence of 
0.3 (A], 1 .O (0). or 3.0 (0) &/ml exogenous HEL for 24  h.  Supernatants 
from triplicate wells were tested for  their ability  to support CTLL-2 cell 
[3H]thymidine incorporation.  Results are expressed as mean cpm x 
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A. Endogenous HELI1-801-Kk 6. EXOgBIIOU8 HEL 

"*"*.."-+-* . 
1.6 3 6 12  25 60 100 200 0 .03.1 .3 1 3 1 0 3 0  100 300 

APC/weII x 6 x 10' APClHEL (ug lml )  

by I-Aryk,!Ib. A, Endogenous HEL[l-801-Kk. T cell hybridomas (5 X lo4/ 
Flgure 5. Presentation of exogenous and endogenously-derived 46-61 

well) were cocultured with the indicated number of HEL[l-801-Kk-trans- 
fected A20.KB-HEL (contlnuous finel or A2O.KB (dashed h e )  cells as 
APC in the  absence of exogenous HEL. E, Exogenous HEL. T cell hybrid- 
omas cultured  with 5 x 10'  A2O.KB cells/well as APC in  the presence of 
various concentrations of  HEL. T cell hybridomas: A.167 (0). A.744 I.1, 
A. 184 (A). Results are expressed as mean cpm X lo+. 

would process endogenous HEL[ 1 -801-K' and generate 
the  determinants 25-43,  46-64, and A 1 - 8 0  as  opposed 
to the  results obtained  with exogenous HEL.  To address 
this  issue,  the TK gene was introduced  into the pJAM2P- 
neo construct  and it was  super-transfected  into a number 
of Ii+ or 11- I-A'-bearing rat-2 cell clones. Several HAT- 
resistant  transfectants were analyzed for their ability to 
induce IL-2 release by the T cell hybridomas  in the  ab- 
sence of exogenously added HEL. As seen  in Figure 8, 
HEL[ 1 -801-K'-transfected  I-A'-bearing rat-2 cells were 
very efficient at inducing IL-2 release by T cell hybrido- 
mas directed at  the  determinants  25-43  and A1-80. The 
expression  or  not of the Ii chain did not  affect  the ability 
of rat-2 cells to present  endogenous Ag. Interestingly, the 
determinant 46-61, which is immunodominant  for I-Ak, 
was  generated  with a lower efficiency than 25-43 and 
A1-80  from endogenous HEL[l-801-Kk  by rat-2 cells. 

275-1 

250- 

c 
0 

225- 

.- 
c 200- 
2 

8? .c g 150- 
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175- 

co E 125- 

0 0  

K x  

k +  
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-1 7 5 -  
-I 

t 
5 0  - 

25-1 A 
0 -1 - 

3.1 0.26 12.5 26 60 100 200 400 
A2O.KB-HEL cells/well x 

cell hybridoma 3A9 was incubated in  the  absence (0) or presence (0) of 1 
Figure 6. HEL[ 1 -801-Kk is not secreted by  A2O.KB-HEL cells. The T 

pg/ml exogenous HEL. The APC were either  the indicated number of the 
HEL[l-801-Kk-transfectant A2O.KB-HEL cells/well (dashed  llne). 2.5 x 
lo4 LK-35.2 cells/well (dotted  line) or a combination of both (contlnuous 
h e ) .  As a positive control, the I-Aakpb-restricted T cell hybridoma 
N54.Kl5 (A) was cultured  with the  same combinations of APC. 

These  results  indicate that endogenous processing of 
HEL[l-801-Kk in certain cells can give rise to determi- 
nants not  generated by the processing of the exogenous 
protein. 

DISCUSSION 

These  studies were undertaken  to  examine  the ability 
of  MHC class I1 molecules expressed by different  types of 
APC to  present  different  peptides derived from an  endog- 
enous form of  HEL as compared to exogenous HEL. A 
construct  containing  the  first two exons of  HEL linked to 
the exons coding for the TM and cytoplasmic domains of 
H-2Kk  (HEL[ 1 -801-K') was  generated and  transfected  into 
two different B cell lines, A20 and LK-35.2, and  into I- 
A'-bearing clones of the fibroblast cell line  rat-2.  The 
major findings of these  studies  can be summarized as  
follows: 1)  class I1 molecules can efficiently present pep- 
tides derived from endogenously-synthesized HEL[ 1-80] 
-Kk. 2)  The B cell line LK-35.2 can  generate  the  same  set 
of immunogenic peptides from endogenous HEL[  1-801- 
K' as from amino  acids 1-80 of exogenous HEL with  a 
magnitude directly correlating  with the sensitivity of the 
T cell hybridomas to exogenous HEL. 3) In contrast,  a 
class 11-bearing rat fibroblast is unable to generate  the 
determinant  25-43 from exogenous HEL but is very ef- 
ficient  in  generating this  determinant from endogenous 

There is ample evidence indicating that processing of 
exogenous proteins  to yield immunogenic peptides occurs 
at low  pH in a compartment along the endocytic pathway 
(8-10).  The precise intracellular location in  which pep- 
tide binding  to class I1 molecules occurs has not been 
defined. Although the components required for Ag proc- 
essing and presentation  are found  in endosomes shortly 
after protein endocytosis (6, 7), a recent  study  indicates 
that newly synthesized  class I1 molecules are  transported 
from the trans-Golgi network to a  distinct  late endocytic 
compartment (the MIIC compartment), which is closely 
related  to lysosomes (45). It is not known  which exoge- 
nous or endogenous proteins are  transported to the MIIC 

HEL[ 1 -801-Kk. 
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B 25-43 (vM) 
l,o~, 0 0:4 0:B 1:6 3 6 12 2,s , 

0 -  

0 1.5 3 6 12 25 50 100 

HEL (I” 

nous HEL by rat-2 fibroblasts. A. The indicated T cell hybridomas were 
Ftgure 7. Lack of generation of the determinant 25-43 from exoge- 

incubated in the absence or the presence of the indicated concentrations 
of HEL with the following APC: LK-35.2  (0), or the rat-2 ]-Ak transfectants 
RKK.1153 (H+. A) or RKK.17 (Ii-, 0). B. The same combinations of  APC 
cultured with the HEL 25-43-specific  T cell hybridoma 2B6.3 in the 
absence or the presence of elther HEL (continuous Ztne) or peptide 25- 

ability to  support the proliferation of  CTLL-2 cells. Results are expressed 
43  (dashed  line). Supernatants from triplicate wells were tested for their 

as mean cpm X 

compartment. However, some endogenous proteins are 
presented by class I1 molecules (12-1 7, 20,  21).  These 
can be processed in an  endocytic compartment  where 
they  can be transported  either by endocytosis, as in  the 
case of surface or secreted  proteins  (12),  or directly from 
the cytosol (20,  21).  Other  class 11-restricted endogenous 
Ag, however, appear to  be processed in a nonendocytic 
compartment (1 4,  16). 

The  patterns of immunodominance of endogenously 
derived peptides for presentation by class I1 MHC mole- 
cules  have not been previously examined and compared 
to the exogenous protein. The  use of  HEL as the Ag has 
the  advantage that several  peptides recognized by T cells 
in the context of I-A” (and I-Ek) have been well character- 
ized, and  many HEL-specific T cell hybridomas  have been 
described (35-38). In the  current  studies,  at  least four 
different  T cell determinants within the  first 80 amino 
acids of  HEL on endogenously expressed HEL[ 1-801-Kk, 
were presented to T cells in  the context of three  different 
restriction  elements. In  addition, no predominance of any 
particular  determinant  was  seen.  Thus,  when B cells 
were used as the APC, the only constraint for T cell 

0 1 .s-r-&t.-.-.+ 
1 3 6 12 25 50  100 200 I 3 6 12 25 50 100 200 

APC/well x 

E.907K a1-80 )  

P 
Figure8. Generation of the T cell-determinants 25-43,  46-61, and 

A 1 - 8 0  from endogenous HEL[1-80]-Kk by rat-2 cells. The T cell hybrid- 
omas 286.3, 3A9. or E.907K were  cultured  in the absence of exogenous 
HEL with varying numbers of the following LAk rat-2 transfectants as 

(Ii+. A], or RKK.Ii53-HEL (Ii+.  HELIl-80]-Kk-TK, A]. Results are expressed 
as mean cpm X Parallel experiments in the presence of exogenous 
HEL are shown in  Figure 7. 

APC: RKK. 17 (11-. 0) RKK.17-HEL (Ii-. HEL[l-80]-Kh-TK, 0). RKK.Ii53 

recognition of endogenously derived HEL peptides was 
the sensitivity of the T cell to the exogenous Ag, suggest- 
ing that B cells generate  a  similar  set of peptides from a 
protein regardless of its origin, endogenous or exogenous. 

In striking  contrast, when  presentation of endogenous 
HEL[ 1-801-K” was  analyzed in a different type of APC, a 
completely different  picture emerged. A transfected rat- 
2  fibroblast that  was very inefficient in its ability to 
generate  the I-A”-restricted antigenic  determinants  25- 
43  and A 1 - 8 0  (but not 46-61) from exogenous HEL, could 
efficiently form all these  determinants from endogenous 
HEL[ 1 -801-K”. The  results suggest that processing of the 
endogenously derived chimeric protein and exogenous 
HEL could be occurring  in  different  intracellular com- 
partments.  The  differential processing efficiency of the 
rat-2  transfectant for exogenous HEL and  the endoge- 
nous HEL product raises  the intriguing possibility that 
exogenous Ag, in these cells, are processed in a  compart- 
ment  without the proteolytic activities  necessary  to gen- 
erate  the  determinant  25-43, while having  those needed 
to generate 46-6 1. Alternatively, the  determinant could 
have been formed and subsequently destroyed by some 
proteolytic enzymes  present  in the processing compart- 
ment of the  rat-2  transfectant. A third possibility is 
suggested by recent  studies  that indicate that  the binding 
of certain peptides to  class I1 molecules is differentially 
affected by the pH (46). Thus, if the endogenously derived 
peptides were present,  together  with newly synthesized 
class I1 molecules, in  a  less acidic compartment (endocytic 
or not)  which is not  accessible  to endocytosed proteins, 
some endogenously derived peptides bound by those  class 
I1 molecules could be different from the peptides derived 
from the exogenous protein. Finally, the present  obser- 
vations could merely reflect differences in the intracel- 
lular  transport of class I1 molecules on the two types of 
APC used. Previous studies  indicate that even in “profes- 
sional” APC such as B cells and macrophages,  there are 
functional  differences in the behavior of class I1 mole- 
cules and, hence,  in  their Ag-presenting functions  (4). It 
could be possible that cells not specialized in Ag presen- 
tation  lack  the MZIC and, therefore, exogenous Ag would 
not  reach an appropriate processing compartment for 
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presentation by class 11 molecules. However, endogenous 
proteins could be accessible  to  class I1 molecules either 
in an endocytic or nonendocytic compartment. 

Many of the specific Ag-processing mechanisms  and 
the proteases involved in the generation of the relevant 
T cell determinants  are  still obscure. Some endogenous 
proteins are efficiently presented by class I1 molecules to 
CD4+ T cells, whereas  others  are not. For some proteins, 
translocation  into the ER is required (17,  47). Indeed, 
when  the  present  studies were in progress it was reported 
that  an endogenously derived idiotypic determinant of 
the  murine Ig X-chain was  presented by class I1 molecules 
only when the  transfected X gene encoded a  signal peptide 
for translocation  into the ER (17). In addition, as X pro- 
teins derived from a  construct  with  a  sequence coding for 
the ER-retention signal KDEL and from constructs cod- 
ingfor  truncated  forms of the protein (which were neither 
secreted nor expressed  on the cell surface) were also 
presented, such  findings  suggest that  the ER can be a 
processing compartment for presentation of endogenous 
antigens by class I1 molecules (17).  Other  studies, how- 
ever, have  found  presentation of peptides derived from 
purely cytosolic proteins by class 11 molecules (14,  20, 
21). The  basis for these  apparently conflicting findings 
is not clear.  Further complexity comes from the  fact  that, 
even for proteins that  are translocated  into  the ER, their 
fate depends,  among others,  on additional  factors such 
as its lumenal or membrane  expression, the presence  or 
absence of specific targeting  or  retention  signals and 
even the  temperature at which the cells are  incubated 

A number of recent  studies  have indicated that  the 
class I1 MHC molecule-associated Ii plays an important 
role in antigen  processing/presentation  (40,  52-54). A 
role of the Ii chain could be  to  prevent or decrease the 
accessibility of endogenous peptides to the Ag-binding 
cleft before class I1 molecules reach  the endocytic path- 
way (54-56). The B cell lymphomas used here as APC 
expressed the Ii chain protein and mRNA well in  excess 
over class I1 and HEL respectively (data not  shown). They 
were, however. very efficient for the  presentation of en- 
dogenous Ag. Moreover, in addition to the  rat-2 fibro- 
blasts RKK.li53-HEL and RKK. 17-HEL, we tested  several 
Ii+ or Ii- HEL[ 1-801-Kk-transfected rat-2 clones for their 
ability to  present endogenously derived HEL peptides to 
T cell hybridomas  (data not shown). No difference was 
found between Ii+ and Ii- cells. Although these  results 
suggest that  the li chain does not efficiently prevent the 
intracellular  binding of endogenous Ag to class I1 mole- 
cules, not all the cells within the  rat-2 clones were posi- 
tive for the Ii chain  when  stained on an individual cell 
basis (F. Momburg, personal  communication).  Therefore, 
we cannot  rule  out  the possibility that  the Ii- cells among 
these populations were presenting  the endogenous HEL 
peptides more efficiently. 

As none of the anti-HEL antibodies used in  the  present 
study  was  able  to  detect the  truncated HEL protein, its 
intracellular location could not be determined.  Therefore, 
the exact  site  in which the peptides are generated is not 
clear,  one possible candidate could be the ER. First,  the 
HEL[ 1 -801-Kk product contains  the information  neces- 
sary for it to be translocated  into  the ER; and  second,  the 
chimeric protein HEL[ 1 -801-Kk lacks  three  cysteins  pres- 
ent  in  the sequence  81-129,  which  in the wild type HEL 
molecule form disulfide bonds (57). Thus,  it is likely to 

(48-51). 
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adopt an abnormal  conformation. I t  has been shown that 
the majority of misfolded proteins  cannot leave the ER 
either  because  they form large aggregates or because they 
are bound by some resident  proteins  possessing the ER 
retention  signal KDEL (48).  Proteins  retained  in the ER 
are degraded (48-511, some of them rapidly. whereas 
others  are retained for longer periods of time. The  exact 
place in  which  degradation  occurs has not been defined, 
but it is not in endosomes or lysosomes. It has been 
suggested that some retained  proteins are targeted out of 
the ER to an,   as yet, ill defined compartment  where they 
are degraded (50, 51).  Thus, if after  its translocation  into 
the ER, the HEL[  1-801-Kk protein is misfolded, it could 
be retained and degraded into peptides that could readily 
bind to the cleft of nascent  class I1 dimers. Our failure to 
define the intracellular location of the chimeric protein 
is consistent with the idea that  the  truncated  (and prob- 
ably misfolded) HEL is degraded rapidly and/or that  the 
antibodies did not recognize it. 

In summary, previous studies  demonstrating  presen- 
tation of endogenously derived peptides to class 11-re- 
stricted  T cells have  dealt  with only one  determinant of 
the respective Ag. Our study  indicates that in “profes- 
sional“ APC (Le., B cell lymphomas) endogenous Ag can 
give rise  to a similar set of peptides as  the exogenous 
protein. Moreover, our data  demonstrate  that  at least in 
certain  “nonprofessional” APC, the repertoire of peptides 
generated from endogenous and exogenous proteins can 
be  different. Although we have  found that in  a  trans- 
fected rat fibroblast  fewer  determinants are formed from 
exogenous Ag, it is conceivable that  in  other cell types (or 
for other Ag) the converse could occur. This could  be of 
relevance in the pathogenesis of autoimmunity. 
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Summary 
Antigen-presenting cells (APC) transfected with a construct encoding the hen egg-white lysozyme 
(HEL) amino acid sequence 1-80 constitutively present HEL peptides complexed to major 
histocompatibility complex (MHC) class II molecules to specific T cell hybridomas, indicating 
that endogenous cellular antigens can be efficiently presented to class II-restricted T cells. Here 
we show that exogenous peptide competitors added to HEL-transfected APC can inhibit the 
presentation of endogenous HEL peptides to class II-restricted T cells. The inhibition is specific 
for the class II molecule binding the competitor peptide, and it affects to the same extent presentation 
of exogenous or endogenous HEL peptides. These results, demonstrating that an exogenous 
competitor can inhibit class II-restricted T cell activation induced by endogenous as well as exogenous 
antigen, suggest lack of strict compartmentalization between endogenous and exogenous pathways 
of antigen presentation. Since autoreactive T cells may recognize endogenous, as well as exogenous 
antigens, the results have implications for the treatment of autoimmune diseases by MHC blockade. 

T cells recognize antigen as peptides bound to MHC- 
encoded molecules on the surface of APC (1). Two classes 

of MHC molecules are involved in antigen presentation to 
T cells: class I molecules, expressed on the surface of the 
majority of nucleated cells (2), and class II molecules, ex- 
pressed mainly on B cells, macrophages, and dendritic cells 
(3). Although class I and class II MHC molecules appear to 
have similar antigen-binding sites (4), they are loaded with 
peptides at different intracellular locations (5-8) and interact 
with different T cell populations, CD8 + or CD4 +, respec- 
tively (9). Two separate pathways of antigen processing and 
presentation have been proposed, leading to selective associa- 
tion of peptides from endogenous cellular antigens to class 
I molecules and of peptides from exogenous protein antigens 
to class II MHC molecules (10). However, peptides derived 
from endogenous cellular antigens can bind to class II mole- 
cules and be presented to T cells (11-14). 

