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RESUMEN

El virus del papiloma humano tipo 16 (HPV-16) es considerado como el principal agente etioldgico del
cancer cérvico-uterino (CaCu). A la fecha, la mayoria de las estrategias para combatir la infeccién por
este virus estan basadas en ¢l desarrollo de vacunas dirigidas contra la oncoproteina E7. En este trabajo
nosotros evaluamos la capacidad de L. lactis para despertar una respuesta inmune en contra de la
proteina E7 del HPV-16. Primero, debido a que la localizacion de la proteina puede influenciar la
respuesta inmune se evalud que forma de presentacién celular de la proteina E7 (citoplasma, secretada
6 anclada a la superficie) por L. lactis €3 mas inmunogénica. La respuesta inmune més alta fué
generada por la administracion intranasal de la cepa de L. lactis que produce en forma inducible la
proteina E7 anclada a su pared celular. Por otra parte, la respuesta especifica de antigeno (secrecion de
citocinas Th1, IL-2 ¢ INF gama) generada por la administracion de L. lactis recombinante que expresa
la proteina E7 anclada a su superficie fue draméaticamente incrementada por la co-administracion de
una cepa de L. lactis que secreta la citocina IL-12 biologicamente activa. Los datos obtenidos sugieren
que nuestra estrategia puede ser usada para aumentar una respuesta inmune especifica de antigeno e
estimular la inmunidad mucosal. Ademas nosotros analizamos la inmunogenicidad y el efecto anti-
tumor de las cepas de L. lactis recombinantes administradas intranasalmente en un modelo de tumor
TC-1. La proteccion contra el desarrollo del tumor y sobrevivencia se incrementan notablemente en los
animales inmunizados con las cepas de L. lactis recombinantes. Finalmente con la idea de desarrollar
una vacuna segura, con baja o nula actividad transformante, se construyé una cepa de L. lactis que
expresa en su superficie una proteina E7 mutante. Estos prometedores resultados representan un paso al

desarrollo de un nuevo y seguro vector mucosal para tratar el CaCu relacionado al HPV-16.



ABSTRACT

The human papillomavirus type 16 (HPV-16) is considered the main ethiologic agent of cervical cancer
(CxCa). To date, most of the strategies to combat this infection are based on the development of
vaccines directly against E7 oncoprotein. In this study we evaluated the capacity of L. lactis to elicit an
immune response against E7 protein from HPV-16. First, as bacterial antigen location may influence
the immune response, recombinant L. lactis strains producing E7 protein in three cellular locations,
cytoplasm, secreted or cell-wall-anchored were evaluated. The highest immune response was elicited
by intranasal administration of L. lactis producing an inducible cell-wall-anchored form of E7 protein.
Moreover, an antigen-specific cellular response (i.e., secretion of Thl cytokines, IL-2, and IFN-
gamma) elicited by a recombinant L. lactis strain displaying E7 at cell surface was dramatically
increased by the co-administration with a L. lactis strain secreting a biologically active IL-12 cytokine.
The data obtained suggest that our strategy can be used to enhance an antigen-specific immune
response and stimulate local mucosal immunity. In addition, we tested the immunogenicity and anti-
tumor effect of recombinant L. lactis strains administered intranasally in a TC-1 tumor challenge
model. Mice protection and rate survival from TC-1 tumor challenge increase significantly in animals
immunized with recombinant L. Jactis strains. Finally, to develop a safe vaccine with low or no
transforming activity we produced an inducible cell-wall-anchored form of E7 protein mutant. These

promising results represent a step towards the development of a new, safe mucosal vector to treat HPV-

associated cervical cancer.



CAPITULO 1

INTRODUCCION

El cancer cérvico-uterino (CaCu) permanece como la segunda neoplasia mas comiin en la mujer
alrededor del mundo. Cada afio se registran globalmente 466,000 nuevos casos y 232,000 mujeres
pierden la vida debido a esta enfermedad (Garland S, 2003). América latina es una de las regiones del
mundo con mayor incidencia en CaCu, pero en México este padecimiento representa la primer causa de
muerte por cancer en la mujer (Mohar ez al., 1997). Por lo tanto, dado el gran problema de salud publica
que representa esta enfermedad, el desarrollo de una vacuna profilctica y/o terapéutica es una prioridad
para prevenir o tratar, respectivamente el CaCu.

La relacion causal entre las infecciones persistentes con ciertos genotipos del virus del papilloma
humano (HPV) y el CaCu esta bien establecida (Furumoto & Irahara, 2002, Muiioz et al 2003).
Recientemente Koutsky et al. (2002) demostraron el efecto profilactico de una vacuna basada en
particulas tipo virales (VLP’s) en ensayos clinicos en un grupo de mujeres. En dicho estudio sc encontrd
una significativa reduccion en la incidencia de la infeccién con HPV del tipo 16 (HPV-16), asi come en
el desarrollo de CaCu relacionado al HPV-16. Sin embargo, el desarrollo de este tipo de vacunas no es
una opcién terapéutica en pacientes infectados, ya que las proteinas de la cipside del virus no son
detectadas en los casos de CaCu. La proteina E7 del HPV-16 es constitutivamente producida en
carcinomas cervicales y esencial para ¢l proceso de transformacién (Baker et al., 1987; Bedell et al,,
1987; Dyson et al., 1989; Tanaka et al., 1989) por lo cual se considera un buen antigeno, candidato para
el desarrollo de una vacuna terapéutica contra el CaCu.

En varios trabajos se ha estudiade el uso de bacterias como vectores de expresion del antigeno
E7 para despertar una respuesta inmune contra el HPV-16. En estos estudios los -vectores usados han

sido cepas atenuadas de bacterias patégenas como Salmornella y Mycobacterium spp. (Lodofio et al,.



1996; Jabbar st al., 2000). A pesar de que estas cepas recombinantes despiertan una respuesta inmune,
ciertos factores como su invasividad y el riesgo de reversién a su estado patogénico limitan su uso en
grupos vulnerables, como nifios y pacientes inmunosuprimidos. De ahi la necesidad de desarrollar una
nueva generacion de vehiculos seguros. Las bacterias lacticas (BL) son prometedores vectores para la
expresion de antigenos in vivo. Son ampliamente utilizadas en la elaboracién de productos licteos,
ademds algunas especies exhiben efectos probidticos en humanos. Comparadas con otros vectores vivos
las BL son considerados micoorganismos seguros, grado GRAS (por sus siglas en ingles, Generally
Recognized As Safe). Lactococcus lactis es una BL trasciende, no-colonizante, del tracto digestivo,
(Drouault et al, 1999; Geoffroy et al., 2000), lo cual disminuye el riesgo de obtener una tolerancia al
antigeno, como sucede con otras bacterias.

Nuestro equipo ha logrado expresar eficientemente el antigeno E7 en L. lactis (Bermuidez-
Humarin et al., 2002, 2003a; Cortes-Perez et al., 2003) lo cual ha representado un importante paso para
el desarrollo de una vacuna contra CaCu. A pesar de que una alta produccion de proteinas heterdlogas
ha sido obtenida en L. Jactis con el uso de promotores constitutivos (de Vos, 1999), la continua
expresion de altos niveles de proteina puede conducir a una acumulacién intracelular o la degradacién
en el citoplasma, lo cual puede resultar detertorante para la célula; En este estudio nosotros evaluaremos
el uso de un sistema inducible por nisina [NICE (de Ruyter et al., 1996; Kuipers et al., 1998) en el cual
la expresion de un gen puede ser regulada mas de 1000 veces] para producir la proteina E7 del HPV-16
en L. lactis. Ademds, como la inmunogenicidad puede depender de la localizacidon del antigeno,
evaluamos también la respuesta inmune de tres cepas de L. /actis que expresan el antigeno E7 en tres
localizaciones diferentes (en citoplasma, secretada en el medio de cultivo y anclada a pared celular).
Una vez establecido el sistema de expresidon mas eficiente, en éste trabajo se utilizara también una
proteina E7 que posee mutaciones que modifican la estabilidad de la proteina y directamente afectan su
capacidad transformante, esta proteina mutante es capaz de inducir una actividad citotéxica mayor y una
mejor protecciéon contra tumor que la proteina nativa, en vacunas de DNA; por lo cual se pretende
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mediante ingenieria genética expresar esta mutante en L. lacfis y proponerla como una nueva
herramienta terapéutica capaz de prevenir y combatir tumores que expresan E7. Finalmente
analizaremos la respuesta inmune en un modelo animal, después de la administracién nasal de L. lactis

recombinante que expresa el antigeno E7 del HPV-16, la proteina E7mutante y 1a Interleucina 12.