Here we demonstrate inhibition by an exogenous MHC- 
binding competitor of class II-restricted T cell activation in- 
duced by endogenously derived antigenic peptides, suggesting 
lack of strict compartmentalization between the two pathways. 
These results imply that administration of exogenous class 
II blockers may also inhibit presentation of endogenous an- 
tigens, including those potentially able to activate class II-re- 

stricted autoreactive T cells leading to MHC-linked autoim- 
mune diseases. 

Materials and Methods 
Antigens. The synthesis, purification, and analysis of HEL pep- 

tides have been previously described (15). 
Cell Cultures. The establishment of class II-restricted, HEL 

specific T cell hybridomas has been described (15). Cultures con- 
taining 5 x 104 T hybridoma cells and the indicated number of 
APC were set up in microtiter plates with or without antigen in 
0.2 ml of RPMI 1640 (Gibco Laboratories, Grand Island, NY) sup- 
plemented with 2 mM t-glutamine, 50 gM 2-ME, 50 gg/ml gen- 
tamicin, and 10% FCS (Seromed). After 24 h of culture, 50-#1 
aliquots of supematant were assayed for the presence ofT cell growth 
factors by [JH]thymidine incorporation in 104 CTLL cells. 

HEL, transfected APC. The preparation ofplasmids, constructs, 
and transfected cells are described in detail elsewhere (Moreno, J., 
D. A. A. Vignali, F. Nadimi, S. Fuchs, L. Adorini, and G. J. H~im- 
merling, manuscript submitted for publication). Briefly, exons 1 
and 2 of HEL were ligated to exons 5, 6, 7, and 8 of H-2K k, and 
the entire hybrid sequence was ligated into the plasmid pHBAPr- 
1-neo, containing the human B-actin promoter, to obtain the 
construct pJAM2B-neo. LK-35.2 and A20 cells were transfected 
with linearized plasmid DNA and selected in medium containing 
G418. A20 cells transfected with genomic I-Aa k and I-A~ b clones 
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plus either pJAM2~8-neo (A20.KB-HEL) or pUC19-neo (A20.KB) 
were selected for I-Aakfl b expression and cloned by FACS | (Becton 
Dickinson & Co., Mountain View, CA) at one cell/well. LK-35.2 
cells transfected with pJAM2B-neo were cloned by limiting dilu- 
tion. Clones were screened for their ability to stimulate appropriate 
class II-restricted, HEbspecific T cell hybridomas in the absence 
of exogenous HEL. 

Results and Discussion 
We tested the presentation of an endogenous cellular an- 

tigen to class II-restricted T cells by transfecting APC with 
a construct containing the first two exons of HEL, coding 
for HEL residues 1-80, linked to the transmembrane and cy- 
toplasmic exons of the K k gene, all under the B-actin pro- 
moter (Moreno et al., manuscript submitted for publication). 
This construct, (HEL[1-80]-K~), was transfected in LK-35.2 
cells (a B cell hybridoma expressing I-A k.d and I-E k,d mole- 
cules) or cotransfected together with genes coding for I-Aol k 
B b molecules in A20 cells (a B cell lymphoma expressing 
bA d and I-E d molecules). LK-35.2 cells transfected with 
HEL[1-80]-K k (LK-HEL) induce, in the absence of added 
antigen, lymphokine production by HEbspecific, class II-re- 
stricted T cell hybridomas, such as 2B6.3 recognizing the 
HEL peptide 25-43 in association with I-A k molecules, or 
2G7.1 specific for the HEL peptide 1-18 complexed to I-E k 
molecules (15), but they fail to activate A.744 cells, a T cell 
hybridoma recognizing the HEL sequence 46-61 together 
with I-Ao~kB b hybrid class II molecules (16). Conversely, the 
same HEL[1-80]-K k construct cotransfected together with 
genes coding for I-AcxkB b molecules in A20 APC (A20.KB- 
HEL cells) fails to activate T cell hybridomas 2B6.3 and 2G7.1, 
but it stimulates A.744 cells (Fig. 1). Lack of cross-stimulation 
of T cell hybridomas by HEL-transfected APC expressing 
different class II molecules indicates that presentation of en- 
dogenous HEL peptides to T cells is MHC class II restricted. 
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Figure 2, Ability of exogenous peptides to inhibit class II-restricted 
presentation of endogenous antigen to T cells. LK-HEL cells, 2 x 
104/well (O, A), or A20.KB-HEL cells, 103/well (@), were incubated 
for 24 h with the indicated concentrations of ML 46-62 (a) or Nase 81-100 
(b), then 5 x 104 cells/well o fT  hybridomas A.744 (@), 2B6.3 (O), or 
2G7.1 (A) were added, and the culture was continued for a further 24 
h before assessing interleukin production as described in Fig. 1. The con- 
trol responses in the absence of competitor were, in panels a and b, respec- 
tively: 47,807/103,497 (A.744), 174,586/295,143 (2B6.3), and 162,294/ 
234,866 (2G7.1) cpm. Background incorporation of [3H]thymidine into 
CTLL cells was 251/690 cpm. 

T cell activation depends on the transfected HEL sequence, 
since the T cell hybridoma 2C8.4, recognizing the HEL se- 
quence 112-129 together with I-A k molecules (15), is not ac- 
tivated by LK-HEL cells (data not shown). 

We then tested the ability of exogenous peptide compe- 
titors to inhibit the presentation of endogenous antigen to 
class II-restricted T cells. The mouse lysozyme (ML) pep- 
tide 46-62 binds to I-A k (17) and to I-Aotk3 b (16), but not 
to I-E k molecules (18). Incubation of HEL-transfected, living 
APC with ML 46-62 inhibits, dose-dependently, the activa- 
tion of T cell hybridomas 2B6.3, recognizing the HEL pep- 
tide 25-43 with I-A k molecules and A.744, recognizing the 
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Figure 1. Activation of class II-re- 
stricted T cell hybridomas by endoge- 
nous antigen. Graded numbers of 
different APC, LK-35.2 (circle), LK- 
HEL (triangle), A20.KB (square), and 
A20.KB-HEL (inverted triangle) were 
cultured with 1 /~M HEL (closed 
symbols) or without (open symbols), and 
with 5 x 104 cells/well of the indi- 
cated T cell hybridomas. After 24 h, 
antigen-specific T cell growth factor 
production was determined by 3H- 
labeled thymidine incorporation into 
CTLL cells. Results are expressed as 
arithmetic mean of cpm from triplicate 
cultures. Background proliferation of 
CTLL cells was 250 cpm. 
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Figure 3. Capacity of the exogenous 
peptide ML 46-62 to inhibit presenta- 
tion to I-A L and I-Aorta-restricted T 
cells of endogenous and exogenous an- 
tigenic peptides. The concentration of 
exogenous HEL peptide required to in- 
duce, in the presence of a given number 
of the appropriate APC, approximately 
the same degree of T cell activation as 
HEI, transfected APC was determined 
in pilot experiments. The indicated con- 
centrations of MI. 46-62 were incubated 
in a with 5 x 103 LK-HEL cells (O) 
or with 5 x 103 LK-35.2 cells and 10 
#M HEL peptide 25-43 (0), in b with 
0.5 x 103 A20.KB-HEL cells (O) or 
with 0.5 x 103 A20.KB cells and 1 
/~M peptide HEL 46-61 (0), and in c 

with 2 x 104 LK-HEL cells (O) or with 2 x 104 LK-35.2 cells and 2/xM HEL peptide 1-18 (0). After 24 h of culture, 5 x 104 cells/well of hybrid- 
omas 2B6.3 (a), A.744 (b), and 2G7.1 (c) were added, and after a further 24 h of culture, interleukin production was assessed as described in Fig. 1. 
Control responses in the absence of competitor were: a, 101,827 (O) and 177,326 (a); b, 24,520 (O) and 19,571 (0); c, 162,294 (O) and 301,171 
(0) cpm. Background incorporation of [3H]thymidine into CTLL cells was 840 cpm. 

HEL peptide 46-61 together with I-Aot~/3 b molecules. ML 
46-62 does not affect recognition of the endogenously de- 
rived peptide corresponding to the HEL sequence 1-18 by 
the I-Ek-restricted T cell hybridoma 2G7.1 (Fig. 2 a). These 
results demonstrate that an exogenous peptide competitor 
selectively inhibits T cell recognition of endogenous antigen 
restricted by the class II molecules to which the competitor 
binds. ML 46-62 inhibits more efficiently the T cell response 
restricted by I-Aotk~ b than that restricted by I-A k molecules, 
suggesting that it binds with higher affinity to the former 
class II molecule. Conversely, incubation of HEL-transfected 
APC with the I-Ek-binding peptide Nase 81-100 (19) selec- 
tively inhibits activation of the I-Ek-restricted T cell hy- 
bridoma (Fig. 2 b), further strengthening the interpretation 
that inhibition by exogenous competitors is in fact due to 
competition between peptides for binding to MHC class II 
molecules. The competition for the presentation of endoge- 
nous HEL peptides exerted by the exogenous competitor ML 
46-62 is related to the number of HEL-transfected APC pre- 
senting the endogenous antigen. A 10-fold increase of A20.KB- 
HEL APC increases almost correspondingly interleukin 
production by the T cell hybridoma A.744. Accordingly, the 
inhibition induced by the competitor is '~10-fold decreased, 
consistent with the higher number of class II endogenous 
HEL peptide complexes present in culture (data not shown). 

To assess the ability of an exogenous competitor to inhibit 
the presentation of endogenous vs. exogenous antigen, we 

compared the capacity of ML 46-62 to compete for the pre- 
sentation of endogenous and exogenous HEL peptides. Results 
in Fig. 3 show that the exogenous competitor ML 46-62 
inhibits equally well the activation induced by endogenous 
or exogenous antigenic peptides of T cell hybridomas 2B6.3 
and A.744, whereas it has no effect on the I-EL-restricted re- 
sponse of hybridoma 2G7.1. 

These results indicate that an exogenous competitor can 
inhibit presentation to T cells by MHC class II molecules 
of peptide antigens not only from exogenous but also from 
endogenous origin, suggesting lack of strict compartmen- 
talization between endogenous and exogenous pathways of 
antigen presentation. It is possible that in the case of endog- 
enous HEL presentation, the competitor either prevents in- 
tracellular loading of class II with peptide or that unloading 
of antigenic peptide and loading of competitor occur. In the 
case of exogenous antigen, unloading and reloading could 
take place during endocytosis and recycling of class II mole- 
cules (20), or at the call surface. 

The capacity of an exogenous competitor to inhibit in vitro 
presentation to T cells of endogenous, as well as exogenous, 
antigens suggests that in vivo MHC blockade based on the 
administration of exogenous peptide competitors (21) could 
inhibit presentation to class II-restricted T cells of endoge- 
nous cellular antigens, likely the most relevant in the induc- 
tion of autoreactive T cells leading to HLA-associated au- 
toimmune diseases. 
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Endogenous and exogenous forms of the same
antigen are processed from different pools to bind
MHC class II molecules in endocytic compartments
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The current studies were carried out to examine the basis for the differences in the antigenic
peptides generated from exogenous and endogenous forms of hen egg white lysozyme
(HEL). The role of different intracellular compartments in the generation and binding of HEL
peptides derived from two endogenous forms of HEL, either secreted (sHEL) or retained in
the endoplasmic reticulum (ER, KDELHEL), presented by MHC class II molecules was exam-
ined and compared to exogenous HEL. Initially it was found that antigen-presenting cells
bearing both intracellular forms of HEL generated and presented a number of IAk-restricted
HEL epitopes to T cell hybridomas, although sHEL was processed more efficiently than KDEL-
HEL. There were differences, however, for some determinants between endogeneous and
exogenous HEL. At equivalent antigen-presenting efficiencies, endogenous HEL-bearing
cells displayed a lower surface density of IAk-bound HEL-52-61-related peptides than cells
pulsed with exogenous HEL, as detected by a specific monoclonal antibody. Neither endog-
enous HEL degradation nor peptide binding to MHC class II molecules occurred in the ER.
Processing of sHEL and KDELHEL appears to take place either in a post-trans-Golgi network
acidic compartment or in the cytosol, whereas peptide binding to MHC class II molecules
occurs in endocytic compartments . Furthermore, the peptides generated were derived from
an endogenous source rather than from secreted and re-endocytosed HEL. Thus, process-
ing of endogenous HEL is from a different pool than exogenous HEL and occurs in different
compartments.
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Abbreviations: HEL: Hen egg white lysozyme ER: Endo-
plasmic reticulum sHEL and KDELHEL: Secreted and ER-
retained endogenous forms of HEL TGN: Trans-Golgi net-
work BFA: Brefeldin A LLnL: N-Acetyl-L-Leu-L-Leu-L-
norleucinal Mon: Monensin Chl: Chloroquine MIIC: MHC
class II-enriched compartment CIIV: MHC class II-
containing vesicles Ii: Invariant chain

1 Introduction

For CD4+ T cells to recognize an antigen, it must first
undergo a series of intracellular modifications known as
antigen processing which generates peptides that can
then bind to MHC class II molecules [1]. Antigen pro-
cessing of exogenous antigens by antigen-presenting
cells (APC) consists of endocytosis, partial digestion of
an antigen and binding of the resulting peptides to MHC

class II molecules [2]. Although the main function of
MHC class II is the presentation of peptides derived from
exogenous proteins [1, 2], elution studies have shown
that most of the MHC class II-bound peptides are
derived from endogenous proteins that enter the endo-
cytic pathway, such as membrane-bound and secreted
proteins [3–5], with a small but still significant proportion
deriving from cytosolic antigens [5]. Indeed, only about
16 % of MHC class II-bound peptides derive from exog-
enous proteins [5, 6]. Thus, MHC class II does not exclu-
sively present peptides from exogenous proteins.

MHC class II § and g chains are co-translationally trans-
located into the endoplasmic reticulum (ER) where they
dimerize by associating with invariant (Ii) chain trimers to
form a nonamer capable of leaving the ER for the Golgi
apparatus [7, 8]. Individual MHC class II chains or
dimers, which have not yet assembled with the Ii chain,
are retained in the ER [7]. However, some MHC class II
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Figure 1. Endogenous HEL expression by LK-35.2 cells.
Autoradiography of 14 % SDS-PAGE gels of immunoprecipi-
tates of LK-35.2 cells expressing sHEL, KDELHEL or nothing,
with three anti-HEL (IgG1) or anti-IAk (IgG2b) mAb followed by
Sepharose 4B-protein G. Immunoprecipitation of IAk and HEL
was carried out sequentially with equal amounts of radioactiv-
ity, which were run in separate lanes. On the right, densitome-
try obtained in a separate experiment that shows the quantita-
tive differences between sHEL and two samples of simulta-
neously (but independently) immunoprecipitated KDELHEL.

dimers can leave the ER and present Ii chain-
independent peptides [9, 10]. The Ii chain binds to the
antigen-binding cleft of MHC class II [11, 12], preventing
peptide loading onto MHC class II [13] until the last frag-
ment of invariant chain, called CLIP, is removed in endo-
cytic compartments [14]. This process is facilitated by
the non-classical class II molecule H-2M [15–17].

Peptides presented by MHC class II are generated in
acidic compartments. The precise location of peptide
generation appears to differ depending on the antigen [9,
18], or MHC alleles [14]. APC possess specialized endo-
cytic compartments where MHC class II accumulates
and the Ii is removed. It has been suggested that Ii chain
removal and peptide loading could occur in distinct
endocytic subcompartments [19]. MHC class II mole-
cules encounter H-2M in these specialized endocytic
compartments [17]. Some of these compartments
appear early in the endocytic pathway, such as the MHC
class II-containing endocytic vesicles (CIIV, [14, 20]), or
late, such as the MHC class II compartment (MIIC) [21].
They also appear to differ depending on the APC type
[14, 21]. In the case of B cells, CIIV is of particular rele-
vance, as they do not have a typical MIIC [14].

Thus, it appears that MHC class II-bound peptides are
not generated in a single endocytic compartment.
Although it is not known whether exogenously and
endogenously derived forms of the same antigen are
processed in the same location, the pattern of peptides
generated can be different [4, 22]. It is possible that
some endogenous proteins are degraded earlier in the
exocytic pathway and that the peptides generated are
transported to a peptide-loading compartment. Alterna-
tively, the endogenous and exogenous forms of the pro-
tein could be targeted to different endocytic compart-
ments for degradation where distinct peptides could be
generated. These possibilities are not mutually exclusive.

The current studies were designed to examine the basis
for the differences in the pattern of peptides generated
from endogenous and exogenous forms of the same
protein. We studied the role of different intracellular com-
partments in the generation and binding of immunogenic
peptides to MHC class II. Experiments conducted with
secreted or ER-retained forms of HEL suggest that these
proteins are processed either in the cytosol or in acidic
compartments and that endogenous and exogenous
HEL are processed in distinct intracellular locations.

2 Results

2.1 Expression of endogenous HEL by LK-35.2
cells

Initially, we examined the level of endogenous HEL
expression by APC. Fig. 1 shows, on the left, the autora-
diography of an SDS-PAGE gel after Sepharose 4B-
protein G immunoprecipitation of metabolically labeled
[35S]methionine LK-35.2 (LK) expressing either secreted
HEL (sHEL) or HEL tagged with the ER-retention signal
KDEL (KDELHEL), with anti-HEL or anti-IAk mAb. The den-
sitometry (right) shows that expression of KDELHEL is six-
to sevenfold higher than that of sHEL. The weak signal of
MHC class II due to the low binding capacity of anti-IAk

mAb (IgG2b) to protein G.

Although soluble HEL was immunoprecipitated from LK-
sHEL supernatants, its concentration was insufficient to
stimulate the HEL 52–61-specific, IA § k g b-restricted T cell
hybridoma, A744, when taken up and presented by
bystander APC (data not shown).