1.1 Justificacién y objetivos de la tesis

El CaCu es uno de los principales tumores en la mujer, y contribuye a un alto mimero de
defunciones en todo el mundo. Sin embargo en América latina es una de las regiones del mundo que
posee la mayor incidencia de CaCu. Afortunadamente el CaCu se considera una enfermedad curable
gracias a que se conoce ¢l agente etiologico, el HPV-16. En este contexto el objetivo principal de este
trabajo es el de desarrollar un nuevo vector seguro y de bajo costo de produccion para despertar una
respuesta inmune en contra de este virus. Dicho vector es Lactococcus lactis, una bacteria utilizada
cominmente para la producciéon de productos ldacteos y la cual ha sido manipulada en los ultimos afios
para ¢l desarrollo de nuevas vacunas. Para despertar la respuesta inmune contra el HPV-16, se ¢ligio
como antigeno la proteina E 7, la cual es c onstitutivamente producida en ¢ asos de CaCu. Primero se
analizara la respuesta inmune contra la proteina E7 expresada en varias localizaciones de L. lactis, una
vez determinada la forma mas inmunogénica, se tratard de aumentar la respuesta inmune mediante el
uso de una cepa de L. lactis que secreta una molécula estimuladora del sistema inmune, la interleucina-
12. Finalmente con la idea de usar la estrategia de este estudio en el humano se e);presaré una proteina

E7 mutante con bajo poder transformante.



CAPITULO 2

ANTECEDENTES

2.1 Cancer cérvico-uterino (CaCu). El cérvix o cuello uterino es la parte inferior, estrecha, del ttero.
El atero es un drgano hueco, en forma de pera, que esta ubicado en la parte baja del abdomen de la

mujer, entre la vejiga y el recto. El cérvix forma un canal que desemboca en la vagina, ¢l cual conduce

al exterior del cuerpo (Fig 1).
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Fig. 1. Localizacion de cuello uterine. Sitio de inicic del proceso de transformacion por HPV

El Cacu es el resultado de una serie de cambios progresivos que comienza con la aparicion de
células atipicas en las capas basales del epitelio escamoso, cambios en el nicleo, citoplasma, aumento
de las imagenes mitéticas y pleomorfismo. Principalmente se reconocen dos tipos histolégicos de CaCu:
el epidermoide, (espinocelular o de células escamosas) y el adenocarcinoma. El primero se origina en el

epitelio plano estratificado que recubre el ectocérvix y el segundo en el epitelio cilindrico que tapiza el
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canal endocervical; un tercer tipo se origina en la mucosa endometrial y constituye €l adenocarcinoma
del endometrio, sin embargo el 85-90% de los casos del CaCu es del tipo epidermoide y usualmente
aparece en la unién entre el canal cervical y el ectocérvix. En esta area el epitelio columnar es
reemplazado por el epitelio escamoso. Sin embargo no todas las células anormales que aparecen en el
cérvix son cancerigenas, las lesiones intraepiteliales, las cuales son precursoras del cancer invasor, estan
formadas por tejido anormal que aparece s6lo en la superficie del cérvix, suelen aparecer sobre todo en
mujeres jovenes, por abajo de los 40 afios de edad y a veces desaparecen de forma espontanea. Estas
lesiones precursoras son conocidas como neoplasia intraepitelial cervical (NIC I, II y III) y se
caracterizan por cambios displasticos del epitelio cervical. Los casos mdas graves se desarrollan en
mujeres de 30 a 40 afios y puede tardar meses, e incluso afios en provocar el cincer, Si van mas alla de
la superficie y crecen hacia la profundidad del cérvix se llaman lesiones invasivas y suelen aparecer a
partir de los 40. Estudios epidemiolégicos han establecido la existencia de una asociacién entre el cancer
del cuello uterino y midltiples factores sociales interdependientes, relaciones sexuales a temprana edad,
¢l habito de fumar, condicidn socio-econdmica entre otros; pero la opimon general es que la mayoria de
los casos, el cancer de cuello debe considerarse como una enfermedad de transmisidn sexual, ya que la
relacion c ausal entre las infecciones persistentes con ciertos genotipos del HPV y el CaCu estabien
establecida (zur Hausen, 1996, Stern et al., 2001, Steller M, 2002, Furumoto & Irahara, 2002, Mufioz e¢
al 2003). DNA de HPV ha sido detectado en mas del 99% de los tumores cérvico-uterinos (Steller M
2002).

El Papanicolaou (Pap) es la principal herramienta para combatir el CaCu, consiste en la
deteccion temprana de lesiones cervicales pre-malignas o malignas que requieren posterior evaluacion.
Una vez diagnosticada la enfermedad, los pacientes con NIC I generalmente no requieren tratamiento,
sin embargo los pacientes con NIC II y NIC III si lo requieren para prevenir el desarrollo de lesiones
invasivas. De manera general existen dos alternativas para erradicar este tipo de lesiones (NIC II y NIC

11T, la primera incluye el uso de crioterapia, vaporizacién laser y procedimiento de escisién con asa
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eléctrica; la segunda, implica un procedimiento quinirgico con reseccion de un irea en forma cénica de

tejido cervical, incluyendo parte del canal endo-cervical (conizacién cervical o biopsia en cono).

Cuando las condiciones precancerosas estan presentes, puede que no existan sintomas aparentes o
problemas (en las primeras etapas el CaCu es asintomitico), pero en etapas avanzadas se puede
presentar descarga vaginal, sangrado, flujo anormal, y dolor. El diagnéstico de enfermedad invasiva es
normalmente realizado mediante biopsia de una lesién visible en examinacion pélvica o por biopsia de
una lesion observada durante el estudio colposcdpico. Los estadios del CaCu son clasificados de
acuerdo a criterios puramente clinicos, €l tratamiento depende de lo avanzado que esté. Si se encuentra
en la primera etapa se puede extraer quirigicamente vinicamente la parte dafiada. Puede que se extraiga
todo el 1itero cuando se tiene cancer en el cuello del 1itero. En una histerectomia el médico extrae todo el
uitero, incluyendo el cuello del 1tero, algunas veces inclusive los ovarios y los tubos de Falopio. El
médico puede inclusive extraer los nédulos linfiticos cerca del \tero para revisar si el céncer ha sido
propagado a estos drganos. Los exdmenes regulares de Pap pueden detectar problemas prematuramente

antes de que el cancer progrese a una etapa avanzada. Lo cual ofrece a la mujer una mejor oportunidad

de tratamiento.

2.2 Asociacién entre HPV y cancer.La infeccién genital por HPV esta ampliamente diseminada en el
mundo, es considerada la enfermedad de transmisién sexual mas comun, con una prevalencia de hasta el
50% (Holly EA. 1996, Hagensee ME. 1999). Los papilomavirus son un grupo heterogéneo de virus de
DNA circular de doble cadena, el cual consiste de aproximadamente 8 Kb. (Fig 2). El genoma codifica para
seis proteinas tempranas (E1, E2, E4, E5 E6 y E7) y dos tardias (L1 yL2). Los dos genes “L” codifican
para proteinas de la capside viral, mientras que los genes “E” codifican para proteinas que cumplen una

variedad de funciones regulatorias (Zur Hausen H.1996, Steller M 2002,). Presentan ademas una region



larga de control (LCR) conteniendo aproximadamente 1000 pb en la que se han identificado secuencias

estimuladoras y represoras de la transcripeion viral.

Fig. 2. Representacion esquemdtica de la organizacion
gendémica del HPV-16.

Los HPV son epiteliotréficos, infectan varios sitios en el cuerpo, incluyendo la piel, boca, es6fago y
tracto anogenital. Han sido idenfiticados mas de 100 genotipos de los cuales 20 muestran tropismo por
el tejido del tracto anogenital. Los HPV mucotrdpicos han sido agrupados dentro de las categorias de
bajo o alto riesgo, en base a la asociacion de cada genotipo con el proceso de enfermedad benigna o
maligna. Los tipos de bajo riesgo HPV-6 y HPV-11 han sido detectados en lesiones benignas, pero
nunca en carcinoma cervical, en contraste los tipos HPV-16 y HPV-18 han sido detectados en mas del
70% de los casos de carcinomas de celulas escamosas [de ellos el HPV-16 es ¢l mas importante
(Galloway, 1994)]. Otros tipos de alto riesgo incluyen HPV-31, -33, -35, -39, -45, -51, -52, -56, -58, -

59, y -68. (Durst et al., 1983; Boshart ef al., 1984; zur Hausen, 1985; McCance, 1986, Steller M 2002).



E1 HPV infecta las capas basales del epitelio (piel y mucosas) y tiene acceso a ellas por medio de
heridas o escoriaciones. Basicamente pueden existir dos tipos de infecciones con el HPV i) Infecciones
productivas, las cuales originan particulas virales, el ensamblaje de dichas particulas se lleva a cabo a
medida que la célula migra hacia la superficie es por ello que las particulas virales son encontradas solo
en las capas mas superficiales del epitelio. (Fig. 3 y 4), y ii) Infecciones no productivas, en las cuales
genoma del HPV se integra al de la célula, dando lugar a la sintesis de oncoproteinas produciendo la

transformacion e inmortalizacién de sus células blanco. (Fig. 4).

Spinous cedls
Vired resilication
Human pandiomavirus
V)
Bassad ceifs
Cellular peokferation

Fig 3. Infeccién productiva. Formacion de particulas virales maduras

En general en lesiones benignas el DNA del HPV es enconirado de forma episomal pero en
turnores malignos se encuentra integrado al ADN de la célula hospedera (Boshart et al., 1984; McCance,
1986). En el proceso de transformacién celular estan involucrados algunos genes de expresién temprana
del virus. Dentro de los primeros eventos en la inmortalizacién de las células es la desregulacion del
promotor P97 del HPV; el cual dirige la expresién de los oncogenes E6 y E7 (Jeon et al., 1995). Este
promotor se encuentra normalmente regulado por la proteina E2, sin embargo la expresion del gen E2 se

ve interrumpida por la integracién del virus al DNA del hospedero (Thierry & Yaniv, 1987). Después de



la integracion las particulas virales no pueden ser producidas, pero la continua expresion de los genes E6
y E7 prolongan el ciclo de vida celular, destacando la perdida de la eficiencia de los mecanismos
repatradores del DNA. Esto permite la acumulaciéon de cambios genéticos importantes que pueden

resultar en el desarrollo del cncer (Stern et al., 2001, Galloway, 2003).

Fig 4 Infeccion con HPV y desarrollo del CaCu

2.3 La Proteina E7 del HPV-16. Los genes E6 y E7 del HPV-16 son expresados constitutivamente en
carcinomas cervicales (Smotkin & Wettstein, 1986) y son requeridos para el proceso transformante. El

principal mecanismo por medio del cual E6 y E7 contribuyen al d esarrollo d ¢l ¢ &ncer c ervical es 1a
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interaccién funcional con las proteinas celulares p53 y Retinoblastoma (Rb), estas proteinas juegan un
papel pivotal en el control del crecimiento celular (Howley ef al., 1989; Miinger ef al.,, 1989). La
proteina E7 es también capaz de interaccionar con ofros componentes celulares como ¢l encogen ras
activado, ciclinas A y E, causando la desregulacién del ciclo celular y la transformacion (Dyson, N ef al,
1989, Jones, D. L., et al., 1997, Kanda, T., et al., 1988).

La proteina E7 del HPV-16 es una fosfoproteina nuclear de 98 aminoacidos (aa), sin actividad
enzimatica (Smotkin & Wettstein, 1986), En células eucariotas, tiene una vida media de 30 a 40 min. La
proteina E7 es ampliamente estudiada debido a su relacion con el CaCu. Su produccién se ha
desarrollado tanto en sistemas eucariotes como en procariotes. En células de mamiferos transformadas,
solo se detecta el RNA mensajero (Bedell ez al., 1987, Kanda et al., 1988) lo cual sugiere que la proteina
se degradada después de la traducci6n. En levaduras, la produccién de E7 nativa ha sido reportada en su
forma bioldgicamente activa en Schizosaccharomyces pombe (Tommasino et al., 1990) en localizacién
nuclear, asi como de forma secretada en Saccharomyces cerevisiae (Carter et al., 1991). En los sistemas
procariotes, la produccién de E7 fue reportada en Escherichia coli como una proteina fusionada a otras
(Seedorf ez al., 1987, Sato ef al., 1989, Barbosa ef al., 1989) y posteriormente en su forma nativa (Imai
et al., 1991; Pahel et al., 1993). La inmunogenicidad de E7 ha sido demostrada en diferentes sistemas,
(Chen et al.,, 1991, Feltkamp et al., 1993, Lin et al., 1996, Londofio et al., 1996, Jabbar et al., 2000).
Ademas de que la proteina E7 es mantenida y expresada en tumores cervicales, su secuencia no muestra
homologia con proteinas celulares humnanas, lo cual elimina el riesgo de una respuesta autoinmune
(Steller, 2002). Estas observaciones soportan la idea de que la proteina E7 es un atractivo blanco para el
desarrollo de vacunas ¢ inmunoterapia contra CaCu .

Una regién dentro de la proteina E7 contiene dos motivos conservados Cys-X-X-Cy en su
extremo carboxilo (Barbosa et al., 1989; Rawls et al., 1990) que tienen la capacidad de unirse al Zn*" .
Las mutaciones en uno solo de los motivos Cys-X-X-Cys, los cuales son conservados entre diferentes
proteinas E7, reduce la actividad transformante de la proteina. Dobles mutantes en estos motivos tienen
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muy poca actividad transformante (Edmonds C er al., 1989). Se cree que estos motivos forman dedos de
zinc los cuales son importantes para mantener la estabilidad de la proteina (Barbosa M et al., 1989,
Berezutskaya, E. ef al., 1997) ya que estas mutaciones generan una proteina inestable, sin embargo, en
un estudio realizado con vacunas de DNA, en el cual utilizaron el ORF de esta proteina E7 mutante (58
Cys—Gly, 91 Cys-—Gly), observaron que esta condicién favorece la induccion de una mayor respuesta

inmune especifica de E7 y una mejor proteccién contra tumor que la proteina estable E7 nativa (Shi W

et al., 1999)

2.4 Inmunologia del CaCu. Ciertas observaciones indican que ain y cuando la deteccion del HPV
anogenital es muy comun, selamente una pequeifia proporcion de estas mujeres desarrolla una neoplasia
intraepitelial cervical (NIC). Este fenémeno se debe a que, segin datos epidemioldgicos existe una
respuesta inmune protectora contra el desarrollo del CaCu una vez que se ha establecido la infeccién con
el HPV y que aquellas mujeres que llegan a desarrollar NIC carecen de tal respuesta (Sillman ef al.,
1084; Caussy et al., 1990). Ademdis existe evidencia clinica que sugiere que los HPV establecen
infecciones latentes o persistentes y que estas estdn relacionadas con la progresién de la enfermedad
cervical. Pacientes en estados de inmunosupresion, por transplantes o bien como resultados de la
infeccién con el virus de la inmunodeficiencia humapa (HIV), frecuenternente desarrolian lesiones
asociadas a HPV, lo cual indica que el HPV establece una infeccién subclinica que es controlada por la
inmunidad mediada por células (Galloway, 2003).