2.2 Endogenous and exogenous forms of the
same protein are processed differently

Despite the higher expression of KDELHEL, compared to
sHEL, preliminary experiments (not shown) indicated
that LK-sHEL and LK-KDELHEL induced a similar level of
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Figure 2. Response to endogenous HEL by HEL-specific T cells hybridomas. T cell hybridomas (5 × 104) were cultured with the
indicated number of APC bearing endogenous HEL (triangles sHEL, circles KDELHEL) or exogenous HEL (squares) in 96-well
plates, in a volume of 200 ? l, in the absence of exogenous antigen. After a 24-h culture, 100 ? l supernatant were transferred to
a new plate with 104 CTLL-2 cells in a total volume of 200 ? l. Twenty hours later, 1 ? Ci [3H]dTnd was added and cells were cul-
tured for 18 h more, and were harvested in a semiautomated harvester. DNA synthesis ([3H]dThd incorporation) was measured
in a scintillation counter. Results are expressed as cpm × 10−3.

IL-2 release by HEL-specific T cell hybridomas, which
was comparable to 1.5 ? g/ml exogenous HEL. Thus,
sHEL is processed more efficiently than KDELHEL. Fig. 2
shows the response of several T cell hybridomas specific
for different HEL epitopes cultured with increasing num-
bers of APC that either expressed endogenous HEL
(sHEL or KDELHEL) or were prepulsed with 3 ? g/ml exog-
enous HEL. The hybridomas 2B6.3 (HEL 25–43) and
A6.B3 (HEL 34–45) respond similarly to exogenous and
endogenous HEL, whereas 2D4.1 (HEL 114–129)
responds well to exogenous HEL but very poorly to
endogenous HEL, particulary KDELHEL. The hybridomas
C10 (HEL 48–62) and E.907D (HEL ¿ 1–80) respond
slightly better to endogenous HEL. These results confirm
that peptides derived from an endogenous protein can
be presented by MHC class II, and indicate that exoge-
nous and endogenous forms of the same protein yield
different hierarchic patterns of immunogenic peptides.

2.3 Surface density of HEL 52–61-related
peptides bound to IAk on endogenous HEL-
bearing LK-35.2 cells does not correlate with
the efficiency of antigen presentation

It was important to examine whether endogenous and
exogenous HEL, under conditions generating compara-
ble T cell responses, gave rise to a similar number of IAk-
HEL 52–61-related complexes. This was determined by

flow cytometry using he IAk-HEL 52–61-specific mAb
C4H3 [23]. LK-35.2 cells were cultured for 24 h with
increasing concentrations of exogenous HEL and the
level of C4H3 staining compared with that of LK-sHEL
and LK-KDEL transfectants. Although LK-sHEL and LK-
KDEL cells express IAk-HEL 52–61-related complexes
(Fig. 3), surface density of IAk-HEL 52–61 on LK-sHEL is
slightly higher than on LK-KDEL, despite the fact that
expression of KDELHEL protein is significantly higher,
demonstrating again the more efficient processing of
sHEL. Although the level of expression of IAk-HEL 52–61
in cells expressing both forms of endogenous HEL is
below that achieved with 0.3 ? g/ml exogenous HEL, the
efficiency of endogenous antigen presentation to T cells
is, for some epitopes, at least one log10 higher than the
response obtained with this concentration of exogenous
HEL (Fig. 2). Thus, there is no correlation between sur-
face density of IAk-HEL 52–61 by endogenous HEL-
expressing and exogenous HEL pre-pulsed LK-35.2
cells and their efficiency of T cell activation. As the mAb
C4H3 recognizes in a dose-dependent manner an array
of different IAk-bound, HEL 52–61-related peptides with
varying efficiency [23], these results raise the possibility
that endogenous HEL generates a more homogeneous
set of 52–61-related epitopes than exogenous HEL. This
is supported by the observation that endogenous HEL-
bearing cells give sharper peaks with a narrow basis
compared to LK-35.2 cells cultured with exogenous
HEL. If the set of 52–61-related peptides generated from
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Figure 3. Surface expression of IAk-bound 52–61-related peptides. LK-35.2 cells (left), cultured with the indicated concentration
of exogenous HEL for 24 h were washed and treated with the anti-HEL 52–61-IAk mAb C4H3 follwed by biotinylated goat anti-rat
immunoglobulin and then by streptavidin-FITC (thick lines). In the middle and on the left (thick lines) are shown LK-sHEL or cells,
respectively, cultured in the absence of exogenous HEL and stained similarly. The negative controls, shown in all histograms for
comparison, are LK-KDEL cells reacted with an isotype-matched irrelevant mAb followed by second and third reagents (dotted
line). This overlapped with LK-35.2 cells cultured in the absence of HEL and treated with C4H3 (not shown). Maximum staining
by the anti-IAk mAb H116.32 is shown for the three types of cells as a thin line. Flow cytometry was carried out in a FACSort flow
cytometer. Dead cells (red fluorescence by PI staining) were excluded from analysis

exogenous HEL is indeed more heterogeneous, some of
them could not be optimally recognized by the T cell
hybridomas used herein, hence explaining the dissocia-
tion between the level of expression by flow cytometry
and T cell responses. Definite proof for this, however,
would require elution and characterization of peptides in
IAk-HEL 52–61 complexes. These results indicate that
certain determinants can be processed more efficiently
from endogenously versus exogenously derived antigens.

2.4 Peptides derived from endogenous antigens
only to bind MHC class II molecules in
endocytic compartments

To examine whether endogenous HEL-derived peptides
potentially present in the ER lumen could bind to MHC
class II, cells were incubated with a mixture of 15 3H-
labeled amino acids for 10 h in the presence or in the
absence of brefeldin A (BFA), a drug that prevents exit
from the ER. This length of incubation with BFA was cho-
sen for two reasons: first, as MHC class II molecules
reach the plasma membrane in 4 to 8 h [24], 10 h repre-
sent a significantly extended exposure of MHC class II to
any peptides that may be generated in the ER, second,
this length of incubation did not significantly affect cell
viability. Thus, BFA should retain MHC class II dimers
long enough for any ER-resident peptides to bind. IAk

dimers were affinity purified from these cells and bound

peptides eluted with 10 % acetic acid. Peptides were
then separated by reverse phase HPLC and 3H incorpo-
ration was measured in the samples, which were col-
lected every 2 min. Although some MHC class II-bound
peptides, identified by absorbance at 214 nm, were iso-
lated from BFA-treated cells (data not shown), no radio-
active label was recovered (Fig. 4A). These peaks could
represent peptides already bound to MHC class II in a
post-ER compartment at the moment BFA was added.
Alternatively, the peaks observed at 214 nm may not
contain peptides. In either case, the results indicate that
no peptides bound to MHC class II in the ER. In contrast,
cells not exposed to BFA had radioactivity coincident
with the peaks identified by absorbance at 214 nm.
Some slight differences in the pattern of peptides
derived from exogenous HEL-pulsed LK-35.2 cells ver-
sus LK transfectants bearing KDELHEL were seen (data
not shown). These results suggest that no peptide bind-
ing to MHC class II occurs in the ER, at least in cells
expressing the Ii chain.

To ensure that the examined MHC class II dimers in the
BFA-treated cells had indeed been retained in the ER,
MHC class II molecules were digested with endoglycosi-
dase H. MHC class II dimers obtained from BFA-treated
cells were endo-H sensitive (Fig. 4 B), proving that they
had been successfully retained in the ER. In additional
pulse-chase experiments, it was found that endogenous
HEL-bearing APC did not stabilize IAk dimers for at least

122 L. C. Bonifaz et al. Eur. J. Immunol. 1999. 29: 119–131



Figure 4. MHC class II molecules do not bind peptides in
the ER. (A) Scintillation counts of peptides eluted from IAk

molecules isolated from untransfected (top graphic) or
KDELHEL-expressing LK-35.2 cells cultured in the presence
or in the absence of 9 ? g/ml BFA. Cells (5 × 107) were cul-
tured with 5 mCi of a mixture of 15 3H-labeled amino acids,
in the absence (continuous lines) or in the presence (dotted
lines) of BFA for 10 h, after which cells were lysed and IAk

was immunoprecipitated with the mAb H116-32 (anti-IA § k)
and K22–203 (IA g k), followed by protein A-Sepharose 4B.
After extensive washing, IAk molecules were subjected to
acid elution (10 % acetic acid) and the material X 10 kDa
was separated in Centricon membranes. This material was
run by reverse phase HPLC in a C18 column with a gradient
of 0 to 60 % acetonitrile/water, TFA 0.1 %. Fractions were
collected every 2 min and were analyzed in a scintillation
counter. (B) Autoradiography of IAk molecules from BFA-
treated cells retained on the Centricon membranes after
peptide elution. On the left (+), the molecules were digested
with endoglycosidase H.

Figure 5. Peristence of endogenous HEL in LK-35.2 cells.
LK-35.2 cells (107) expressing either KDELHEL (top) or sHEL
(bottom) were cultured with 200 ? Ci [35S]methionine for
15 min, when an excess (10x) of cold methionine was
added. Cells were chased for the indicated length, after
which they were lysed and equal amounts of radioactive
label from each supernatant were immunoprecipitated with
a mixture of the anti-HEL mAb 2XF8, D1115 and F1066, fol-
lowed by adsorption to protein G-Sepharose 4B. Samples
were run in 15 % SDS-PAGE gels.

30 min, in agreement with the notion that no peptides
bound MHC class II before reaching the endocytic path-
way (data not shown).

2.5 Endogenous HEL is not degraded in the ER

Although no peptide binding to MHC class II in the ER
could be demonstrated, it was possible that some HEL
peptides could still be generated. Therefore, the stability

of the different forms of endogenous HEL was deter-
mined in pulse-chase experiments followed by immuno-
precipitation. Cells were pulsed with [35S]methionine for
15 min, washed and chased with an excess (10x) of cold
methionine for up to 48 h. Fig. 5 shows the autoradiogra-
phy of a 15 % SDS-PAGE gel with the immunoprecipitates
of KDELHEL and sHEL. The former was still present after a
48-h chase and was slightly increased by BFA. On the
other hand, sHEL could no longer be detected after
120 min, unless cells were cultured in the presence of
BFA, which facilitated detection of the protein even 48 h
later without evidence of degradation. Thus, endogenous
SHEL and KDELHEL are degraded only after leaving the ER,
which can be from either secreted and re-endocytosed
HEL or by degradation of the endogenous protein in a
post-ER compartment. These results indicate that a small
proportion of KDELHEL leaks out of the ER, whereas reten-
tion in such compartment prevents its degradation.

2.6 The site of generation of endogenous HEL-
derived T cell epitopes

The data presented indicate that a number of T cell
determinants can be generated from two different forms
of endogenous HEL. However, different results were
obtained following comparison with exogenous HEL.
This raises the possibility that endogenous and exoge-
nous HEL are processed in different compartments.
Therefore, KDELHEL was immunoprecipitated in pulse-
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Figure 6. Processing of exogenous and endogenous forms of HEL occurs in different intracellular compartments. (A) Autoradi-
ography of KDELHEL immunoprecipitated with a mixture of anti-HEL mAb, 2XF8, D1115 and F1066, from LK-KDEL cells cultured
for the indicated lengths in the absence (−) or in the presence of LLnL (L), Chl (C) or Mon (M). Lane 1, molecular weight markers;
lane 2, LK-35.2 cells cultured without drugs, immunoprecipitated with the same mAb. (B) Results of cultures of T cell hybridomas
(name and specificity shown on the top) with LK-KDEL cells in the presence of LLnL (open bars), Chl (slashed bars) or Mon (black
bars) at concentrations used for pulse-chase immunoprecipitation. Controls included LK-35.2 cells (Max) cultured with exoge-
nous HEL (3 ? g/ml added after the addition of the same drugs). Finally, Exo. represents LK-35.2 cells cultured for 24 h in the
presence of 3 ? g/ml HEL prior to the addition of the drugs, after which HEL (3 ? g/ml) was continuously present throughout the
incubation period. Results are expressed as percent response of cultures of T cell hybridomas with the same APC in the absence
of the drugs. Counts per minute of CTLL-2 cells with supernatants obtained from T cell hybridomas cultured in the absence of
inhibitors with LK-35.2, exogenous HEL (3 ? g/ml) are: A2.2B2, 30 694; C10, 94 320; A6.B3, 79 193. LK-KDEL cells without exog-
enous HEL: A2.2B2, 55 596; C10, 94 273; A6.B3, 86 490. LK-35.2 cells cultured with hybridoma A6.B3 plus peptide 34–45: with-
out drugs 81 579; LLnL, 97 350; Chl, 78 375; Mon, 92 142.

chase experiments in the absence or presence of 2.5 ? M
monensin (Mon), which induces retention in the TGN and
early endosomes [25], 250 ? M N-acetyl-L-Leu-L-Leu-L-
norleucinal (LLnL), an inhibitor of calpain, proteasomes
and cathepsin L [26] or 50 ? M chloroquine (Chl), which
prevents acidification of endocytic compartments [27].
The concentrations used were previously determined as
optimal for inhibition without substantially affecting cell
viability. As seen in Fig. 6A these drugs progressively

increased the amount of endogenous HEL recovered by
immunoprecipitation. The hierarchy of this increase was
LLnL G Mon G Chl. Comparable results were obtained
with endogenous sHEL, although with different kinetics
(not shown). Despite the fact that LLnL inhibits the ER-
resident signal peptidase [28], it is unlikely that such an
inhibition is responsible for its effects because there was
no increase in the size of KDELHEL. Rather, the inhibition
of KDELHEL degradation by LLnL raises the possibility
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that cytosolic proteases could play a role in the process-
ing of this endogenous protein. The effect of Mon indi-
cates a role for a post-TGN compartment in processing.
Together with the absence of immunogenic HEL in the
supernatants of LK-KDELHEL or LK-sHEL, the results
suggest that at least a fraction of endogenous HEL
reaches the endocytic pathway from an intracellular
location, probably the TGN. However, peptide genera-
tion and transport may also involve the cytosol.

Data thus far have shown a partial role of acidic com-
partments in degradation of endogenous forms of HEL.
However, it was not clear whether such degradation was
related to the generation of immunogenic peptides. LK-
35.2 transfectants bearing endogenous HEL were cul-
tured for 24 h in the presence of LLnL, Mon or Chl,
washed, fixed with glutaraldehyde and cultured in the
presence of T cell hybridomas for an additional 24 h. The
controls included were: LK-35.2 cells precultured with
3 ? g/ml exogenous HEL 24 h before addition of the
inhibitors, LK-35.2 cells exposed to inhibitors before
antigen and LK-35.2 cells exposed to inhibitors, fixed
and then cultured with the T cell hybridomas in the pres-
ence of their respective synthetic peptides. Presentation
of endogenous HEL was inhibited by LLnL, Mon and Chl
to a variable extent (Fig. 6B). Generation of the HEL
34–45 determinant was maximally inhibited to Mon and
LLnL, and somewhat less by Chl. Thus, the ability of
these drugs to inhibit the generation of the determinants
recognized by the T cell hybridomas A2.2B2 (48–62) and
A6.B3 (34–45) correlated directly with their capacity to
increase the amount of endogenous HEL recovered by
immunoprecipitation. These results indicate that the
degradation of endogenous HEL is related to the genera-
tion of immunogenic HEL peptides. Moreover, the inhibi-
tion of endogenous HEL presentation by LLnL further
suggests the possibility that proteasomes play a role in
the generation of endogenous HEL-derived peptides.

As expected, both Chl and Mon inhibited the generation
of peptides 34–45 and 48–62 from exogenous HEL.
However, LLnL inhibited the generation of 34–45, but not
of 48–62. As it is unlikely that an exogenous antigen
undergoes cytosolic degradation, we suggest that inhibi-
tion of generation of peptide 34–45 by LLnL is due to its
inhibitory activity on lysosomal cystein proteases. The
results suggest differences in the proteases involved in
the generation of HEL determinants 34–45 and 48–62.
Moreover, these results further support the differential
processing of exogenous and endogenous forms of
HEL.

3 Discussion

The current studies were carried out to examine the dif-
ferences in the processing of exogenous and endoge-
nous forms of the same antigen and the role of different
intracellular compartments. The major findings of this
study are as follows. (i) Two forms of endogenous HEL
are processed from an endogenous pool. (ii) Despite sig-
nificant differences in efficiency, both forms of endoge-
nous HEL have similar processing requirements, which
differ from those of the exogenous protein. (iii) IAk-bound
peptides generated from endogenous HEL appear to be
more restricted in size than those derived from exoge-
nous HEL. (iv) An endogenous protein, presumably
retained in the ER, is transported out of the ER to be pro-
cessed. (v) No protein degradation or peptide binding to
MHC class II in the ER was detected.

The variables that determine the peptides presented by
MHC class II include their route of transport to the cell
surface, the presence of the Ii and the pH of the com-
partments where MHC class II localizes [1, 2, 29]. The
latter is not only relevant for the activity of proteases
involved in antigen and Ii chain degradation [30], but also
because pH influences the kinetics of peptide binding to
MHC class II [31–34]. Thus, it seems reasonable to
assume that, depending on its site of origin, an endoge-
nous protein could give rise to different sets of peptides
after antigen processing. Peptide generation and loading
onto MHC class II occur in endocytic compartments [1,
2, 26, 35]. This is frequently misinterpreted as indicating
that MHC class II present peptides predominantly or
exclusively from exogenous proteins. However, ˚ 84 %
of naturally processed peptides bound to MHC class II
derive from endogenous cell proteins, the majority being
membrane-anchored. Moreover, a relatively small, but
significant proportion of MHC class II-bound peptides
derive from cytosolic proteins [5]. These concepts are
relevant to our understanding of the induction and main-
tenance of T cell tolerance to self antigens.

Previous studies [22, 36, 37] have shown that both the
location, as well the level of expression of endogenous
proteins are critical for the generation of MHC class II-
restricted T cell epitopes. Thus, membrane-associated
forms are the most efficient, whereas ER-retained and
cytosolic forms only generate T cell epitopes when the
level of protein expression is high. In the present study,
we found that two endogenous forms of HEL, one of
them retained in the ER, are efficiently processed to gen-
erate peptides presented by MHC class II. The ER-
retained form of HEL we used is over-expressed com-
pared to sHEL, while the differences in antigen present-
ing efficiency are minimal. Thus, as shown before [37],
processing of HEL forms capable of leaving the ER is far
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more efficient. This is in agreement with the findings of
Brooks and McCluskey, who showed that ER-retained
HEL was inefficiently processed to generate immuno-
genic peptides when expressed at a low levels [36].

How can an ER-retained protein generate peptides
capable of binding to MHC class II? Although some
studies failed to demonstrate peptide binding to MHC
class II in the ER even in cells lacking the Ii [38], it
remains an unresolved issue whether ER-derived pep-
tides could eventually bind MHC class II molecules.
Assuming that no protein degradation occurs in the ER,
the only peptides available there are signal peptides and
peptides translocated by the TAP complex [28, 39, 40].
None of these peptides was present in sufficient
amounts to bind MHC class II at a level detectable in our
elution studies, even when MHC class II molecules were
forced to stay in the ER for several hours. As BFA slightly
increased the amount of KDELHEL obtained by immuno-
precipitation, it appears that it is not degraded in the ER
and that at least a portion leaks out for subsequent pro-
cessing. Thus, as secretory or trans-membrane ER pro-
teins [41, 42], misfolded or aggregated KDELHEL cold be
translocated to the cytosol, be degraded by protea-
somes and the peptides translocated back into the ER. It
is unlikely that peptides translocated from the cytosol
into the ER could travel along the exocytic pathway and
remain intact through the endocytic pathway to bind
MHC class II after CLIP removal. Alternatively, KDELHEL
could be targeted from the cytosol for lysosomal degra-
dation, as described for cytosolic proteins during auto-
phagy [43]. This would result in a set of HEL peptides
resembling those generated from exogenous HEL.
Finally, HEL peptides generated in the cytosol could be
trapped in autophagic vesicles and fused with endocytic
compartments where class MHC II molecules could be
available for peptide loading.

We found that the generation of immunogenic IAk-HEL
peptide complexes from endogenous HEL was depen-
dent on endosomal acidification and transport from the
TGN, as indicated by inhibition with Mon and Chl. An
important observation was that LLnL showed the earliest
inhibition of endogenous HEL degradation, followed by
Mon and Chl. Together with the absence of peptide bind-
ing to MHC class II prior to reaching the endocytic path-
way, our results suggest that peptides derived from
endogenous HEL are generated in early endocytic com-
partments or in the cytosol. Such peptides could then be
transported to late endocytic compartments such as
CIIV or MIIC for MHC class II binding. The cytosol could
provide the reducing conditions [44] required for the pro-
cessing of HEL [45].

Presentation of cytosolic proteins by MHC class II is
considered an exception and has been demonstrated for

only a few antigens [5, 36]. It appears that only long-lived
cytosolic proteins generate MHC class II-presented pep-
tides, whereas MHC class I molecules present peptides
from both short- and long-lived cytosolic proteins [46].
Although these data suggest that proteasomes are not
involved in the generation of MHC class II-restricted
determinants, this has not been formally proven. Previ-
ous studies with cytosolic forms of HEL have demon-
strated that the generation of MHC class II-restricted,
immunogenic HEL peptides is rather inefficient [36, 37,
47].

Although the site of generation of peptides from the
endogenous forms of HEL in the current study is not
entirely clear, the differences in the hierarchy of peptides
generated from exogenous versus endogenous HEL
indicate that the site of processing is distinct. As degra-
dation of endogenous HEL is delayed by drugs that
either block transport from the TGN and/or prevent
endosomal acidification, this would suggest that in both
cases, binding and degradation occurs in endocytic
compartments. On the other hand, the inhibitory effect of
LLnL, a known inhibitor of cytosolic proteases, suggests
that the proteasome could be involved in processing of
some endogenous proteins for presentation by MHC
class II. Nevertheless, LLnL has additional inhibitory
activities on cellular proteases, particularly cathepsin L
[26] that could also explain these findings without the
involvement of cytosolic proteases. The same conclu-
sion could be reached for the inhibitory effect of LLnL on
the generation of the HEL determinant 34–45.

The flow cytometry studies with anti-IAk-HEL 52–61-
specific mAb C4H3 suggested that peptides bound to
IAk on endogenous HEL-bearing cells could be more
homogeneous than those derived from exogenous HEL.
This mAb was raised against HEL 52–61 bound to IAk

[23] but reacts to several HEL IAk-bound 52–61-related
peptides. This could be the case with exogenous HEL.
LK-35.2 cells expressing endogenous HEL were func-
tionally equivalent to APC pulsed with 0.3 ? g/ml exoge-
nous HEL. However, the latter gave far brighter staining
with C4H3. It has been shown that HEL 48–62-specific T
cells are often dependent on the peptide-flanking resi-
due Trp62 [48]. The T cell hybridoma C10 is dependent
on Trp 62 (L. Bonifaz, D. A. A. Vignali and J. Moreno,
unpublished observations). Therefore, it is possible that
the majority of 52–61-related peptides generated from
endogenous HEL contain Trp 62, as LK-KDELHEL was
efficiently recognized by C10. This is supported by the
fact that this, but not other 46–61-specific T cells
respond better to ER-retained HEL. The possible homo-
geneity of endogenous HEL-derived peptides is compat-
ible with processing by proteasomes. Definitive proof,
however, will have to come from peptide elution studies.
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In conclusion, the present study strongly suggests that
at least some endogenous proteins are transported by a
route involving the TGN and possibly degraded in the
cytosol to bind to MHC class II in an endocytic compart-
ment. This pathway generates peptides capable of bind-
ing to MHC class II with an efficiency comparable to
exogenous proteins but differing slightly in the pattern of
peptides generated.

4 Materials and methods

4.1 Reagents and antigens

HEL was obtained from Sigma Chemical Company (St.
Louis, MO). Culture medium was RPMI 1640 (Gibco-BRL)
supplemented with 25 mM Hepes, 2 mM glutamine, sodium
pyruvate, penicillin, streptomycin and 10 % fetal bovine
serum (Hy-Clone, Salt Lake City, UT, complete medium).
BFA (9 ? g/ml) was obtained from Boehringer Mannheim.
Chl, LLnL and Mon were from Sigma. The protease inhibi-
tors leupeptin (25 ? g/ml), E-64 (10 ? M) and pepstatin A
(0.1 ng/ml) were from Boehringer Mannheim. Aprotinin
(2 ? g/ml), PMSF (10 nM) and 1,10-phenantrolin (10 mM)
were all from Sigma.

4.2 Antigen-presenting cells

The mouse B cell hybridoma LK-35.2 (H-2k, d, American Type
Culture Collection, ATCC, [49]) was used for APC. LK-35.2
cells transfected with cDNA plasmids encoding sHEL or
KDELHEL driven by the human g -actin promoter [22] were a
gift from Dr. Frank Momburg (DKFZ, Heidelberg, Germany).

4.3 T cell hybridomas and lines

The HEL-specific, IAk-restricted T cell hybridomas C10,
A2.2B2 (48–62) and A6.B3 (34–45) were gifts from Dr. Laurie
Glimcher (Harvard University, [50]), 2B6.3 (25–43) and 2D4.1
(112–124) were a gift from Dr. Luciano Adorini (Roche Milan,
Italy, [51]), E907.D ( ¿ 1–80) was generated by one of us (JM)
and has been described [52]. Finally, the HEL 52–61-
specific, IA § k g b-restricted T cell hybridoma A744 has been
described [53]. The IL-2-dependent cell line CTLL-2 [27] was
from the ATCC. All cells were maintained in culture in com-
plete medium at 37 °C in 5 % CO2.

4.4 Monoclonal antibodies

The hybridomas H116-32 (secreting IgG2b anti-IA § k, [54])
and K22–203 (IgG2a anti-IA g k, [55] were a generous gift
from Dr. Günter Hämmerling (DKFZ, Heidelberg, Germany).
The anti-HEL IgG1 mAb D1115 and F1066 [56] were a gen-
erous gift from Dr. Roy Mariuzza (Frederick, MD). The anti-
HEL IgG1 mAb 2XF8 was generated in our laboratory

(unpublished). Finally, the rat mAb C4H3 (IgG2b), recogniz-
ing the HEL-52–61-related peptides bound to the IAk mole-
cule [23] was kindly provided by Dr. Ronald N. Germain
(NIH). All mAb were employed either as culture supernatants
or purified from ascites in Sepharose 4B-protein A or-protein
G columns.

4.5 Antigen presentation assays

For these studies, a variable number of APC (LK-35.2 or HEL
transfectants) were cultured with 5 × 104 T cell hybridoma
cells for 24 h in the absence or in the presence of exogenous
HEL, in triplicate wells, in 96-well plates and a final volume of
200 ? l. At 24 h, 100 ? l supernatant were recovered and cul-
tured for an additional 36 h with 104 CTLL-2 cells. During the
last 16 h of culture, 1 ? Ci [3H]dThd was added to each well.
Cultures were harvested with a semiautomatic cell harvester
(Skatron) and DNA synthesis was determined in a scintilla-
tion counter.

4.6 Flow cytometry

This was carried out after treating cells with the appropriate
mAb and FITC-labeled second reagents. All antibody reac-
tions were achieved at 4 °C in PBS containing 0.1 % sodium
azide and 1 % human serum to block Fc receptors. The anti-
IAk antibody H116-32 was biotinylated and was followed by
streptavidin-FITC (Jackson Immunoresearch, West Groove,
PA). The IAk-HEL 48–62-specific rat mAb C4H3 was used as
culture supernatant, the second reagent was biotinylated
goat anti-rat immunoglobulin (Jackson) not cross-reactive to
mouse immunoglobulin and, finally, FITC-streptavidin was
used as a third step reagent. In all experiments dead cells
were excluded by the addition of propidium iodide. Two-
color flow cytometry was achieved in a FACSort flow cyto-
meter (Becton Dickinson, San José, CA). Only cells negative
for red fluorescence (live cells) were included for analysis.

4.7 Immunoprecipitation and pulse-chase experiments

These were achieved as described by Laemmli [57] with
slight modifications. LK-35.2 cells were cultured under vary-
ing conditions (see results), after which they were washed
and incubated at 37 °C in RPMI 1640 medium without methi-
onine for 10 to 20 min in the presence of 200 ? Ci 35S-labeled
methionine. After incubation, all procedures were performed
at 4 °C. Cells were extensively washed and mixed with lysis
solution of 1 % Nonidet P40 (NP40, Sigma); 0.05 M Tris
pH 7.5, 5 mM EDTA, 0.15 M NaCl and a cocktail of protease
inhibitors (leupeptin, aprotinin, pepstatin A, 1,10-
phenantroline, PMSF, and E-64). For pulse and chase exper-
iments, after pulsing cells with [35S]methionine, a tenfold
excess of cold methionine was added and cultures were
continued for varying lengths until washed and lysed as
described above. Some of these experiments were con-
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ducted in the presence of one of the following drugs: BFA,
Chl, LLnL or Mon. Cell lysates were spun at 13 000 rpm. The
supernatant was preadsorbed extensively with formalinized
Staphylococcus aureus, Cowan’s strain 1 (SAC), initially in
the absence, and later in the presence of an isotype-
matched irrelevant mAb. After adsorption, anti-IA (H116.32
and K22–203) or anti-HEL (D1115 and F1066) mAb were
added either as culture supernatant or as purified protein.
After a 12-h incubation at 4 °C, an optimal amount of SAC
suspension, Sepharose 4B-protein A or Sepharose 4B-
protein G was added and samples were incubated at 4 °C in
continuous agitation for an additional 12 h after which they
were washed five times with washing buffer (lysis buffer
without protease inhibitors and 0.1 % NP40) and once with
0.01 M Tris buffer pH 7.4. Laemmli’s buffer was added to
these samples which were heated at 95 °C and run in SDS-
PAGE gels.

4.8 SDS-PAGE

Polyacrilamide (acrylamide, bis-acrylamide from Bio-Rad)
gels were 14 or 15 %, depending on the experiment, and
contained 4 % SDS. Gels were run at 10 mA in vertical Bio-
Rad chambers. After running, gels were fixed in methanol/
acetic buffer, immersed in amplifying solution (Amplify,
Amersham, Beckenham, GB), dried in a gel dryer and
exposed to X-ray film for autoradiography. To identify the
size of the bands, (14C-labeled) molecular weight markers
(Rainbow, LMW, Amersham) were run simultaneously in lane
one. Densitometry was achieved with the help of Dr. Antonio
Enciso-Moreno in a Molecular Dynamics personal densi-
tometer using the program ImageQaNT.

4.9 Acid elution of MHC class II-bound peptides

For these experiments, 5 × 106 cells were cultured at a maxi-
mum density of 5 × 105/ml in tissue culture flasks in
RPMI 1640 medium lacking 15 amino acids
(A,R,D,E,G,H,I,L,K,F,P,S,T,Y,V), which were substituted with
5 mCi of a mixture of the same 3H-labeled 15 amino acids
(Amersham). Some of these experiments were carried out
with 9 ? g/ml BFA. After 10 h at 37 °C, cells were lysed in
lysis buffer and treated as in the immunoprecipitation exper-
iments until adsorption with Sepharose 4B-protein A. MHC
class II-enriched Sepharose 4B was washed extensively
with wash buffer followed by 0.01 M Tris pH 7.4. Then, a
solution of 10 % acetic acid in water was added and sam-
ples were heated at 95 °C and spun at 3000 × g for 20 min in
Centricon tubes (Amicon) with a cut-off membrane of 10
kDa. Samples were eluted twice more with 10 % acetic acid
and the material under 10 kDa was recovered under the
membrane after which it was analyzed by reverse phase
HPLC.

4.10 HPLC

The apparatus consisted of a Waters 626 pump with Peek
lines and a Waters 600S controller. A reverse phase
2.0 × 150 mm with 30-nm pore column was used (Waters
Delta-Pak HPI C18). The gradient went from 0 % to 60 %
solution A in 60 min where solution A was water with 0.1 %
trifluoroacetic acid and solution B 100 % acetonitrile. The
liquid phase was run through a Waters 996 photodiode array
detector and absorbance at 220 nm was read in 2-s inter-
vals. Fractions were collected by manually replacing the
tubes every 2 min. The collected material was anlyzed in a
scintillation counter.
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Correspondence: José Moreno, Research Unit on Immuno-
biology and Rheumatology, Centro Médico Nacional Siglo
XXI, Apartado Postal 73-032, 03020 México, D. F., México
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CD40-Induced Aggregation of MHC Class II and CD80 on the
Cell Surface Leads to an Early Enhancement in Antigen
Presentation1

Abigail Clatza,* Laura C. Bonifaz,* Dario A. A. Vignali, † and JoséMoreno2*

Ligation of CD40 on B cells increases their ability to present Ag and to activate MHC class II (MHC-II)-restricted T cells. How
this occurs is not entirely clear. In this study we demonstrate that CD40 ligation on Ag-presenting B cells (APC) for a short period
between 30 min and 3 h has a rapid, augmenting effect on the ability of a B cell line and normal B cells to activate T cells. This
is not due to alterations in Ag processing or to an increase in surface expression of CD80, CD86, ICAM-1, or MHC-II. This effect
is particularly evident with naive, resting T lymphocytes and appears to be more pronounced under limiting Ag concentrations.
Shortly after CD40 ligation on a B cell line, MHC-II and CD80 progressively accumulated in cholesterol-enriched microdomains
on the cell surface, which correlated with an initial enhancement in their Ag presentation ability. Moreover, CD40 ligation induced
a second, late, more sustained enhancement of Ag presentation, which correlates with a significant increase in CD80 expression
by APC. Thus, CD40 signaling enhances the efficiency with which APC activate T cells by at least two related, but distinct,
mechanisms: an early stage characterized by aggregation of MHC-II and CD80 clusters, and a late stage in which a significant
increase in CD80 expression is observed. These results raise the possibility that one important role of CD40 is to contribute to the
formation of the immunological synapse on the APC side. The Journal of Immunology, 2003, 171: 6478–6487.

C D4� T cells recognize protein Ags as peptides bound to
MHC class II molecules (MHC-II)3 (1, 2). Peptide-
loaded MHC-II (peptide-MHC-II) is the ligand for the

TCR that, upon recognition by CD4� T cells, marks the beginning
of an adaptive immune response. Although recognition of peptide-
MHC-II is essential, it is insufficient for Ag-specific CD4� T cell
activation, as a number of additional cell surface interactions are
required (3). Among these are costimulatory signals, of which the
interaction of CD80 or CD86 surface molecules on the APC with
CD28 on the T cell is the best characterized (4, 5). Costimulation
is a reciprocal process, as activated T cells also provide signals
leading to APC maturation. The best-characterized cognate signal
provided by T cells to the APC is the interaction of CD154 (CD40
ligand), a member of the TNF family, with its receptor CD40 on
APC, a TNF receptor family molecule.

Signaling through CD40 induces a number of functions that dif-
fer depending on the type of APC (6, 7). CD40 ligation on den-
dritic cells (DC) induces the release of IL-12 and plays a role in
their final maturation. On macrophages, CD40 ligation induces
their activation and hence plays a role in the defense against in-
tracellular pathogens (8, 9). The effects of CD40 signaling have

been studied in detail in B cells, where CD40 ligation modulates
the expression of many genes (10), leading to B cell proliferation
and survival (11, 12), differentiation into Ab-secreting cells (13–
15), isotype switching (13, 16), and an enhancement of their ability
to activate T cells during Ag presentation. The latter is due at least
in part to up-regulation of CD80 expression (17–20). Others have
proposed that CD40-induced enhancement of Ag presentation
could be related to changes in the ability of B cells to process Ags
(21). These findings are not mutually exclusive.

In many cell systems it has been demonstrated that receptor
signaling is greatly enhanced by incorporation into cholesterol-
enriched cell membrane microdomains (22–24), also referred to as
lipid rafts. During T cell Ag recognition, TCR signaling induces
the aggregation of TCR and costimulatory receptor-containing
rafts, eventually leading to the formation of the immunological
synapse, which polarizes the reciprocal activation processes of the
T cell and the APC (25–28). Lipid rafts containing MHC-II also
exist on the APC surface before T cell Ag recognition (29). These
appear to be essential to increase the number of TCR/CD3 com-
plexes engaged during Ag presentation. Clustering of these lipid
rafts on the APC side during early T cell Ag recognition could lead
to a local increase in MHC-II and costimulatory molecule density.
Therefore, the increased overall T cell-APC avidity would result in
more efficient T cell activation. Besides an increase in the effi-
ciency of Ag presentation, this could lead to enhanced signaling
through MHC-II on the APC itself (30).