La respuesta humoral es importante s6lo para infecciones productivas, en las que las particulas
virales salen al espacio extracelular por exocitosis o durante la lisis celular. Estudios serologicos usando
particulas tipo virales (VLP’s) indican que los individuos expuestos al HPV con o sin lesiones cervicales
desarrollan anticuerpos sistémicos contra la proteina L1. Ademas se han encontrado anticuerpos de tipo IgA
en secreciones cervicales, pero estos no estin relacionados con la reversion de las lesiones (Bontkes ef al
1999). En individuos inmunocompetentes el sistema inmunolégico es capaz de combatir las lesiones
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previas al CaCu invasor (condilomas y NIC), y mantener al tumor localizado. Por ejemplo, durante la
regresion de las verrugas genitales se presentan infiltrados locales muy importantes de células
mononucleares, incluyendo linfocitos T citotéxicos (CTL), células asesinas naturales (NK) y macréfagos
que invaden la epidermis y destruyen las células neoplasicas. Sin embargo no es sorprendente que en los
pacientes con cancer invasivo exista poca produccién de anticuerpos anti-L1, ya que en esta etapa, no hay
formacion de particulas virales (Nonnenmarcher ez al 1995)

En las etapas iniciales de la enfermedad la respuesta inmune es aun efectiva, pero durante su
evolucion, las células adquieren nuevas modificaciones genéticas que les confieren ventajas selectivas para
evadir cada vez mejor los mecanismos de control del sistema inmune hasta que éste se hace ineficiente
(Stern et al., 2001), Alteraciones en las células presentadoras de antigeno (CPA) a nivel cervical pueden
proteger al tejido infectado del sistema inmune del hospedero. Analisis recientes muestran una reduccion en
el numero de células de Langerhans [células dendritricas (CD) epidermales inmaduras] en infecciones por
HPV y displasias, posiblemente influenciada por la expresion de los genes virales (Commor et al., 1999); Se
ha demostrado también que en lesiones cervicales existe una falta de activacion de las células de
Langerhans, aunado a una regulacién negativa del factor de necrosis tumoral (TNFa) producido por los
queratinocitos, y una sobre-expresion de la interleucina 10 (IL-10) en NIC (Mota et al., 1999). Ademas los
productos de los genes E6 y E7 de los HPV de alto riesgo modulan la ruta de sefializacién mediada por el
interferén gamma (INF o), esto provee una manera de evadir la respuesta del sistema inmune (Barnand et
al., 1999, Li S et. al, 1999). En algunas lesiones progresivas el sistema inmune puede no ser disparado hasta
que haya ocurrido la integracion y otros eventos celulares que desencadenan en la transformacion,
comprometiendo la inmunidad en la resolucidn de la malignidad. Los CTL podrian dirigir 1a resistencia al
tumor. Sin embargo es altamente frecuente que las moléculas del sistema mayor de histocompatibilidad tipo
1, (HLA-1), estén sub-reguladas en NIC lo cual esta directamente relacionado con la progresion de la
enfermedad (Keating ef al., 1995, Bontkes et al., 1998). Anilisis moleculares de carcinomas cervicales
myesiran que estas sub-regulacion de las moléculas de HLA clase I es el resultado de multiples
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mecanismos genéticos y ocurre en al 90% de los tumores, lo cual afecta fuertemente la funcion efectora de

los CTL (Koopman et al., 2000)

2.5. Estrategias de intervenciéon inmune. El objetivo de la inmunizacién profilactica y terapéutica es la
estimulacién de la respuesta inmune para producir moléculas y/o células efectoras para prevenir la
infeccion o eliminar las células infectadas o transformadas. Toda estrategia de inmunizacion debe estar
basada en identificar antigenos especificos; a pesar de que los blancos responsables de la regresion
inmune de lesiones asociadas a HPV no han sido claramente identificados. Tomando en cuenta el ciclo
de vida celular del HPV, los genes L1, L2 o E6 y E7 y sus productos, pueden ser excelentes candidatos
para el desarrollo de vacunas. Las proteinas E6 y E7 de HPV-16 han sido reconocidas como antigenos
tumorales altamente especificos dado que son capaces de inducir la generacién de CTL CD8+ y estos a
su vez pueden eliminar células tumorales (Chen et al., 1991; Chen et al., 1992; Tarpey ef al., 1994;
Felkamp et al., 1995). La capacidad de activar células CTL ha estimulado la posibilidad de desarrollar
vacunas basadas en esta proteina, ademds, la activacion de los linfocitos T ofrece la ventaja de producir
memoria de largo plazo y no requiere la persistencia del antigeno (Lau ef al., 1994; Mullbacher, 1994).
Las vacunas profilicticas y terapéuticas desempefian un importante papel en el combate de la
enfermedad asociada a HPV. Una vacuna profilactica puede prevenir la infeccién al generar una
respuesta inmune efectiva en el sitio y tiempo de la infeccién, lo cual inhibe el establecimiento de la
misma y la re-infeccién. Por otra parte la vacunacion terapéutica podria directamente eliminar la
infeccidn establecida, tanto en la enfermedad benigna como maligna.

La mucosa genital se caracteriza por ser un area de muy pobre inmunogenicidad para el huésped;
principalmente por las limitaciones de los queratinocitos para funcionar como células presentadores de
antigeno (Tindle, 1996). Una estrategia de vacunacioén profilactica debe superar estos problemas de
inmunogenicidad, por ejemplo la vacunacién con subunidades simples basadas en la proteina L1
desnaturalizada no ha tenido buenos resultados en estudios animales (Pilacinski et al., 1986). Dentro de
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las dificultades del uso de virus completos es la falta de habilidad para propagar el virus in vitro, ademas
tampoco es facil obtener cantidades razonables de viriones de las lesiones. Afortunadamente se ha
demostrado que la proteina L1 tiene la capacidad infrinseca de auto ensamblarse, para producir
particulas tipo virales (VLP) libres de ADN, los cuales son morfolégicamente indistinguibles de los
virus infecciosos, y presentan epitopes altamente inmunogénicos (Kimbaur et al., 1992); Asi también se
han producido las proteinas L1 y L2 en levaduras y en otros tipos de células usando como vectores virus
vaccinia, baculovirus y virus de semliki forest (Lee Cann et al., 1995; Hofiann et al., 1996; Heino et
al., 1995; Ghim et al., 1996). Actualmente existen 17 vacunas virales con licencia para su uso en
humanos basadas en virus muertos o atenuados (Stemn et al., 2001)

El desarrollo de vacunas terapéuticas se enfoca en despertar una respuesta de tipo citotéxica en
contra de los oncogenes virales constitutivamente expresados en las lesiones cervicales. Como ya
mencionamos la expresion de las proteinas E6 y E7 son necesarias para mantener la capacidad
transformante de las células por lo cual son consideradas especificas de tumor y representan blancos
potenciales para dirigir una vacuna que controle los tumores inducidos por el HPV. Una vacuna
terapéutica eficaz debe de inducir la activacidn de CTL especificos de epitopes derivados de proteinas
virales (E6 o E7) procesadas intracelularmente y presentadas en el contexto de cualquiera de las
moléculas de HLA-I del huésped.