During DC maturation, MHC-II molecules are transported from
intracellular processing compartments to the cell surface (31, 32).
Moreover, engagement by specific TCR triggers the export of
MHC-II molecules from intracellular compartments in a unidirec-
tional manner to the immunological synapse on DC (31, 32). Al-
though it is not known whether a similar phenomenon occurs dur-
ing Ag presentation by B cells, candidate signals that may induce
the recruitment of MHC-II to the cell surface and the immunolog-
ical synapse are surface Ig, CD40, and the ligands for the different
Toll-like receptors. Indeed, MHC-II and CD40 can be associated
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on the cell surface, and reciprocal stimulation through either molecule
increases their presence in detergent-insoluble fractions (33, 34).

In the present study we found that CD40 ligation on B cells had
a dual positive effect on Ag presentation. An early effect was char-
acterized by a rapid clustering of MHC-II and CD80 in cholester-
ol-enriched domains on the cell surface that correlates with an
increased ability to stimulate both T cell hybridomas and naive T
cells, which is followed by a more pronounced late effect, which
correlates with increased expression of CD80.

Materials and Methods
Reagents and Ags

Hen egg-white lysozyme (HEL) was obtained from Sigma-Aldrich (St.
Louis, MO). Culture medium was RPMI 1640 (Life Technologies, Gaith-
ersburg, MD) supplemented with 25 mM HEPES, 2 mM glutamine, so-
dium pyruvate, penicillin, streptomycin, and 10% FBS (HyClone Labora-
tories, Logan, UT). Synthetic HEL or bovine RNase A peptides were either
synthesized at the Hartwell Center, St. Jude Children’s Research Hospital,
or were purchased from Research Genetics (Huntsville, AL). Methyl-�-
cyclodextrin was from Sigma-Aldrich.

T cell hybridomas and other cell lines

HEL-specific, IAk-restricted T cell hybridomas C10 (48-62) and A6.B3
(34-45) were gifts from Dr. L. Glimcher (Harvard University, Boston, MA)
(35), E907.D (33-47) was generated by one of us (J.M.) and has been
described previously (36). The bovine RNase A43–56-specific T cell hy-
bridoma TS12 was a gift from Dr. P. Allen (Washington University, St.
Louis, MO) (37). The mouse B cell hybridoma LK-35.2 (H-2k,d; American
Type Culture Collection, Manassas, VA) (38) was used as APC. The IL-
2-dependent cell line CTLL-2 (39) was obtained from American Type
Culture Collection. All cells were maintained in culture in complete me-
dium at 37°C in 5% CO2.

Mice and T cell purification

Mice bearing the rearranged ��-chain genes from the anti-HEL46–61 T cell
hybridoma 3A9 in C3H (H2k) background (3A9 mice) have been described
previously (40). 3A9 CD4� T cells were purified by B220, CD8, IAk,
NK1.1, CD14, and CD69 negative selection (BD PharMingen, San Diego,
CA) FACS using a Mo-Flo flow cytometer (Cytomation, Fort Collins, CO).

Monoclonal Abs

The hybridoma H116.32 (secreting IgG2b anti-Ia�k) (41) was a gift from
Dr. G. Hämmerling (German Cancer Research Center, Heidelberg, Ger-
many). Hybridoma secreting the rat-derived anti-CD40 mAb 1C10 (42)
was a gift from Dr. A. Heath (University of Sheffield, Sheffield, U.K.), the
rat hybridomas secreting anti-CD11b mAb 70.15.11.5.HL (IgG2b), GL-1
(IgG2a anti-CD86), and the hybridoma 1G10 (IgG2a anti-CD80) were ac-
quired from American Type Culture Collection. All mAbs were used either
as culture supernatants or purified from ascites in Sepharose 4B-protein A
or protein G columns (Amersham Pharmacia Biotech, Piscataway, NJ). For
the confocal microscopy experiments, purified 1G10 Ab was labeled with
Texas Red (Pierce, Rockford, IL) as described in the product brochure.
Anti-MHC-II (H116-32) was either biotinylated (Pierce) or labeled with
Texas Red. Finally, anti-CD54-biotin (clone 3E2), and anti-CD80-FITC
(clone 1G10) were purchased from BD PharMingen.

Ag presentation assays

For these studies a variable number of APC (LK-35.2) were cultured with 5 �
104 T cell hybridoma cells for 24 h in the absence or the presence of exogenous
HEL or the relevant peptide in triplicate wells in 96-well plates in a final
volume of 200 �l. At 24 h, 100 �l of supernatant was recovered and cultured
for 36 additional h with 104 CTLL-2 cells. During the last 16 h of culture 1 �Ci
[3H]TdR was added to each well. Cultures were harvested with a semiauto-
matic cell harvester (Tomtec, Hamden, CT), and DNA synthesis was deter-
mined in a scintillation counter (Wallac, Gaithersburg, MD).

Cytokine quantitation

IL-2 and IFN-� concentrations were determined using a multiplexed, par-
ticle-based, flow cytometric assay as previously described (43).

Flow cytometry

This was conducted after reacting cells with the appropriate mAbs and
fluorescent dye-labeled second reagents. All Ab reactions were conducted

at 4°C in PBS containing 0.1% sodium azide and 1% rabbit serum to
prevent binding of mAb to Fc receptors. Some Abs were biotinylated (as
indicated in the figure legends), followed by fluorescent dye-labeled
streptavidin (BD PharMingen or Jackson ImmunoResearch Laboratories
(West Grove, PA)). One- to four-color flow cytometry was conducted in a
dual laser FACSort flow cytometer (BD Biosciences, San Jose, CA).

Confocal microscopy

LK35.2 cells (104) were cultured at 37°C on sterile glass slides in a volume
of 200 �l for 24 h, after which 10 �g/ml anti-CD40 or anti-CD11b (con-
trol) was added and incubated at 37°C for varying lengths of time. Slides
were washed, fixed in 4% paraformaldehyde, stained for the expression of
MHC-II (Texas Red or Alexa 488), ganglioside M1 (GM1; Alexa 488-
cholera toxin B (Alexa 488-CTB)) and CD80-Texas Red. Cover glasses
were mounted on Vectashield (Vector Laboratories, Burlingame, CA),
sealed with acrylic resin, and observed under a confocal microscope
(model LSM510; Carl Zeiss, New York, NY) equipped with a dual laser.
Fluorescence detection was conducted simultaneously with excitation/
emission at 488/520 nm for FITC or Alexa 488, and at 596/633 nm for
Texas Red. Images (�40 and �100) were acquired with a 2024 � 2024
pixel resolution and stored in the computer, after which they were pro-
cessed and analyzed by means of the LSM5 Image Examiner software
(Carl Zeiss).

Results
CD40 ligation induces enhanced Ag presentation in a manner
that is not related to Ag processing

The aim of our initial experiments was to confirm that CD40 li-
gation on APC contribute to their Ag-presenting functions and to
examine whether this phenomenon occurred with more than a sin-
gle epitope. Treatment of the B cell hybridoma LK-35.2 with ag-
onist anti-CD40 mAb in the presence of varying concentrations of
HEL enhanced the ability of the T cell hybridomas C10 (48-62),
A6.B3 (34-45), and E.907D (33-47) to see Ag and to release IL-2.
For A6.B3 and E.907D, this was more evident at low Ag dose (Fig.
1A). Similar results were obtained with a T cell hybridoma specific
for another Ag, bovine RNase A (data not shown and Fig. 2). Thus,
CD40 ligation induces an enhancement of Ag presentation of at
least four different epitopes from two proteins.

The enhancing effect of CD40 stimulation on Ag presentation
also occurs without the need for Ag processing, as CD40 ligation
on LK-35.2 cells also enhances their capacity to induce IL-2 re-
lease by the same T cell hybridomas in response to their corre-
sponding synthetic peptides (Fig. 1B). The enhancement occurred
regardless of the time of peptide addition, as this occurred when
the peptides were added to live LK-35.2 cells and T cell hybrids
during the incubation with anti-CD40 (Fig. 1B, extreme right) or if
the peptide were added to CD40-activated APC that were fixed
with paraformaldehyde just before the addition of peptide (Fig. 1B,
left and center). Therefore, to avoid possible confusion caused by
the effect of anti-CD40 on intracellular Ag handling, all additional
experiments were performed with APC stimulated with anti-CD40
for varying lengths of time and fixed with paraformaldehyde be-
fore the addition of synthetic peptides.

CD40 ligation-induced enhancement of the ability of APC to
activate T cells during Ag presentation occurs in two sequential
phases

We next examined the kinetics of anti-CD40-induced enhance-
ment of Ag presentation and its relation to the expression of the
costimulatory molecules CD80 and/or CD86. Increased CD80 ex-
pression was seen, but only after a 12-h incubation in the presence
of anti-CD40 (Fig. 2A). The expression of CD86, ICAM-1, and
MHC-II did not change after 72 h in the presence of anti-CD40.

It was important to define whether the enhancement of Ag pre-
sentation correlated with the kinetics of CD80 expression. We,
therefore, conducted experiments with LK-35.2 cells treated with
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anti-CD40 for varying lengths of time and fixed with paraformal-
dehyde before the addition of synthetic peptides. CD40 ligation
enhanced the ability of APC to stimulate IL-2 release by T cell
hybridomas specific for HEL34–45 or bovine RNase A43–56 as
early as 30 min after the addition of anti-CD40 (Fig. 2B, center and
right). This enhancement had a first peak at 3 h, before any de-
tectable increase in CD80 expression (Fig. 2B, left). At 12 h, there
was a further enhancement of the ability of LK-35.2 cells to induce
IL-2 release, which was coincident with a significant increase in
CD80 expression. These results allow us to conclude that the in-
crease in CD80 expression is not involved in the early enhance-
ment of Ag presentation induced by CD40 ligation. Moreover, as
the preprocessed Ag (synthetic peptide) was added to metaboli-
cally inactive APC previously activated through CD40, the en-
hancing effect is unrelated to Ag uptake and/or intracellular
handling.

Short-term anti-CD40-activated B cells have an increased
ability to activate naive CD4� T cells

The former Ag presentation experiments were conducted with T
cell hybridomas, which have a lower threshold for activation.
Moreover, if enhanced costimulation via CD80-CD28 is the major
benefit of short-term CD40 ligation, T cell hybridomas are repre-
sentative of secondary T cells, which are less dependent of CD80-
CD28 interactions. As it has been shown that CD40 signaling en-
hances the ability of resting B cells to activate naive T cells (44),
it was important to examine whether the early, costimulator-inde-
pendent activation of LK-35.2 cells was sufficient to enhance their
ability to activate naive T cells. Thus, we tested the capability of
anti-CD40-treated LK-35.2 cells to activate resting naive T cells
from 3A9 transgenic mice, which bear the rearranged �- and
�-chain TCR genes from a HEL48–62-specific T cell hybridoma
(40). To ensure that other accessory cells and activated cells were
not present during the assay, spleen CD4� T cells from 3A9 mice
were purified by FACS-negative selection after staining with a
mixture of PE-labeled mAbs specific for MHC-II (IAk), B220,

NK1.1, CD14, CD8, and CD69. The remaining cells were typically
small lymphocytes and were �90% CD4� with �1% cells posi-
tive for any of the mixture mAbs. For these experiments, LK-35.2
cells were incubated with 10 �g/ml anti-CD40 for 3 h in the ab-
sence of Ag, washed, and fixed in 1% paraformaldehyde. The pep-
tide HEL48–63 was added at increasing concentrations to the fixed
APC and 3A9 cells, directly to the tissue culture wells.

Anti-CD40-treated LK-35.2 cells were significantly better at in-
ducing naive 3A9 CD4� T cell proliferation after a 48-h incuba-
tion period compared with control LK-35.2 cells precultured for
the same length of time in the presence of an irrelevant isotype
control Ab (Fig. 3, top panel). When examined at later times, the
differences in the T cell activation capacity of anti-CD40-treated
and control LK-35.2 cells were less apparent, but still present (data
not shown). These results clearly indicate that short-term CD40
stimulation prepares APC for Ag presentation to and activation of
resting T cells.

To examine whether activation of naive CD4� T cells by anti-
CD40-activated APC induced the release of cytokines, superna-
tants obtained from the previous experiment were tested for the
presence of IL-2, IL-4, and IFN-�. CD40-activated APC induced
IL-2 and IFN-� (Fig. 3, middle and bottom panels), but no IL-4
(data not shown), release by freshly isolated 3A9 T cells. The
results indicate that CD40 ligation primes APC to have an en-
hanced ability to activate T cells and to induce an early release of
effector cytokines.

Short-term CD40 ligation on normal B cells is sufficient to
enhance their Ag-presenting capacity

Among the mechanisms needed to turn resting B cells into pro-
fessional APC are IL-4, which induces MHC-II expression, Ig
cross-linking by Ag, and T cell-derived signals, particularly CD40
ligation (5, 45). These events act in concert to allow B cells to
enter into an activated state in which they can activate Ag-specific
T cells. Although the precise role of these events has not been
established, the results shown to date suggest that CD40 could be

FIGURE 1. A, CD40 ligation induces enhanced
Ag presentation, which is not related to Ag process-
ing. LK-35.2 cells (2.5 � 104) were cultured a with
5 � 104 T cell hybridomas in the presence of 10
�g/ml of the mAbs 1C10 (anti-CD40) or
70.15.11.5.HL (anti-CD11b, control) and varying
concentrations of HEL (A) or the indicated peptide
(B), which was added either before (extreme right)
or after (left and center) CD40 and cell fixation with
paraformaldehyde. After a 24-h culture, 100 �l of
supernatant was transferred to a new plate with 104

CTLL-2 cells in a total volume of 200 �l. Twenty
hours later 1 �Ci [3H]TdR was added, and cells
were cultured for an additional 18 h, then harvested
in a semiautomated harvester (Tomtec). DNA syn-
thesis ([3H]TdR incorporation) was measured in a
scintillation counter. Results are expressed as counts
per minute. Data shown are representative of at least
five experiments conducted with these and other
HEL-specific T cell hybridomas.
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the major stimulus leading to the enhancement of the Ag-present-
ing function of B cells. Therefore, we examined the effect of anti-
CD40 on the expression of CD80, CD86, MHC-II, and ICAM-1 by
freshly isolated spleen B cells as well as on their ability to induce
IL-2 release by T cell hybridomas. To ensure that the effect was not
due to the possible presence of LPS in the medium, these exper-
iments were conducted in the presence of polymyxin B. Anti-
CD40 induced an increase in MHC-II, CD80, and ICAM-1 ex-
pression to near-optimal levels at 72 h (Fig. 4A). CD86 was
induced at 3 h to decline at 12 h. This differs from LK-35.2 cells,
which are constitutively positive for all these markers, except for
CD80, which is weak in unstimulated LK-35.2 cells and was in-
duced by CD40 ligation (Fig. 2A). CD40 ligation for a short period
of 3 h was again sufficient to render normal B cells into fully
competent APCs for T cell hybridomas (Fig. 4B).

CD40 ligation induces early redistribution and aggregation of
MHC-II on the APC surface

It was recently shown that MHC-II on the APC surface concentrate
in lipid rafts, even before any contact with T cells, and that raft
disruption impairs Ag presentation (29). The stimulus (or stimuli)
leading to MHC-II clustering in lipid rafts is as yet unknown. As
CD40 is a major costimulator for APC, and it has been shown to
associate with class II on the surface of B cells (33, 34), it was

possible that some of the enhancing effects of CD40 ligation on Ag
presentation could be through the induction of MHC-II cluster for-
mation. LK-35.2 cells cultured in the presence of anti-CD40 for
different lengths of time, stained with Texas Red-labeled anti-
MHC-II, and viewed under a confocal microscope (Fig. 5A). In
unstimulated cells, MHC-II are evenly distributed in small clusters
over the cell surface, and anti-CD40 induces a progressive aggre-
gation into larger clusters, reaching a peak at 3 h. Before any
stimulus, the percentage of large (�1.5 �m) clusters was �4.1 at
1 h; CD40-induced clusters occurred in 69 � 14% of cells rising
to 83 � 2.5% at 3 h and 85 � 2% at 24 h (Fig. 5B). These clusters
presented in two main patterns; nearly half the cells had a patchy
distribution of large clusters, whereas the remaining cells showed
a complete polarization of MHC-II molecules into a very large
high density structure (Fig. 5 and data not shown). Cluster aggre-
gation was not just a passive effect of anti-CD40 cross-linking, as
it did not occur in LK-35.2 cells cultured with anti-CD40 in the
presence of 0.1% NaN3 (Fig. 6).