Existe una gran variedad de métedos para el desarrollo de vacunas terapéuticas, tal es el caso de la
vacunacion con péptidos sintéticos, las vacunas de DNA, las vacunas basadas en células dendriticas, y las
mediadas por bacterias vivas. Los péptidos sintéticos no son eficientes inductores de CTL contra el E7 del
HPV (Jochmus et al, 1997), probablemente porque no son presentados al organismo de forma
inmunogénica como lo hace la protcina endégena. La estimulacion del sistema inmunolégico de mamiferos
mediante vacunas de ADN representa una nueva forma de vacunacién, que ha mostrado en repetidas
ocasiones inducir una respuesta inmune celular y humoral (Ulmer ez al., 1993; Robinson, 1997; Donnelly et
al., 1998). A pesar de ello, la falta de induccién de la respuesta inmune a nivel mucosal es una de las
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principales limitaciones de este tipo de sistemas. Por este motivo las nuevas investigaciones se han
enfocado en dirigir las vacunas de ADN directamente a sitios inductivos del sistema inmunolégico de

mucosas, tal es el caso de la i nmunizacidon via vaginal directa, 1a oral y la nasal (Jones et af,, 1997b;

Klavinskis et al., 1997; Wang ef al., 1997).

2.6 Adyuvantes ¢ Inmunoestimulantes. Frecuentemente los péptidos y la mayoria de los antigenos en
cincer son poco inmunogénicos; Para sobrellevar esta limitacién pueden ser alterados por
modificaciones en su secuencia de aminoacidos, conjugarse con moléculas inmunoestimuladoras y ser
coadministradas con adyuvantes. Varios péptidos estimulantes de linfocitos T ayudadores (HTL) han
sido encontrados (Alexander ef al., 1994), la unién covalente de estos epitopes a dos residuos de acido
palmitito, y un epitope del péptido E7 del HPV-16 se encuentra en estudio de fase clinica (Steller et al.,
1998). El adyuvante incompleto de Freud's ha sido utilizado clinicamente por varios afios, pero
permanece como un adyuvante no especifico que algunas veces induce una respuesta inflamatoria local
no deseada. Otros inmunoestimulantes en investigacién incluyen, al complejo estimulador inmune
(ISCOM) citocinas y moléculas estimulatorias.

La interleucina-12 (IL-12), previamente conocida como un factor estimulador de células NK y
factor de maduracién de CTL, es un heterodimero compuesto de dos subunidades (p35 y p40),
producido por CPA, tales como macréfagos, células dendriticas y células de Langerhans; dentro de sus
actividades bioldgicas se incluyen el aumento de CTL, activacion y proliferacion de células NK,
aumento de citotoxicidad, induccién de la produccién de INF-y por cé€lulas NK y linfocitos T entre otras.
(Gately et al., 1992; Kiniwa et al., 1992; Scott, 1993). Varios estudios muestran que la IL-12 es también
un adyuvante efectivo para estimular la respuesta inmune (Metzger et al., 1996, 1997). El efecto de la
administracién nasal (i.n.) en funcién, tanto de la inmunidad de mucosas como sistémicas fue estudiada

por Arulanandam & Metzger (1999) y concluyeron que IL-12 puede ser por lo tanto administrada i.n. de
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una manera no invasiva para influenciar la respuesta inmune humoral de una manera similar a la

administracion parenteral y servir como un adyuvante efectivo y seguro en el desarrollo de vacunas.

2.7 Lactococcus lactis como BL. modelo en el disefio de vacunas. En la mayoria de los casos los
vectores bacterianos utilizados para la expresién de antigenos heterélogos son bacterias Gram negativa;
probablemente debido al gran numero de herramientas disponibles para su manipulacion genética y al
gran conocimiento que se tiene de estos organismos. Sin embargo, dichos organismos generalmente son
patégenos para el humano y alin y cuando hayan sido manipulados extensamente para reducir o eliminar
su patogenicidad, mantienen ciertas caracteristicas invasivas (Cadoz et al., 1992; Tacket et al., 1992;
Tartaglia et al., 1992). Por tal motivo se han desarrollado sistemas con bacterias Gram positivas no
patogénicas (Iwaki et al., 1990; Hansson et al., 1992; Pozzi et al., 1992; Wells ef al., 1993; Piard et al.,
1997; Le Loir et al., 1998). En estos sistemas el antigeno ha sido expresado en citoplasma o secretado al
medio de cultivo (Iwaki et al., 1990; Wells ef al., 1993; Le Loir ef al., 1998;), en otros se ha optado por
presentar el antigeno en la superficie celular (Hansson ez al., 1992; Nguyen et al., 1993; Pozzi et al.,
1994; Medaglini ef al., 1995; Samuelson ef al., 1995; Gunneriusson ef al., 1996; Piard ef al., 1997).
Lactococcus lactis es un organismo Gram positivo perteneciente al grupo de bacterias lacticas
(BL); clasificado como un microorganismo “generalmente seguro” (GRAS), no patdgeno y no
colonizante, Ademas, ¢s un organismo ampliamente usado en la produccidén de productos lacteos
fermentados. Son varias las propiedades de esta bacteria que la hacen un atractivo modelo para la
secrecidn de proteinas biolégicamente activas, ya que no secreta proteasas ni alguna ofra proteina ¢n
cantidades significativas, caracteristica que ademés puede simplificar los anlisis de las proteinas
secretadas. A la fecha numerosas proteinas heter6logas han sido producidas y secretadas existosamente
en L. lactis usando péptidos sefiales (SP) nativos 6 sintéticos (Perez-Martinez et al, 1992; Simonen &
Palva, 1993; van Asseldonk et al., 1993; Steidler et al., 1995; Norton et al., 1997; Savijoki et al., 1997,
Le Loir et al., 1998). Estudios con modelos animales y en voluntarios alimentados con lactococos vivos
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han mostrado que es una bacteria transitoria del tracto digestivo, sin evidencia de colonizacién (Gruzza
et al., 1994; Klijn et al., 1995) a pesar de ser no colonizante L. lactis es capaz de expresar antigenos y
presentarlos al sistema inmune de forma inmunogénica. (Wells & Schofield, 1996, Steidler ez al., 1998).
Ademas, otra ventaja que ofrece esta BL para el desarrollo de vacunas es que su pared celular es un
adyuvante natural. Todas estas caracteristicas podrian favorecen la aceptacidn de L. lactis como un
vector de inmunizacion en humanos. Por lo cual ha comenzado a utilizarse como vehiculo de expresion
de proteinas heterdlogas para inmunizacién via mucosa.

A pesar de que una alta produccidn de proteinas heterélogas ha sido obtenida en L. Jactis con el
uso de promotores constitutivos (de Vos, 1999), la continua expresién de altos niveles de proteina puede
conducir a una acumulacién intracelular o la degradacién en el citoplasma, lo cual puede resultar
deteriorante para la célula, ademas, dado que L. lactis es un organismo no colonizante es recomendable
el uso de un sistema de expresion in vitro (inducible) que garantice que la proteina de interés sea
producida antes de la aplicacién (inmunizacién, por ejemplo). En 1996 de Ruyter y colaboradores
desarrollaron un sistema de expresién génica controlada (NICE); el cual es un sistema que puede regular
la expresion de un gen mas de 1000 veces (de Ruyter et al., 1996). Dicho sistema esta basado en el uso

de una bacteriocina (nisina) como inductor de la transcripcién de genes situados bajo el control del

promotor nisina,
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CAPITULO 3

ESTRATEGIA EXPERIMENTAL

3.1 Bacterias y plasmidos usados en este trabajo. Las bacterias y plasmidos utilizados en este trabajo
se presentan en la Tabla 1. Lactococcus lactis fue crecido en medio M17 (DIFCO) suplementado con
1% de glucosa (GM17) a 30°C sin agitacion. Escherichia coli se creeid en medio Luria-Bertani (LB,
Sambrook et al., 1989) a 37°C con agitacién vigorosa. Los plasmidos fueron mantenidos por la adicién
de los siguentes antibidticos: para E. coli 100 pg/ml de ampicilina (Amp), ¢ 10 pg/ml de cloranfenicol

(Cm) y para L. lactis 10 pg/ml cloranfenicol 6 5 pg/ml de eritromicina (Em).

Tabla 1: Cepas y plasmidos usados.

Cepa Genotipo Referencia
E. coli TGl supE, hsd, A3, thi, Allac-proAB), F'(traD36 prodAB-lacZAM 135} Gibson, 1984.
L. lactis NZ9000| MG1363 (genes nisRK en cromosoma). Sin plismidos Kuipers et al., 1998.

. Cm'"; Cepa de L. lactis NZ9000 que expresa la proteina E7 cn su citoplasmg
NZ{pCYT:ET) bajo ¢l control del promotor Py,
NZ(ESEC:ET) Cm'"; Cepa de L. lactis NZ9000 que secreta la proteina E7 bajo el control de
promotor Py
) Amp', Em'; Cepa de L. lacris NZ9000 que expresa en su superficie la proteing
NZ(E?-CWA) E7 bajo el control del promotor Py
NZ(pSEC:scll- | Cm"; Copa de L. lactis NZ9000 que secreta la interleucina-12 murina bajo e

Bermidez-Humarén et al., 2002

Bermidez-Humaran et al., 2002

Cortes-Perez et al., 2002

Bermiidez-Humarén et al., 2002

12) control del promator P,y
Plasmidos | Replicin Caracteristicas del plasmido y cassettes Referencia
. Cm'"; casseite de expresién de la proteina E7 nativa bajo e o .
pCYT:E7wt pWVol1 control del promotor Py Bermudez-Humaran et al., 2002
pSEC:E7wt pwvol | O cassetle de expresion del precursor SPuqpus:E7 bajo o po o iac, Humargn et al., 2002

contro] del promotor Py
1L.252 Amp', Em'; cassette de expresion del precursor SPygs:E7
P CWA bajo el conirol del promotor P,

pIL:E7wt-Usp-

CWA Cortes-Perez et al., 2002

PCWA:Usp-E?wt|  pWVO1 gnwa ;ﬁiﬁem‘fm"lxgﬁjf:mgﬂr g’;‘“"f SPyspss'Usp-E7 Este trabajo
A | pILas G o a o ek conaact prormoter Py Este trabajo
sownzne | e |cos e i et o o STV
N I e T
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3.2 Manipulaciones del DNA y enzimas usadas. Para el aislamiento del DNA plasmidico de E. coli se
uso el método de Birnboim & Doly (1979) y el descrito por Langella et al. (1993) para L. lactis. Todas
las enzimas de restriccion (New England) y modificacion, (Stratagene y MBI Fermentas) fueron
utilizadas de acuerdo a las especificaciones del proveedor o como se ha descrito previamente (Sambrook
et al., 1989). Para analizar los fragmentos de DNA, se usaron geles de agarosa 1% TBE (45 mM Tris-

Borato, 1| mM EDTA) mas 0.2 ug/ml de Bromuro de Etidio.

3.3 Construcciéon de un vector para la expresion en la superficie de L. lacfis de una proteina E7
mutante bajo la regulacién de un promotor inducible. Para construir un vector de expresion de una
proteina E7 mutante (E7mm) del HPV-16, primero se amplificé por PCR un gene E7mm a partir del
plasmido BC219-E7mm (gentilmento donado por €l Dr. Lian Qiao; [Shi ef al., 1999]). La secuencia de
los primers usados fue 1a sigueinte: E 7/8all (5°-AGTCGACCCATTGCATGGAGATACACCTACAT
TG-3") para la cadena codificante y E7/EcoRV (5’-CGATATCTCTGGTTTCTGAGAACAGATGGG
GCA-3") para la complementaria. Posteriormente el fragmento de PCR obtenido se subclono con el kit
pCR TOPO TA-Cloning (Invitrogen), para obtener TOPO:E7mm. Finalmente de este vector se purificd
un fragmento de DNA con las enzimas Sall y EcoRV y se cloné en el vector pVE5547 (Dieye et al.,
2001) digerido con las mismas enzimas para obtener pIL:Usp-E7mm-CWA (Tabla 1). Esta construccion

se introdujé en la cepa NZ9000 de L. lactis para obtener NZ(pIL:Usp-E7mm-CWA).

3.4 Construccién de un nuevo vector para la expresién en la superficie de L. lactis de la proteina
E7 bajo la regulacion de un promotor inducible. Recientemente nuestro laboratorio describid la
construccion de un vector (pIL:Usp-E7wt-CWA) para la expresion en la superficie de L. lactis de la
proteina E7 wild-type (E7wt) del HPV-16 (Cortes-Perez, ef al., 2003). Sin embargo, este vector es un
derivado de un plasmido de alto peso molecular y de replicacién de tipo theta que es muy dificil de
manipular (Dieye et al., 2001), tal y como se observo en la construccién del vector plL:Usp-E7mm-
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CWA. Porlo tanto procedimos a construir un nuevo vector ficil de manipular para la expresion en
superficie de L. lactis. Para dicho propdsito se eligié un derivado del vector pGK-12, un plasmido de
bajo peso molecular y de replicacion shuttle, es decir que tiene la capacidad de replicar en diferentes
especies de bacterias (Escherichia coli, Bacillus spp., Lactobacillus spp., Enterococcus spp., etc.) (Kok
et al., 1984; Bermtudez-Humaran et al., 2002, 2003¢). Primero se purificéd un fragmento SPUsp-E7wt-
CWAMBS6 del vector pIL:UspE7wt-CWA digerido con Bglll/Spel y se clono en el vector pSEC:E7
{derivado del pGK-12, Bermiidez-Humaran et al., 2002) digerido con las mismas enzimas. El plasmido

obtenido pCWA:Usp-E7wt (Tabla 1), se introdujé por electroporacion en la cepa NZ9000 de L. lactis

resultando en NZ(pCWA.:Usp-E7wt).

3.5 Construccién de vectores para la expresién en la superficie de L. lactis de una proteina E7 no
fusionada bajo la regulacién de un promotor inducible. Los vectores descritos hasta ahora para la
expresion en superfice de E7 del HPV-16 (E7wt 6 E7mm), estan disefiados para producir una proteina
E7 con 15 aminodcidos (aa) extras en su parte amino-terminal y que provenien de la proteina Usp45, de
ahi su abreviacion Usp-E7. En este trabajo también se construyeron dos nuevos vectores para expresar
una proteina E7wt 6 E7 mm no fusionada a éstos 15 aa. Para dicho propdsito, se obtuvo un fragmento de
DNA del vector pSEC:E7 (Tabla 1) con las enzimas Avall/Bg/Il, y se clond en el vector pPCWA:Usp-
E7wt digerido con las mismas enzimas, para obtener el plismido pCWA:E7wl. Posteriormente para
construir el vector de expresién de la E7mm no fusionada a los 15 aa se procedié a amplificar un
fragmento de DNA del vector plL:Usp-E7mm-CWA con los siguientes primers: Nsil/E7
(CCAGATGCATCACC ACATGGAGATACACCTACATTG) para la cadena codificante y EcoRV/E7
(CGATATCTCTGG TTTCTGAGAACAGATGG GGCCCAC) para la complementaria. El producto de
PCR obtenido se digirié directamente con las enzimas Nsil y EcoRV y se¢ clono en el vector

pCWA:E7wt digerido con las mismas enzimas. El plasmido obtenido, pPCWA:E7mm, al igual que el
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pCWA:E7wt se intodujeron en las cepa NZS000 de L. lactis para obtener NZ(pCWA:E7mm) y

NZ(pCWA:E7wt), respectivamente.