Anti-CD40-induced aggregation of surface MHC-II
includes CD80

In dendritic cells, MHC-II colocalize with the costimulatory mol-
ecules CD80/86, even before they reach the cell surface (46).
Therefore, we examined whether, in addition to MHC-II cluster

FIGURE 2. CD40 ligation induces a dual enhancement on the ability of APC to activate T cells during Ag presentation in B cell lymphomas. A, LK-35.2
cells were cultured for different lengths of time in six-well plates (2 � 105 cells/well in 2 ml) in the presence or the absence of 10 �g/ml anti-CD40 or
anti-CD11b mAb (control). Alter the culture period, cells were reacted with the following mAb (with or without streptavidin-PE): anti-CD80-FITC,
anti-ICAM-biotin, anti-CD86-Alexa 488, or anti-MHC-II-biotin. Results are expressed as stimulation index minus 1, which represents the number of times
over baseline surface expression of each surface marker in unstimulated LK-35.2 cells. B, Left, cells were precultured with anti-CD40 or control Abs as
in A, after which were stained with anti-CD80-FITC and examined in a flow cytometer. Results are expressed as the mean fluorescence intensity. The two
lower right panels show the same LK-35.2 cells depicted in the left panel, used for the Ag presentation assay after fixation with 1% paraformaldehyde and
used in Ag presentation assays (2.5 � 104 cells) with 5 � 104 T cell hybridomas A6.B3 (HEL34–45) or TS12 (RNase A43–56) in the presence of varying
concentrations of the relevant synthetic peptides. The results shown depict the data obtained with optimal peptide concentrations (HEL33–47 and bovine
RNase A43–56; 0.3 and 3 �M, respectively). After a 24-h culture, 100 �l of supernatant were transferred to a new plate with 104 CTLL-2 cells and processed
as in Fig. 1. Results are expressed as counts per minute � 10�3. The data are representative of three experiments with similar results. Fixed LK-35.2 cells
failed to induce IL-2 release by T cell hybridomas in response to native HEL (10 �g/ml).
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aggregation, CD40 ligation could induce colocalization of MHC-II
with the costimulatory molecule CD80 on the APC surface. For
these experiments, LK-35.2 cells were cultured on sterile glass
slides in the presence of anti-CD40 for varying lengths of time,
after which cells were fixed and stained for the expression of
MHC-II (Alexa 488) plus CD80 (Texas Red). LK-35.2 cells have
a very faint basal expression of CD80, which is patchy and colo-
calizes with MHC-II in all cells that were positive for CD80, which
were nearly 100% (Fig. 7). As shown by flow cytometry, incuba-
tion with anti-CD40 induces an increased expression of CD80 after
24 h, but not after 3 h. However, the distribution of CD80 follows
that of MHC-II in the aggregated clusters induced by anti-CD40.
These results indicate that MHC-II and CD80 are present in the
same clusters before CD40 ligation, providing ligands for the TCR
and the costimulatory receptor CD28, respectively. These clusters
coaggregate into larger clusters to become a higher avidity target
for T cells, which may result in more efficient T cell activation.

CD40 ligation-induced MHC-II clusters are in cholesterol and
sphingolipid enriched domains on the APC surface

Lipid rafts appear to contain molecules that are the focal points for
the initiation of signal transduction. Recent observations indicate
that MHC-II molecules can be found in lipid rafts (29). Thus, we
examined whether the MHC-II clusters and higher order aggre-
gates induced by CD40 ligation were contained within sphingo-
lipid (hence, cholesterol)-enriched microdomains as defined by
CTB binding. For these studies, LK-35.2 cells were cultured on
sterile glass slides in the presence or the absence of anti-CD40 for
different lengths of time, after which they were stained for GM1
(Alexa 488-CTB) and MHC-II (Texas Red) and observed under a
confocal microscope. Before CD40 ligation, LK-35.2 cells express
MHC-II with a basal colocalization with GM1 in small patches
along the cell surface (Fig. 8). Incubation with anti-CD40 at 37°C
for as little as 1 h (data not shown) was sufficient to increase the
patch size, which reached a maximum at 3 h and was always co-
localizing with GM1. All MHC-II clusters on the cell surface were
contained within GM1-positive spots. Moreover, MHC-II clusters
on the cell surface were disrupted by methyl-�-cyclodextrin,
which depletes cholesterol. Thus, CD40 ligation induces aggrega-
tion of small MHC-II-containing cholesterol/sphingolipid-en-
riched rafts into larger clusters. Moreover, although we did not
carry out simultaneous staining for CD80 expression, the almost
complete colocalization of MHC-II with either GM1 or CD80 also
suggests CD80-MHC-II association in lipid rafts. In contrast,
methyl-�-cyclodextrin failed to disrupt MHC-II clusters in LK-
35.2 stimulated through CD40 for 24 h. This suggests that al-
though the initial CD40-induced aggregation of MHC-II essen-
tially takes place in lipid rafts, these organize later into more
complex structures.

As it has been reported that in some human B cell lines CD40
and MHC-II are associated on the cell surface (33, 34), we exam-
ined whether such an association also occurs in LK-35.2 cells both
before and after CD40 ligation. However, CD40 expression by
LK-35.2 cells under the confocal microscopy was faint, not allow-
ing us to ascertain its possible colocalization with MHC-II (data
not shown).

MHC-II and CD80 accumulation in lipid rafts induced by CD40
ligation correlates with an early enhancement in Ag
presentation

As CD40 ligation was followed by an aggregation of MHC-II and
CD80 lipid rafts into larger clusters together with an early en-
hancement of Ag presentation, it was of interest to examine
whether disruption of such lipid rafts would abrogate the enhanc-
ing effects of CD40 ligation on Ag presentation. LK-35.2 cells
were treated as described above, in the presence or the absence of
methyl-�-cyclodextrin. Fig. 9 shows that methyl-�-cyclodextrin,
in addition to disrupting MHC-II clusters, reverses the early pos-
itive effects of CD40 ligation on Ag presentation. Thus, the pres-
ence of larger MHC-II/CD80 lipid rafts directly correlates with the
early enhanced Ag presentation induced by short-term CD40 liga-
tion. This was not the case for the enhancing effect of anti-CD40
on cells stimulated for 24 h, which was not reversed by methyl-
�-cyclodextrin and correlated with an increase in CD80 on the
APC surface and a relative resistance to raft disruption by methyl-
�-cyclodextrin, suggesting, again, that these higher order clusters
are held together by a different mechanism.

Discussion
Although it has been known for a while that CD40 ligation exerts
a positive effect on B cells as APC, it is not entirely clear how it

FIGURE 3. Short-term anti-CD40-activated B cells have an increased
ability to activate naive CD4� T cells. Naive resting CD4� spleen T cells
(5 � 104) from anti-HEL48–62 transgenic mice (3A9) were cultured in the
presence of 2.5 � 104 anti-CD40 or control-treated (3 h), paraformalde-
hyde-fixed LK-35.2 cells for 48 h in duplicate plates (triplicate wells), after
which 1 �Ci of [3H]TdR was added per well (top), or 100 �l of supernatant
was removed (middle and bottom). For T cell proliferation, plate 1 was
cultured for an additional 18 h, after which it was harvested in a semiau-
tomated cell harvester and counted in a scintillation counter. Results are
expressed as counts per minute � 10�3. Supernatants from plate 2 were
tested for the presence of the cytokines IL-2 (middle), IFN-� (bottom), and
IL-4 (not shown) by a flow cytometric assay after incubation with fluo-
rescent beads coupled to anti-cytokine mAb, followed by a PE-labeled
second anti-cytokine mAb and read in a FACSCalibur flow cytometer with
Luminex equipment and software. Cytokines were plotted against a pattern
curve and run in the presence of known concentrations of cytokine for each
cytokine. Results are representative of two experiments.
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is achieved. One mechanism that has been conclusively demon-
strated is enhanced costimulation via induction of CD80 expres-
sion on B cells (17–20). It has also been proposed that CD40
ligation improves Ag processing, through an as yet unknown
mechanism (21). In the current studies we examined the nature of
this phenomenon and found a positive effect of CD40 ligation on
B cells as APC due to at least two mechanisms, both unrelated to
Ag processing: 1) an early effect due to induced aggregation of
MHC-II and CD80 lipid rafts into larger clusters, and 2) a late
effect that correlates with an increase in costimulation via CD80.
The early effect is sufficient to confer on B cells the ability to
activate naive T cells, which in response secrete both IL-2 and
IFN-�.

Among the TNF receptor family members, CD40 has one of the
widest spectra of functions in the immune system. Its capacity to
enhance the ability of APC to activate T cells in response to Ag has
been demonstrated for DC (6, 47, 48) and B cells (44). The Ag-
presenting function of B cells requires a change from a resting,
tolerogenic, nonprofessional Ag-presenting B cell into an acti-
vated, professional APC fully capable of activating T cells. B cells,
but not other APC from CD40-null mice, have a defect in Ag
presentation (49). These studies together with our current findings
place CD40 ligation as the major stimulus driving B cell Ag-pre-
senting functions.

Previous findings that CD40 ligation induces an enhancement of
the ability of B cells to activate T cells in response to an intact
protein (pigeon cytochrome c) but not in response to the peptide
have suggested that CD40 improves Ag processing (21). However,
unlike other studies in which CD40 ligation augments processing
in the class I MHC pathway via increased expression of peptide
transporters (50), the mechanisms involved in the increased pro-
cessing for MHC-II presentation are not clear. We found an en-
hancement of presentation to T cells specific for two different Ags,
which differ in Ag processing requirements (51). Although anti-
CD40 ligation could have an enhancing effect on Ag processing,

the presentation of synthetic peptides was also enhanced by anti-
CD40, indicating that additional mechanisms are involved.

In recent years increasing evidence indicates that many recep-
tors signal while associated with lipid rafts. They provide a mech-
anism for increasing receptor density, which allow the association
with intracellular signal transduction modules that include, among
others, G proteins, phospholipases, and their substrates. It has been
shown that MHC-II can accumulate in cholesterol-enriched do-
mains (29), which may be necessary for signaling into the APC via
activation of tyrosine kinases (52). Moreover, T cell recognition of
MHC-II in lipid rafts on DC induces an enhanced response by
CD8� T cells (53). Thus, MHC-II accumulation in lipid rafts is
important for these molecules to function as signaling receptors.

The former scenario has only recently been considered for
MHC-II molecules as ligands. Indeed, Anderson et al. (29) found
that MHC-II accumulation in lipid rafts is necessary for efficient
Ag presentation to CD4� T cells under limiting Ag conditions
(29). However, it is not known whether MHC-II molecules need a
stimulus to integrate into lipid rafts and whether lipid rafts in non-
activated and activated APC are different. We found that CD40
ligation induces small MHC-II and CD80 containing cholesterol/
sphingolipid-enriched rafts to aggregate into larger clusters. More-
over, although we did not do simultaneous staining for CD80 ex-
pression, the almost complete colocalization of MHC-II with either
GM1 or CD80 suggests that the early association of CD80-
MHC-II takes place in lipid rafts. Whether this is due to intracel-
lular preassembly into secretory modules or occurs at the cell sur-
face is not clear. At later times, MHC-II clusters were not
disrupted by cholesterol depletion, which correlated with a relative
resistance of APC to methyl-�-cyclodextrin in Ag presentation
assays. This suggests that these early cholesterol-mediated aggre-
gates further organize into higher order structures, which could be
held together by the cytoskeleton. We have not yet tested this
formally. In any case, the initial association of MHC-II with CD80
by itself in LK-35.2 cells is not dependent on CD40 ligation.

FIGURE 4. CD40 ligation enhances the
Ag-presenting ability of normal B cells. A,
Resting spleen B cells from C3H/HeJ mice
were purified by negative selection panning
(CD3�/CD11b�) and were cultured in six-
well plates (1.5 � 106 cells/well in 2 ml) in
the presence of 10 �g/ml anti-CD40 or anti-
CD11b mAb for the indicated lengths of time.
At the end of the culture, cells were fixed with
1% paraformaldehyde, reacted with the indi-
cated mAb, and examined in a flow cytometer.
B, The same B cells (5 � 104) shown in A
were cultured with the T cell hybridoma
A6.B3 in the presence of varying concentra-
tions of HEL33–47 peptide for 24 h, after
which 100 �l of supernatant was removed and
tested for the presence of IL-2 by their ability
to induce CTLL-2 cell proliferation. The re-
sults shown correspond to 0.3 �M peptide and
are representative of two experiments.
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Costimulator induction has largely been considered the mecha-
nism by which a resting B cell becomes a professional APC (44,
54–56). In addition to the classical CD80/CD86-CD28-mediated
costimulation, other forms of costimulation have been described in
CD40-activated B cells (55). We found that CD40-induced aggre-
gation of MHC-II and CD80 on the B cell surface was sufficient to

enhance Ag presentation to naive CD4� T cells. Although LK-
35.2 cells have a baseline expression of MHC-II and costimulatory
molecules, there was no need for an increase in the baseline levels
of costimulation, at least through CD80-CD28, to enhance their
ability to activate naive T cells, although more conclusive data
await studies with CD86 as well. Thus, it appears that MHC-II plus
the low level CD80 clustering in lipid rafts are sufficient for B cells
to function as professional APC. Before CD40 ligation, all CD80
was already found in association with MHC-II clusters, with the
remaining MHC-II appearing diffuse along the LK-35.2 cell
surface.

The mechanism leading to cluster formation after CD40 ligation
is not readily clear. Most studies of the functional effects of CD40
ligation have been conducted for longer than the 3-h incubation
period used in this study. CD40 ligation is followed by the recruit-
ing of adaptor proteins of the TNF receptor-associated factor fam-
ily (57). Although the immediate events following TRAF recruit-
ment have not been completely defined, CD40 ligation on B cells
induces or inhibits the expression of �100 genes through three
main signal transduction pathways that include members the mi-
togen-activated protein kinase p38 and phosphatidylinositol 3-ki-
nase and translocation into the nucleus of members the NF-�B/Rel
transcription factors (58). The early appearance of MHC-II/CD80
cluster aggregation after CD40 ligation makes it unlikely to be
transcriptionally regulated. On the cell surface, CD40 resides in
lipid rafts that also contain other molecules involved in CD40 sig-
naling (59). It will be of relevance to examine whether MHC-II
and CD80 reside in the same lipid rafts and if local changes in the
organization of signaling modules in these rafts are related to the
effects described herein. We are currently undertaking studies to
define the signal transduction pathways involved in CD40 ligation-
induced MHC-II/CD80 cluster aggregation on B cells.

Why does aggregation of MHC-II/CD80 clusters have such a
dramatic impact on the ability of B cells to activate T cells? We
suggest that large MHC-II/CD80 clusters provide a higher avidity
target that engages greater numbers of TCRs from the start of T
cell-APC interaction. This eventually leads to formation of the
immunological synapse (60) and indeed provides a better means
for reciprocal signaling between T cells and APC, leading to full
activation of both cells. It has been recently shown that MHC-II-
peptide-containing lipid rafts accumulate at the immunological

FIGURE 5. CD40 ligation induces an early redistribution and coaggre-
gation of MHC-II on the APC surface. A, LK-35.2 cells (104/slide) were
cultured for varying lengths of time in culture slides in 200 �l of culture
medium in the presence of 10 �g/ml anti-CD40 or anti-CD11b (control)
mAb, after which cells were fixed with 4% paraformaldehyde and reacted
with biotinylated anti-MHC-II Ab, followed by streptavidin-Texas Red.
Slides were observed under a confocal microscope with an excitation filter
of 540 nm and an emission filter at 590 nm. Cells are shown above as
Nomarsky and red fluorescence. Below, we show the three-dimensional
graphic representation of the fluorescence for the particular, representative
cell shown above (height equals fluorescence intensity). Each cell shown is
representative of �50 cells counted. These experiments were conducted at
least four times with similar results. B, Percentage of cells with small (�1.5
�m; o) or large (�1.5 �m; �) clusters (including polarized). Data are
shown as the mean of 50–200 cells counted in independent experiments
(two or three, except for �, where one field with �100 cells was counted).
SDs are shown in squares for each set counted.

FIGURE 6. MHC-II clustering induced by CD40 ligation is energy de-
pendent. LK-35.2 cells (104/slide) were cultured for 3 h in culture slides as
described in Fig. 5 in the presence of 10 �g/ml anti-CD40 or anti-CD11b
(control) with or without the addition of 0.1% sodium azide, after which
cells were observed under a confocal microscope as described in Fig. 5.
Experiments in C were performed twice with similar results.

6484 CD40-INDUCED MHC CLASS II-CD80 CLUSTERS



synapse (61). Our results place CD40 ligation as an important in-
ducer for such accumulation and indicate that in addition to MHC-
II, the costimulatory molecule CD80 is included in such raft ac-
cumulation. This provides CD4� T cells with the complete set of
signals for proper activation.

Although CD40 ligation is not the initial stimulus for the APC,
it is an early event, as CD154 expression by T cells occurs within
a few hours after their initial activation by Ag. If our observations
are relevant in vivo, we could consider at least two possible sce-
narios. We favor the view that CD40 ligation could play its main
role in Ag presentation shortly after the initial stimulus via TCR,
which is responsible for CD154 induction, by enhancing transport

of MHC-II to the TCR-APC interphase, leading to synapse for-
mation. This is not opposed to the observation that MHC ligation
by the TCR down-modulates peptide-MHC complexes from the
cell surface (62), because the increased clustering would occur
mainly at the T cell-APC interphase. Thus, cluster induction by
CD40 ligation is not needed for the initial interaction. However,
for T cell Ag recognition, foreign peptides need to compete against
a myriad of self peptides contained within the cell, first to bind to
MHC-II and subsequently to be engaged by the appropriate num-
ber of TCRs to initiate T cell activation. CD40 ligation would
increase the overall flow and nonspecific grouping of MHC-II mol-
ecules on the cell surface. The relevant MHC-II-peptide complexes

FIGURE 8. Short-term CD40 ligation-induced MHC-II clusters are contained in cholesterol- and sphyngolipid-enriched domains on the APC. LK-35.2
cells were cultured for varying lengths of time in culture slides as described in Fig. 5, except that in the indicated wells, methyl-�-cyclodextrin (10 mM)
was added for the last 10 min of culture. Cells were fixed with 4% paraformaldehyde and reacted with biotinylated anti-MHC-II Ab, followed by
streptavidin-Texas Red and cholera toxin B-streptavidin-Alexa 488. Slides were observed under a confocal microscope with long pass excitation filters from
488–540 nm and emission filters at 530 and 590. Data are representative of two experiments.