3.6 Caracterizacién de las construcciones. Todas las construcciones y fusiones de DNA, fueron
caracterizadas con enzimas de restriccidn y posteriormente por secuenciacidon de ambas cadenas. La

secuenciacion se realizo con el kit: DYEnamic ET Terminator Cycle Sequencing Kit (Amersham,

Biosciences).

3.7 Transformacién de Escherichia coli y Lactoceccus lactis. Para la transformacién de E. colise
utilizé la técnica previamente descrita por Sambrook et al. (1989). Para L. lactis se siguid el protocolo
de Langella y et a/ (1993) con las modificaciones hechas por Bermiidez-Humaran {2002). Primero se
prepararon células electrocompetentes segiin se describe a continuacion: se reactivé la cepa NZ9000 de
L. lactis (de Ruyter et al., 1996) en 5 ml de medio GM17SG (GM17, 0.5 M Sacarosa, 2% Glicina)
incubando toda la noche a 30°C sin agitacion, y se tomaron 4 ml de este cultivo para inocular 200 ml del
mismo medio. Se incubé a 30°C sin agitacién hasta que el cultivo alcanzd una densidad dpticasgy (DO)=
0.5-0.8. Se pasd inmediatamente a hielo y se incub6 por 15 min. Se centrifugo el cultivo 8 min. a 7,000
r.p-m., 4°C y se lavo el botén dos veces con 100 ml de buffer de lavado (0.5M Sacarosa, 10% Glicerol).
Se realizo un tercer lavado, solo que ahora con 20 ml del buffer. El boton obtenido de este 1iltimo lavado
se resuspendi6 en 1 ml de PEG 3000 (Polyethylen-Glycol 3000) y 10% Glicerol y finalmente se hicieron
alicuotas de 100 pl en tubos de 1.5 ml congelando inmediatamente en nitrégeno liquido y almacenando
a -80°C.

Para la transformacién se mezclaron 100 pl de células electrocompetentes con 1 pl de DNA
plasmidico (10 ul en el caso de los productos de ligacion), se transfirieron a cuvetas de elcctroporacién
(2 mm) previamente enfriadas y se expusieron a un pulso eléctrico (Gene-Pulser, BIORAD

Laboratories), 25uF, 200Q, 2.4kV. Inmediatamente después de la descarga eléctrica, se adicionaron 900
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pl de medio GM17S (GM17, 0.5 M Sacarosa) y se incubd por 1 hr. para expresion. Finalmente se tomo
la mezcla para sembrar en placas GM17A (GM17, 1% agar), mas el antibidtico segian el caso. Se

seleccionaron las colonias transformantes después de 48 hrs. de incubacién a 30°C.

3.8 Condiciones para la inducciéon a la nisina y extraccion de proteinas. Para la induccion del
promotor nisina, se tomo una dilucion 1:250 de un cultivo de toda la noche de la cepa recombinante de
L. lactis, se inoculo en medio nuevo y se dejo crecer hasta una DO= (.4-0.6, una vez alcanzada esta
densidad se indujo con 10 ng/ml de nisina (SIGMA).

Para preparar los extractos protéicos de L. lactis, se siguié el protocolo reportade por Bermudez-
Humaran et al. (2002), el cual incluye inhibidores de proteasas y procedimientos suaves de precipitacion
dada la fragilidad de E7 con algunas ligeras modificaciones. Los extractos proteicos fueron preparados a
partir de 2 ml de cultivos inducidos. El botén celular y sobrenadante fueron procesados por separado.
Primero se centrifugo por 5 min. 2 ml de cultivo a 14000 r.p.m. 4°C y del cual se separaron 1.4 ml en un
tubo nuevo. A este sobrenadante se le adiciond 100 pl. de acido tricoloacético (TCA) 100%, 1 mM
PMSF (Phenyl-Methyl-Sulfonyl-Fluoride) vy 10 mM DTT (Dithiothreitol), y se incubo 10 min. en hielo.
Se centrifugo 10 min. a 14000 r.p.m., 4°C, se retiro el sobrenadante y se resuspendit el botdén en %
volumen de 50 mM NaOH y Y volumen de DTT-LB (50 mM Tris-HCl pH 6.8, 100 mM DTT, 2% SDS,
0.1% Azul de Bromofenol, 10% Glicerol) segin la DO. Para la fraccién celular, el pellet obtenido de la
centrifugacién de los 2 ml de cultivo se resuspendié en 2/6 (segin DO) de buffer TES-Lys (25%
Sacarosa, 1 mM EDTA, 50mM Tris-HCI1 pH 8.0; 10 mg/mL Lysozima), | mM PMSF, 10 mM DTT, se
incubd por 15 min. a 37°C y después se agregd 1/6 de una solucién de SDS (20%) y se dio v értex
vigorosamente. Finalmente se adicionaron 3/6 de DTT-LB. Ambas muestras (sobrenadante y fraccién
celular) fueron incubadas 3 min. a 98°C antes de ser analizadas en gel de poliacrilamida (SDS-Page).

3.9 Western Blot. Las proteinas fueron separadas en un gel SDS-Page 12% (Sambrook et al., 1989) y

transferidas por espacio de 1'? hr. a una membrana de PVDF (NEN, Life Science Products). Una vez
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transferidas las proteinas a la membrana, se incubd en una solucién de bloqueo TBS-T (20 mM Tris pH
7.5, 5.5 mM NaCl, 5% Tween-20, 10% leche en polvo), se lavé una vez con TBS-T y se incub6 1 hr.
con un anticuerpo anti-E7:HPV-16 (TVG710Y, ED17, N-21 6 C-20, Santa Cruz Biotechnology, Inc.)
usando TBS-T (2% leche en polvo) para su dilucién. Después de tres lavados con TBS-T, se incubé la
membrana por 1 hr. con 1a proteina G (HRP, BIORAD). Finalmente se hicieron tres lavados con TBS-T

y se reveld la membrana con el Kit ECL (Enhanced ChemiLuminescence, DuPont NEN) y exposicién

en un film autoradiografico.

3.10 Ensayos de inmunofluorescencia. Para confirmacién de la expresion en superficie de la proteina
E7 del HPV-16 en L. lactis se realizaron experimentos de inmunofluorescencia por microscopia tal,
como se describid anteriormente (Cortes-Percz et al.,, 2003) con algunas modificaciones. Una vez
acabado ¢l tiempo de induccion, se obtuvo el pellet celular de 2 ml de cultivo por centrifugacion (5000
I.p.m. 2 min), y se resuspendi6 en 1 ml de una solucidn estéril de PBS-BSA 3% y el anticuerpo anti-E7
ED17 (dilucidn de 1:500). Se dejé en incubacion toda la noche a temperatura ambiente con movimiento.
Al siguiente dia se centrifugd a ignales condiciones y después de tres lavados con 0.5 ml de PBS-Tween
0.05% se incub6 el complejo bacteria-anticuepro, evitando la exposicién a la luz y a temperatura
ambiente, por 5 hr. con una dilucién 1:50 del conjugado Alexa Fluor 546 dye (IgG, H+L, Molecular
Probes, Europe BV). Se realizaron 3 lavados con PBS-Tween 0.05% y finalmente las células se
resuspendieron en 30 pl de PBS, se realizé un frotis con 10 pl (fijando a la flama de mechero). Para
observar la poblacién completa de L. lactis las bacterias fueron coloreadas con 4',6-diamidine-2-
phenylindole (DAPI, 2.5 pg/ml; SIGMA). Las fotografias de las bacterias se tomaron con un
microscopio de inmunofluorescencia equipado con un grupo de tres filtros para caprat la emisién de luz
blanca (Nikon, Tokyo, Japan) y Sensia 400 film (Fuji, Tokyo, Japan). Para la captacién de la luz roja
(excitacion) emitida por el conjugado Alexa Fluor 546 fluorophore, se usaron filtros apropiados.