FIGURE 7. CD40 ligation induces coaggregation
of MHC-II and CD80 on the APC surface LK-35.2
cells were cultured for varying lengths of time in
culture slides as described in Fig. 3. Cells were fixed
with 4% paraformaldehyde and reacted with biotin-
ylated anti-MHC-II Ab, followed by streptavidin-
Alexa 488 and anti-CD80-Texas Red. Slides were
observed under a confocal microscope with long
pass excitation filters from 488–540 nm and emis-
sion filters at 530 and 590. Results represent three
experiments with comparable results.
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would then be selected among them by the TCR to form the im-
munological synapse, as it has recently been shown (61). Prelim-
inary findings with LK-35.2 cells that neither TLR-9 activation nor
B cell Ag receptor cross-linking provides a stimulus comparable to
that of CD40 ligation, suggest that even though CD40 is not the
initial stimulus to increase B cell Ag presentation, it still is an early
event, and its relevance is supported by the inability of CD40�/�

B cells to become professional APC (49).
An alternative explanation could be that the CD40 ligand could

be expressed by a bystander cell. This seems unlikely, however,
because although CD154 has been reported to be expressed by
many cell types (63, 64), the only ones that have been convinc-
ingly and reproducibly shown to express CD154 are activated T
cells and platelets (65, 66). Platelets are unlikely to be present in
the lymphoid interstitium in sufficient numbers to ligate CD40 and
activate B cells. Moreover, it is not desirable to trigger the pro-
fessional Ag-presenting activity of B cells in the absence of the
immunizing Ag.

In conclusion, the present studies provide evidence that CD40
ligation enhances the Ag-presenting function of B cells, which is
related to an association of TCR and costimulatory receptor li-
gands on the APC surface. Thus, according to our working model,
1) the initial APC for CD4� T cells, DC, induce CD154 expression
on T cells, mainly via TCR signaling; 2) CD154 on activated
CD4� T cells interacts with CD40 on the resting B cell, which
turns into a professional APC in two steps: an initial increase in
local MHC costimulator density (rafts), providing a higher avidity
ligand, followed by increased expression of CD80 that results in
more efficient costimulation, eventually conducing to the forma-
tion of the immunological synapse at the T cell-B cell interphase;
and 3) reciprocally, MHC-II rafts should allow better signal trans-
duction of TCR-delivered signals into Ag-presenting B cells.
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B cells can prime naive CD4+ T cells in vivo in the
absence of other professional antigen-presenting cells
in a CD154-CD40-dependent manner

Daniel Rodr�guez-Pinto and Jos� Moreno

Research Unit on Autoimmune Diseases, Centro M�dico Nacional Siglo XXI,
Instituto Mexicano del Seguro Social, M�xico D.F., M�xico

The role of B cells as APC is well established. However, their ability to prime naive T cells
in vivo has been difficult to examine because of the presence of dendritic cells. The
current studies were undertaken to examine this issue in a model of adoptive transfer of
antigen-specific B cells and T cells into histoincompatible Rag2–/– mice. By means of
this system, we were able to demonstrate that antigen-specific B cells are competent
APC for naive CD4+ T cells specific for the same antigen. In vivo antigen presentation
resulted in expansion of both CD4+ T cells and B cells. The antigen-presenting function
of the transferred B cells was dependent on the CD154-CD40 interaction, as transfer of
CD154-deficient antigen-specific CD4+ T cells or CD40-deficient B cells failed to induce
Tand B cell expansion in response to immunization. These results indicate that antigen-
specific B cells have the capacity to induce primary T cell responses in the absence of
other competent APC.

Introduction

The role of B cells as APC in primary immune responses
has not been considered of importance because of their
dependence on help from activated CD4+ T cells to
become competent APC [1]. This constraint implies that
other types of professional APC are the only ones
capable of priming naive CD4+ T cells. Accordingly,
B cell deficiency is not an impediment for CD4+ T cell
priming in some experimental models [2, 3]. However,
B cells have the ability to prime naive CD4+ T cells both
in vitro [4, 5] and in vivo [6–9], and immune responses
to certain antigens are hampered in the absence of
B cells [5, 10, 11]. Yet, formal evidence that B cells can

prime an immune response without the need of other
professional APC is lacking.

B cells possess a high-affinity antigen receptor, the
BCR, that permits efficient presentation of a particular
antigen to specific CD4+ T cells [12]. However, to
activate CD4+ T cells, B cells need to mature into
professional APC, a process in which help from activated
CD4+ T cells, by means of the CD154 molecule, is
essential. B cell activation requires two major signals,
the first one generated by BCR cross-linking by antigen
and the other by the interaction of CD154 with the B cell
surface receptor CD40 [13]. Signals derived from CD40
ligation drive B cell growth, proliferation and survival
and lead to up-regulation and redistribution of MHC
class II molecules (MHCII) and costimulatory molecules
such as CD80 and CD86 [8, 14–17]. These effects are
crucial for B cell maturation, as B cell antigen-present-
ing function is impaired in both CD40- and CD154-
deficient mice as well as after blockade of CD154-CD40
interactions [14, 18–20]. Consequently, B cells need to
interact with CD154-expressing CD4+ T cells to become
competent APC.
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The need of a molecule expressed only by activated
CD4+ T cells to develop the antigen-presenting function
of B cells indicates that B cells cannot prime an immune
response by themselves unless they are able to elicit
CD154 expression by CD4+ T cells during their own
activation process. Only a few studies have attempted to
demonstrate that B cells can prime naive CD4+ Tcells on
their own, without the participation of other profes-
sional APC in vivo. Strategies to show this have included
targeting antigen to B cells through specific receptors
[6], i.v. injection of antigen without adjuvant into BCR-
transgenic mice [7] and preloading B cells with peptide
ex vivo [8]. All these studies resulted in CD4+ T cell
activation, leading to the conclusion that it was due to
antigen presentation by B cells without the involvement
of other APC. However, because of the presence of other
histocompatible APC capable of generating the peptide-
MHCII complex needed for CD4+ T cell activation, the
possibility that those other APC gained access to the
antigen and were responsible for the initial activation of
naive CD4+ T cells could not be formally ruled out.
Recently, Gerloni et al. showed that transferred B cells
can prime naive CD4+ T cells in vivo in DC-deficient
mice. However, in their study, the antigen presented by
B cells was a transgene-encoded endogenous protein
that gained access to the MHCII presentation pathway.
Furthermore, naive B cells were activated during the
transgenesis process, and thus the normal pathways of
B cell activation were not taken into consideration [9].

To test whether B cells presenting an exogenous
antigen can prime naive CD4+ T cells in vivo by
themselves, we developed a system in which B cells
were the only APC capable of generating the specific
peptide-MHCII complex needed to activate CD4+ Tcells.
Moreover, we used CD154- and CD40-deficient mice to
assess the participation of CD154 expressed by CD4+ T
cells in the maturation of B cells into competent APC in
this system. This experimental design allowed us to
demonstrate that B cells can prime naive CD4+ Tcells in
the absence of other APC and that their maturation
depends on CD154 expression by CD4+ T cells.

Results

Naive CD4+ T cells proliferate in response to
antigen presented by B cells in vivo

To test the capacity of B cells to induce naive CD4+ Tcell
proliferation in vivo, we transferred purified spleen
B cells from transgenic mice bearing an anti-hen egg
lysozyme (HEL) BCR and CD4+ T cells from transgenic
mice expressing a TCR specific for HEL peptide48–62-IA

k

complex (HELp-IAk) into lymphocyte-deficient Rag2–/–

recipients. In some experiments, anti-HELp-IAk CD4+ T

cells were labeled with CFSE prior to transfer. Donor
mice were of the H2k haplotype, while recipient mice
were of the H2b haplotype. In this setting, the
transferred B lymphocytes were the only IAk-expressing
cells present in recipient mice after transfer and,
therefore, the only APC able to provide the restriction
element for the TCR expressed by the transferred CD4+

T cells. A group of recipient mice received only the anti-
HELp-IAk CD4+ T cells and thus had no IAk-expressing
APC. The mice were immunized with HEL or PBS 24 h
after transfer, and after 3 days they were killed, and
spleen cells were separated, counted and stained with
Ab specific for CD4 and Vb8, the TCR V segment
expressed by the transgenic CD4+ T cells. Among the
mice that received anti-HEL B cells, the relative and
absolute numbers of CD4+Vb8+ cells as well as the loss
of CFSE fluorescence in CD4+Vb8+ cells, which reflects
the number of cell divisions, were significantly higher in
HEL-immunized mice than in those that received PBS.
Mice that did not receive B cells had reduced numbers of
CD4+Vb8+ cells and retainedmore CFSE fluorescence in
relation to the other groups, despite having been
immunized with HEL (Fig. 1A–C).

To identify the transferred B cells, splenocytes were
also stained with HEL (to label the anti-HEL BCR), and
mAb against CD19 (a B cell marker) and IAk. The
percentage of HEL–CD19– splenocytes positive for IAk

ranged from 0 to 0.02% (Fig. 1D), similar to background
levels observed in untouched Rag2–/– mice of the H2b

haplotype (data not shown). Conversely, more than 98%
of HEL+CD19+ cells expressed high levels of IAk

(Fig. 1D). Thus, as the transferred B cells were the only
IAk-expressing APC in recipient mice, these data indicate
that B cells, after internalizing antigen and generating
the peptide-MHCII complex, are capable of inducing
proliferation of naive CD4+ T cells in the absence of
other histocompatible professional APC. The higher
proliferation of CD4+Vb8+ cells in mice that received
anti-HEL B cells and PBS in relation to mice that
received no B cells indicates that the transferred B cells
induced some degree of antigen-independent “homeo-
static” proliferation.

After antigen presentation by B cells in vivo,
CD4+ T cells up-regulate CD69 and synthesize
cytokines in vitro

To examine the activation status of CD4+ T cells after
antigen presentation by B cells, we transferred either
anti-HEL B cells plus anti-HELp-IAk CD4+ T cells or the
CD4+ T cells alone into Rag2–/–/H2b mice, which were
immunized with HEL 24 h later. After 3 days, we
collected spleen cells and measured the expression of
CD69 and CD62L and the production of IFN-c and IL-2
by CD4+ T cells in vitro. CD69 is an early activation
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marker, and CD62L is a molecule that is expressed by
naive CD4+ T cells while being down-regulated in
memory CD4+ T cells. After purification prior to
transfer, CD4+Vb8+ cells were CD69–CD62L+

(Fig. 2A, left panel). CD69 expression was significantly
higher in CD4+Vb8+ cells recovered from mice that had
received anti-HEL B cells as shown by both the
percentage of positive cells and the mean fluorescence
intensity (Fig. 2A, C). No differences in the expression of
CD62L were observed (Fig. 2A). The production of IFN-c
and IL-2 by CD4+ T cells was evaluated in vitro after re-
exposure to antigen presented by cells from an anti-HEL
B cell line expressing IAk (Fig. 2B, C). Only CD4+Vb8+

cells that had contact with histocompatible B cells in vivo
were able to produce significant amounts of IFN-c and

IL-2 in vitro; CD4+Vb8+ cells that had no contact with
B cells in vivo produced negligible levels of both
cytokines despite being in contact with histocompatible
APC loaded with the relevant peptide-MHCII complex in
vitro. Splenocytes incubated with APC that had not been
loadedwith antigen did not produce significant amounts
of either cytokine (data not shown). These results
indicate that the proliferation of CD4+ T cells observed

Fig. 2. CD4+ T cells have an activated phenotype after antigen
presentation by B cells in vivo. Anti-HEL B cells and anti-HELp-
IAk CD4+ T cells, both of the H2k haplotype, or the CD4+ T cells
alone were transferred into Rag2–/– mice. After 24 h the mice
were immunized with HEL. Spleen cells were isolated 3 days
later, counted and stained with anti-CD4, anti-Vb8 and anti-
CD69 or anti-CD62L. Alternatively, the splenocytes were
incubated at 37�C in the presence of brefeldin A with LK-
DO1.3 cells pre-incubated with HEL; after 4 h, the cells were
stained extracellularly with anti-CD4 and anti-Vb8 and
intracellularly with anti-IFN-c and anti-IL-2. (A) Percentage
of CD69- and CD62L-positive cells within the CD4+Vb8+ gate
prior to transfer (left) and inmice that received anti-HEL B cells
(center) or no B cells (right). (B) Percentage of cells positive for
IFN-c and IL-2 in the CD4+Vb8+ gate. (C) Percentage of CD4+Vb8+

cells positive for CD69, IFN-c and IL-2 (top) and mean
fluorescence intensity (MFI) for each of these markers in the
whole CD4+Vb8+ population (bottom). Means and standard
deviations of four mice per group from two independent
experiments are shown in (C). One representative mouse per
group is shown in (A) and (B).

Fig. 1. Naive CD4+ T cells proliferate in response to antigen
presented by B cells in vivo. Anti-HEL B cells and CFSE-labeled
anti-HELp-IAk CD4+ T cells, both of the H2k haplotype, or the
CD4+ T cells alonewere adoptively transferred into Rag2–/–mice
of the H2b haplotype. Mice were immunized with HEL or PBS
24 h later, and 3 days later spleen cells were isolated, counted
and stained with anti-CD4 and anti-Vb8 or HEL, anti-CD19 and
anti-IAk. For mice that received either B cells + CD4+ T cells +
HEL (left), B cells + CD4+ T cells + PBS (center) or CD4+ T cells +
HEL (right), the percentage (A) and total number (C) of
CD4+Vb8+ splenocytes as well as CFSE fluorescence in the
CD4+Vb8+ gate (B) are shown. (D) Percentages of IAk+ spleno-
cytes among HEL+CD19+ and HEL–CD19– cells are shown, as
gated on the dot plot shown to the left. Means and standard
deviations of six mice per group from four separate experi-
ments are shown in (C). One representativemouse per group is
shown in (A), (B) and (D).
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after antigen presentation by B cells was associated with
an activated phenotype.

In the presence of relevant antigen,
B cells proliferate and up-regulate MHCII and
costimulatory molecules

Our next goal was to examine whether the capacity of
B cells that induced antigen-dependent proliferation of
naive CD4+ T cells in the experiments described above
was related to their expansion and up-regulation of
molecules that participate in antigen presentation and
CD4+ T cell activation. For this purpose, mice trans-
ferred with anti-HEL B cells and anti-HELp-IAk CD4+ T
cells received an injection of HEL or PBS. Splenocytes
were isolated 3 days later and stained with mAb specific
for CD80 and CD86 (ligands for the T cell costimulatory
receptor CD28) in addition to the aforementioned
markers anti-HEL BCR, CD19 and IAk. The absolute
and relative numbers of HEL+CD19+ cells in mice that
received HEL were significantly higher than in controls
(Fig. 3A, B). The size of CD19+ cells and their expression
of IAk, CD80 and CD86 were also increased in mice
immunized with HEL in relation to controls (Fig. 3C).
These results indicate that the presence of antigen is not
only essential for generation of the peptide-MCHII
complex but also drives maturation of the B cell into a
professional APC.

Expression of antigen-specific BCR and MHCII
by B cells is responsible for CD4+ T cell
antigen-specific and homeostatic proliferation,
respectively

To further examine the role of the antigen-specific BCR
and MHCII in CD4+ T cell proliferation induced by
B cells, we carried out similar transfer experiments
including additional groups of mice that received B cells
from wild-type mice of the H2k (B10.BR) or H2b (B6)
haplotypes. When wild-type IAk-expressing B cells were
the APC in the system, CD4+ T cell proliferation did not
reach the levels observed when transgenic anti-HEL
B cells were transferred. However, the numbers of
CD4+Vb8+ cells recovered from these mice were
significantly higher than those found in mice that
received wild-type IAb-expressing B cells, in which very
low numbers of CD4+ T cells survived (Fig. 4A, B).
Accordingly, wild-type B cells of either haplotype did
not show extensive proliferation or up-regulation of
MHCII, CD80 or CD86 (data not shown). These data
point toward a requirement for high numbers of antigen-
specific B cells for effective priming of naive CD4+ T
cells. They also support a role for MHCII expressed by
B cells in the homeostatic proliferation of CD4+ T cells
observed in this system.

B cells can induce CD4+ T cell proliferation in
non-lymphopenic mice

We next examined the extent to which the lymphopenic
environment in recipient mice contributed to the CD4+

T cell proliferation observed in this system. For this
purpose, we used histocompatible mice as recipients,
because allogeneic mice with a normal lymphocyte
repertoire would reject the transferred cells. However, to
isolate the contribution of B cells in CD4+ T cell
proliferation from that of other APC, we first used
histocompatible lymphocyte-deficient mice as recipi-
ents. Transfer of anti-HELp-IAk CD4+ T cells alone into
Rag2–/–/H2k mice resulted in proliferation of the
transferred cells after immunization with HEL as
compared to the low-level homeostatic proliferation
seen in mice that received anti-HEL B cells and PBS
(Fig. 5A) and the proliferation seen in Rag2–/–/H2b mice

Fig. 3. Internalization of antigen through the BCR by B cells
transferred together with antigen-specific CD4+ T cells results
in their expansion andmaturation into professional APC. Anti-
HEL B cells and anti-HELp-IAk CD4+ T cells were transferred
into Rag2–/– mice, followed by immunization with HEL (left) or
PBS (right) 24 h later. Spleen cells were isolated 3 days later,
counted and stained with anti-CD19 and either HEL, anti-IAk,
anti-CD80 or anti-CD86. The total number (A) and percentage
(B) of HEL+CD19+ splenocytes as well as forward scatter (FSC)
and the percentage of cells positive for IAk, CD80 and CD86 in
the CD19+ gate (C) are shown. Means and standard deviations
of six mice per group from three independent experiments are
shown in (B). One representative mouse per group is shown in
(A) and (C).
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transferredwith CD4+ Tcells only (compare Fig. 5Awith
Fig. 1C). This degree of proliferation reflects the
capacity of APC other than B cells to present this
antigen. However, when mice that had received anti-
HEL B cells and anti-HELp-IAk CD4+ T cells were
immunized with HEL, CD4+ T cell proliferation was
much more pronounced (Fig. 5A). This observation
indicates that the expanded population of anti-HEL
B cells is themain contributor to the presentation of HEL
in this system, even in the presence of other IAk-
expressing APC.

After showing that B cells induce CD4+ T cell
proliferation in lymphocyte-deficient histocompatible
mice, we conducted transfer experiments with H2k

recipients that had a full lymphocyte compartment.
Splenocytes from anti-HELp-IAk TCR-transgenic mice
were transferred into anti-HEL BCR-transgenic mice or
wild-type mice. Significant proliferation was observed
only in anti-HEL mice that received HEL, while no
differences in CD4+Vb8+ cell numbers were seen in
anti-HEL mice or wild-type mice that received PBS
(reflecting homeostatic proliferation) or wild-type mice
that received HEL (reflecting proliferation induced by
APC other than B cells) as compared to untouched mice
(Fig. 5B). These data indicate that antigen-specific CD4+

Tcell proliferation induced by B cells can also take place
in mice with a complete lymphocyte compartment, but

antigen-independent homeostatic proliferation is not
observed in this setting.

B cell maturation into competent APC is
dependent on the expression of CD154 by
CD4+ T cells

CD154-CD40 interactions are necessary for B cells to
become professional APC [18–20]. As CD154 is
transiently expressed by CD4+ T cells only after
activation [15], we examined whether, in order to
become competent APC, the B cells that induced CD4+ T
cell proliferation required the signal derived from
CD154 expressed by the transferred CD4+ T cells. To
achieve this, anti-HELp-IAk TCR-transgenic mice were
backcrossed to CD154–/– mice. CD154+/+ or CD154–/–

anti-HELp-IAk CD4+ T cells were transferred together
with anti-HEL B cells into Rag2–/–/H2b recipients. These
mice were immunized with HEL 24 h later, and 3 days
later spleen cells were recovered and stained for CD4,
Vb8, HEL, CD19, IAk, CD80 and CD86. In mice that
received CD154–/– CD4+ T cells, B cells were unable to
induce the degree of CD4+Vb8+ cell proliferation

Fig. 5. Anti-HEL B cells induce anti-HELp-IAk CD4+ T cell
proliferation in lymphopenic and non-lymphopenic histocom-
patible mice. (A) Anti-HEL B cells and anti-HELp-IAk CD4+ T
cells or the CD4+ T cells alone were adoptively transferred into
Rag2–/– mice of the H2k haplotype. The mice were immunized
with HEL or PBS 24 h later. After 3 days, spleen cells were
isolated, counted and stainedwith anti-CD4 and anti-Vb8. The
total number of CD4+Vb8+ cells is shown. (B) Splenocytes (107

cells) fromanti-HELp-IAk TCR-transgenicmicewere adoptively
transferred into anti-HEL BCR-transgenic mice (left) or wild-
type mice (right) of the H2k haplotype, followed by immuniza-
tion with HEL (filled columns) or PBS (empty columns) 24 h
later. After 3 days, spleen cells were isolated, counted and
stained with anti-CD4 and anti-Vb8. The total number of
CD4+Vb8+ cells for each group as well as for untouched mice
(striped columns) is shown. Means and standard deviations of
four mice per group from two independent experiments are
shown.

Fig. 4. Antigen-specific B cells induce high levels of CD4+ T cell
proliferation, whereas wild-type histocompatible B cells in-
duce a low degree of homeostatic proliferation. B cells from
anti-HEL BCR-transgenic mice (left) or wild-type mice of H2k

(center) or H2b (right) haplotypes were adoptively transferred
into Rag2–/– mice together with anti-HELp-IAk CD4+ T cells. The
mice were immunized with HEL 24 h later. Spleen cells were
isolated 3 days later, counted and stained with anti-CD4 and
anti-Vb8. The total number (A) and percentage (B) of CD4+Vb8+

splenocytes are shown. Means and standard deviations of four
mice per group from two independent experiments are shown
in (A). One representative mouse per group is shown in (B).

Eur. J. Immunol. 2005. 35: 1–9 Cellular immune response 5

f 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de



observed in mice that received CD154+/+ CD4+ T cells
(Fig. 6A, B). This correlated with reduced proliferation
of HEL+CD19+ cells (Fig. 6C) and an absence of IAk and
CD80 up-regulation (Fig. 6D, upper and center panels).
CD86 expression was also observed in B cells that were
not in contact with CD154-expressing CD4+ T cells,
albeit at a lower density than in B cells from mice that
received CD154+/+ CD4+ T cells (Fig. 6D, lower panel).
These observations strongly suggest that the transferred
CD4+ T cells are the source of CD154 and that its
expression is essential for the transformation of B cells
into competent APC.

CD40-deficient antigen-specific B cells are not
able to induce CD4+ T cell proliferation

In the former experiments, we showed that CD154–/–

CD4+ T cells cannot proliferate after antigen presenta-
tion by B cells that were not in contact with CD154. To
test whether B cells that do not receive the activation
signal through CD40 can activate CD154-expressing
CD4+ T cells, we performed the inverse experiment:

transfer of CD40+/+ or CD40–/– anti-HEL B cells and
anti-HELp-IAk CD4+ T cells. The absence of CD40 on
B cells consistently resulted in low levels of proliferation
of both CD4+ T cells (Fig. 7A, B) and B cells (Fig. 7C).
Expression of B cell activation markers, including CD86,
was lower in CD40–/– B cells compared to CD40+/+

B cells (Fig. 7D). These results strengthen the observa-
tion that proliferation of CD4+ T cells in this system
depends on B cell maturation through signals derived
from CD40.

Discussion

The current studies examined the role of B cells as
primary APC in vivo. We found that an expanded
population of antigen-specific B cells is able to prime
naive CD4+ T cells in the presence of an intact CD154-
CD40 pathway. Using lymphocyte transfer experiments
in which donor and recipient mice were of different
haplotypes, we were able to evaluate the function of
B cells in the absence of third-party APC capable of
presenting the relevant peptide-MHCII complex. In this
system, BCR-transgenic B cells that received antigen

Fig. 6. The signal originating from CD154 expressed in CD4+ T
cells is required for B cells to become APC capable of inducing
CD4+ T cell proliferation. CD154+/+ (left) or CD154–/– (right) anti-
HELp-IAk CD4+ T cells were transferred into Rag2–/– mice of the
H2b haplotype together with anti-HEL B cells. Mice were
immunized with HEL 24 h later, and after 3 days spleen cells
were harvested, counted and stained for CD4, Vb8, HEL, CD19,
IAk, CD80 and CD86. The total number (A) and percentage (B) of
CD4+Vb8+ cells found in the spleens of each group of mice are
shown. (C) Total number of HEL+CD19+ splenocytes. (D)
Expression of IAk, CD80 and CD86 in the CD19+ gate. Means
and standard deviations of five mice per group from three
separate experiments are shown in (B) and (C). One represen-
tative mouse per group is shown in (A) and (D).

Fig. 7. Expression of the CD40 receptor is required for B cells to
mature into competent APC. CD40+/+ (left) or CD40–/– (right)
anti-HEL B cells were transferred into Rag2–/– mice together
with anti-HELp-IAk CD4+ T cells. Mice were immunized with
HEL 24 h later, and after3 days spleen cells were collected,
counted and stained for CD4, Vb8, HEL, CD19, IAk, CD80 and
CD86. Total number (A) and percentage (B) of CD4+Vb8+

splenocytes are shown. (C) Total number of HEL+CD19+

splenocytes. (D) Expression of IAk, CD80 and CD86 in the
CD19+ gate. Means and standard deviations of four mice per
group from two separate experiments are shown in (B) and (C).
One representative mouse per group is shown in (A) and (D).
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induced CD4+ T cell proliferation, up-regulation of the
activation marker CD69 and cytokine expression after
further stimulation with antigen in vitro. B cells
acquired the capacity to prime CD4+ T cells after
proliferating, growing and up-regulating the expression
of MHCII, CD80 and CD86. These results strongly
suggest that B cells can become activated and prime
CD4+ T cells in vivo in the absence of other professional
APC.

The number of antigen-specific B cells present in the
spleen appears to be a critical factor for CD4+ T cell
priming, as CD4+ Tcell proliferation was not seen when
B10.BR B cells with a normal immune repertoire were
transferred. This observation is consistent with an
earlier model of CD4+ T cell priming by transgenic
B cells in vivo [7], and it probably reflects highly
efficient internalization of antigen by the BCR, which
cannot be achieved with the low frequency of B cells
specific for a particular antigen present in the normal
repertoire. Thus, even though anti-HEL B cells were
naive at themoment of transfer, their number represents
an expanded population that does not normally exist in a
primary immune response. This explains why B cells are
not considered APC capable of initiating normal
immune responses.

The isolation of B cell antigen-presenting function
from other APC in this system required the use of
histoincompatible lymphocyte-deficient mice as recipi-
ents, because they can tolerate the transfer of allogeneic
cells. However, a small degree of antigen-independent
homeostatic proliferation, related to the transfer of
histocompatible B cells, was also observed in thesemice.
To further assess the role of lymphopenia in CD4+ T cell
proliferation, we conducted experiments using lympho-
penic and non-lymphopenic histocompatible mice as
recipients. We found that in both types of mice,
significant CD4+ T cell proliferation was only observed
when an expanded population of antigen-specific B cells
was present. However, in mice with a full lymphocyte
compartment, homeostatic proliferation was not seen.
These observations reinforce the capacity of B cells to
prime naive CD4+ T cells in vivo.

In the current experiments, B cell proliferation and
up-regulation of surface proteins that participate in
antigen presentation were only seen in the presence of
antigen. Therefore, it is clear that BCR cross-linking
provided the first signal for B cell activation. However,
B cell maturation into competent APC requires a second
signal in the form of the CD154-CD40 interaction [7, 18,
20]. In our system, B cells were able to induce the
proliferation of naive CD4+ Tcells that had not received
the signals required to express CD154 from any other
APC. This finding raises several possible explanations:
(1) CD40-derived signals are not essential for B cells to
mature into competent APC and can be replaced by other

signals, (2) CD154 from sources other than CD4+ Tcells
was responsible for the induction of costimulatory
activity on B cells or (3) after BCR cross-linking, B cells
could express enough costimulatory activity to induce
the expression of CD154 on CD4+ T cells, which in turn
would engage CD40, originating the signals leading to
B cell maturation. To explore these possibilities, we
carried out transfer experiments using CD154-deficient
CD4+ T cells. B cell proliferation and up-regulation of
MHCII and CD80 were diminished when CD4+ T cells
lacking CD154 were transferred, and this resulted in a
reciprocal absence of CD4+ T cell proliferation.
Although it has been proposed that CD154 is also
capable of signaling, it is unlikely that the defective
proliferation of CD154-deficient CD4+ T cells could be
related to an intrinsic defect of these cells, as CD154-
defcient CD4+ T cells have no deficiencies in prolifera-
tion [21]. Furthermore, we conducted experiments in
which CD40-deficient B cells were not able to activate
CD154-expressing CD4+ T cells, reinforcing the key
unidirectional role of the CD154-CD40 pathway. These
results indicate that B cell maturation was not due to
signals derived from receptors different from CD40 and
that it depended on CD154 expression by CD4+ T cells.
Therefore, B cells elicited the costimulation they need
from CD4+ T cells on their own. Previous studies of
B cell-T cell interaction support this view.

Even though full lymphocyte activation requires
more than one type of signal, the initial expression of
costimulatory molecules on both CD4+ T cells and
B cells can occur after TCR and BCR ligation, respec-
tively. TCR cross-linking alone can induce transcription
of the CD154 gene and protein expression, while signals
derived from the costimulatory receptor CD28 enhance
and stabilize this expression [15, 22]. On the B cell side,
one of the ligands for CD28, CD86, has been shown to be
induced 4–6 h after cross-linking of the BCR by antigen
[7, 23, 24]. According to these data, in our system B cells
that received antigen should have been able to generate
the twomajor signals needed for the induction of CD154
expression by CD4+ T cells: the peptide-MHCII complex
that cross-links the TCR and CD86, which binds to
CD28. CD154, in turn, provides signals needed to up-
regulate surface MHCII and CD80 and to sustain CD86
expression [7, 8, 17]. This crosstalk should lead to an
exponential growth of the signals exchanged by T and
B cells and culminate in the complete activation of both
cells. This sequence of events has been suggested before
[7, 15, 22, 25] and can explain our results, despite the
fact that we were unable to observe CD154 expression at
the time tested, most likely because of its transient
nature.

The experimental model presented herein allowed us
to conclude that antigen-specific B cell-T cell interac-
tions that take place in vivo result in CD4+ Tcell priming
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by B cells. We believe that, taken together with previous
studies of B cell antigen-presenting function [7, 9, 26],
our results show that B cells have the capacity to
contribute significantly to the initiation and amplifica-
tion of immune responses.

Materials and methods

Reagents and cells

Anti-CD4-PE, anti-CD80-FITC, anti-CD86-FITC, anti-CD69-
FITC, anti-CD62L-PE, anti-IFN-c-PE, anti-IL-2-PE, anti-CD19-
PE, anti-CD40-PE, anti-CD4-allophycocyanin-Cy7, anti-CD43-
biotin, anti-B220-biotin, anti-CD11c-biotin, anti-CD11b-biotin,
anti-CD8a-biotin and streptavidin-peridinin chlorophyll pro-
tein (PerCP) were purchased from PharMingen (San Diego,
CA). The anti-IAk-producing hybridoma H116.32 and the anti-
Vb8-producing hybridoma F23.1 were kindly donated by
G�nter H�mmerling (DKFZ, Heidelberg, Germany) and Dario
Vignali (St. Jude Children's Hospital, Memphis, TN), respec-
tively. The corresponding mAb were purified and biotinylated
with NHS-biotin (Pierce Chemical Co., Rockford, IL) in our
laboratory by standard procedures. The LK-DO1.3 hybridoma
was a gift fromMichael Neuberger (Oxford University, Oxford,
UK). HEL was from Sigma Chemical Co. (St. Louis, MO), CFSE
was from Fluka (Buchs, Switzerland), and brefeldin A was
from Roche Biochemicals (Indianapolis, IN). HEL was
conjugated to FITC in our laboratory by standard procedures.

Mice

Mice were kept under sterile conditions and cared for in
conformity with good laboratory practice guidelines in the
animal care facility of the Experimental Medicine Unit of The
National Autonomous University of Mexico. B10.BR, B6 and
MD4 anti-HEL BCR-transgenic [27] mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). CD40–/–, 3A9 anti-
HELp-IAk TCR-transgenic [28], CD154–/– and Rag2–/– mice
were kindly donated by Raif Geha (Harvard University, Boston,
MA), Dario Vignali, Leopoldo Flores and Leopoldo Santos
(CINVESTAV, Mexico City, Mexico), respectively. MD4,
Rag2–/–, CD154–/– and CD40–/– mice were backcrossed to
the B10.BR background to obtain mice homozygous for the
H2k haplotype, which were selected by staining peripheral
blood leukocytes with anti-IAk Ab. 3A9 mice were crossed with
CD154–/– mice until mice positive for the transgene and
homozygous for the gene mutation were obtained, as
determined by PCR amplification of the CD154 gene. MD4/
CD40–/– mice were obtained by crossing the two types of mice
until obtaining transgenicmice homozygous for the CD40 gene
mutation, as determined by staining of peripheral blood
leukocytes with HEL-FITC and CD40-PE.

Cell purification

Spleen B cells or CD4+ T cells from 8- to 15-week-old mice
were purified by negative selection using magnetic activated
cell sorting (MACS, Miltenyi Biotec, Auburn, CA) according to

the manufacturer's instructions. In brief, spleen cells were
incubated with saturating concentrations of biotinylated Ab
against CD11b, CD11c and CD8a, along with biotinylated anti-
CD43 for B cell isolation or biotinylated anti-B220 and anti-IAk

for CD4+ T cell isolation and then with Streptavidin MicroBe-
ads, and passed through an LS MACS cell separation column
placed on the magnetic field of a MACS separator. Cells from
the negative fraction were collected and used for transfer or
CFSE staining. Purity was >95% as determined by staining
for B220 and CD4 for B cells and CD4+ T cells, respectively.

CFSE staining

Purified CD4+ T cells were stained with CFSE as previously
described [29]. In brief, cells were suspended in PBSwith 0.1%
BSA at 107 cells/ml, and CFSE was added to reach a final
concentration of 10 mmol/l. After incubating for 10 min at
37�C, cells were washed twice with PBS and resuspended for
transfer.

Cell transfer experiments

Mice (6 to 8 weeks old) were injected intravenously with: a)
106 CD4+ T cells alone or with 3�106 B cells, or b) 107 whole
splenocytes, suspended in 100 ll of PBS, as indicated for each
experiment. Twenty four hours later, mice received an i.p.
injection of 100 lg HEL diluted in 50 ll PBS or PBS alone,
admixed in 50 ll FIA. Three days later mice were killed, spleen
cells were isolated, counted, and used for flow cytometric
analysis or cytokine production assays.

Flow cytometry

Spleen cells were stained by standard procedures with the
following combinations of reagents: anti-CD4-PE, anti-Vb8-
biotin-streptavidin-PerCP, and CD69-FITC; anti-CD4-allophy-
cocianin-Cy7, anti-Vb8-biotin-streptavidin-PerCP, and CD62L-
PE; HEL-FITC, anti-CD19-PE and anti-IAk-biotin-streptavidin-
PerCP; anti-CD80-FITC and anti-CD19-PE; or anti-CD86-FITC
and anti-CD19-PE. Flow cytometric analysis was carried out in
a FACSCalibur flow cytometry system (Becton Dickinson, San
Jose, CA).

Intracellular cytokine expression assay

Cells of the anti-HEL B lymphoma cell line LKDO1.3 were
suspended at a concentration of 5�105 cells/ml in RPMI 1640
medium (Hy-Clone, Salt Lake City, UT) supplemented with
10% FBS and antibiotics. This suspension (500 ll/well) was
placed in 24-well culture plates and incubated overnight with
10 lg/ml HEL. Spleen cells (5 x 105) from the transfer
experiments were added to each well along with 10 lg/ml
brefeldin A and incubated for 4 h. Cells were collected and
stained with anti-CD4-allophycocianin-Cy7 and anti-Vb8-
biotin-streptavidin-PerCP. For intracellular cytokine staining,
cells were permeabilized with BD Cytofix/Cytoperm Solution
(PharMingen) according to the manufacturer's instructions
and incubated with anti-IFN-c-PE or anti-IL-2-PE Ab. Cells
were then analyzed by flow cytometry.
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