Ademas, se tomaron imagenes de las bacterias sin excitacion, esto permite que las células coloreadas
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con DAPI y Alexa Fluor 546 puedan ser comparadas simultaneamente. Las imagenes se capturaron con

un sisiema de analisis de imdgenes Visiolab 1000 (Biocom, Les Ulis, France).

3.11 Preparacién d e cultivos de L. lactis para inmunizaciones. Se cultivaron las diferentes cepas
recombinantes o no de L. lactis en 20 ml de GM17 hasta una DOgy=0.5, se adicioné nisina (SIGMA) a
una concentracion de 10 ng/ml y se dejo incubar hasta una DOgo=0.8. Se recupero ¢l pellet celular por
centrifugacién (5000 r.p.m. 10 min), y se hicieron 3 lavados con PBS. Finalmente las células se
resuspendicron a una cincentracién final de 1 X 10° u.f.c. (unidades formadoras de colonia). Antes de

utilizacién de estos inoculos se realizaron conteos en placas de GM17-Agar y se corroboréla presencia

de E7 por Western blot.

3.12 Protocolo de inmunizacion. Grupos de 3-8 ratones C57BL/6J libres de patdgenos (hembras: 6-8
semanas de edad, Charles River Laboratories, France) fueron parcialmente anestesiados con una mezcla
de Ketamine/Chlorobutanol (0.01 ml for 10 Kg of weight, Imalgene 1000, MERIAL, France) via
intraperitoneal (i.p.) e inmunizados intranasalmente (i.n.) con 1 X 10° w.f.c. de L. lactis (resuspendidos
en 10 pl de PBS, 5 pl fueron administrados en cada nostrilo) a los dias 1, 14 y 28. Como control se
inmunizaron ratones con la misma cantidad de L. lactis wild-type (wt) o PBS solo. Todos los
experimentos se realizaron de acuerdo a protocolos a probados por €l comite de mangjo animal de la

unidad de ecologia y fisiologia del tracto digestivo (UEPSD, INRA Jouy en Josas, Francia).

3.13 Ensayo profilictico y reto con la linea tumoral TC-1. La linea tumoral TC-1 es una linea
epitelial del pulmén de ratén C57BL/6J transformada con los oncogenes E6 y E7 del HPV-16 y el
oncogene ras humano activado (Li et al., 1996). Esta linea ha sido ampliamente utilizada para evaluar
diferentes vacunas tarapéuticas y/o profilacticas dirigidas contra la proteina E7, como nuestro caso. La

linea TC-1 fue crecida en medio de cultivo RPMI 1640 (GIBCO) suplementado con 10% de suero fetal
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bovino (SFB), 50 unidades/ml penicilina, 50 g/ml estreptomicina y 0.4 mg/ml de G418. Grupos de 8
ratones C57BL/6) fueron inmunizados i.»n. tal y como se describio en al parrafo anterior con 1x10° u.fc.
a los dias 0, 14 y 28. Siete dias después los ratones fueron retados por inyeccion subcutanea (s.c.} con
5x10* células de la linea tumoral TC-1 en un volumen de 100 pl resuspendidos en PBS. Cada semana
observaron los ratones para detectar €l desarrollo de tumor. Las dimensiones del tumor se tomaron
utilizando un vernier y considerando dos direcciones perpendiculares, €l volumen del tumor se calcuio

de la siguiente forma: (largo x ancho®)/2.

3.14 Inmnnoterapia para experimentos de regresion tumoral in vive. Para los experimentos
terapéuticos, primero se reto a grupos de 3-8 ratones con 5x10* células de la linea tumoral TC-1 como
se describié en el parrafo anterior, y al dia 18 6 14 se procedio a inmunizarlos con las diferentes cepas
recombinantes de L. lactis signiendo el mismo protocolo que para en los ensayos profilacticos (dia 0, 14
y 28). Dado que a 14 dias todos los ratones presentan tumores visibles en este tipo de experimento se

observo la regresion tumoral.

3.15 Evaluacion de la produccion de citocinas de tipo Thl (IL-2 e IFN-gamma) en células de bazo
de r atones i nmmunizados. Siete dias después de la iltima inmunizacién (dfa 35) los ratones fueron
sacrificados por dislocacidén cervical. Bajo condiciones de tofal esterilidad se obtuvieron las células de
bazo por gradiente de densidad con Ficoll-Histopaque (1083, SIGMA). Un total de 2 X 10° de
células/ml fueron cultivadas en placas de cultivo celular de 24 pozos en medio RPMI 1640
suplementado con 10% SFB, 50 unidades/ml penicilina y 50 g/ml estreptomicina a 37°C 5% CO2. Estas
c¢lulas fueron estimuladas in vitro con 2-5 pug de un péptido sintético de la proteina E7 (E749 s57-
RAHYNIVTF) para determinar si esta re-estimulacion es capaz de inducir una respuesta inmune de tipo

celular especifica de antigeno. Después de 24 hr. de incubacion se filtro la suspension celular y del
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CAPITULO 4

RESULTADOS

4.1 Determinacion de la forma mas inmunogénica de la proteina E7 del HPV-16 producida por
Lactococcus lactis. Dado que la localizacién de una proteina puede influenciar su inmunogenicidad
(Norton et al., 1996; Reveneau et al., 2002), en este trabajo se determind en una primera instancia la
respuesta inmune en ratones generada por la administracién i.». de diferentes cepas recombinantes de .
lactis expresando el antigeno E7wt en citoplasma, secretado al medio de cultivo 6 anclado a su
superficie celular. Las cepas usadas fueron NZ(pCYT:E7wt), NZ(pSEC:E7wt} y NZ(pCWA:Usp-E7wt).
Nuestra hipdtesis es que la proteina E7 exportada en L. lactis (secretada al medio de cultivo o anclada a
la superficie celular) debe permitir un contacto mas directo con el blanco (sistema inmune, por ejemplo).
La exportacién de una proteina debe ademas ser una mejor estrategia de produccion de un antigeno de
interés terapeutico, comparado a una produccién intracelular, la cual requiere de lisis celular para liberar
la proteina. Antes de las inmunizaciones, se analiz6 la produccién de E7 por Western blot de los
diferentes cultivos inducidos de L. lactis recombinantes. Tal y como se reporto previamente (Bermudez-
Humaran et al., 2002), los cultivos inducidos de la cepa NZ(pCYT:E7wt) revelan una clara banda en la
fraccidon citoplasmica (C) que corresponde a la E7wt (Fig. la). Ninguna banda se detecta en el
sobrenadante (S, medio de cultivo). En ¢l caso de los cultivos de la cepa NZ(pSEC:E7wt), se puede
observar una banda muy tenue en la fraccién C y que corresponde al precursor SP-E7 precursor (preE7),
mientras que en la fraccién S se observa una banda intensa y corresponde a la forma madura de E7
liberada en el medio de cultivo (Fig. 1a). En estos experimentos podemos corroborar tal y como se
observo previamente (Bermudez-Humaran et al., 2002) que la proteina E7 es eficientemente secretada,
ya que aproximadamente 95% de la proteina se encuentra en la fraccién S. Los resultados de los cultivos

de la cepa NZ(pCWA:Usp-E7wt), revelan una banda principal en la fraccion C, del tamafio esperado
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para el precursor SP-Usp-E7-CWA-M6 (preCWA-E7, 38 kDa), junto con otras dos bandas de menor

peso molecular y que corresponden a la forma Usp-E7-CWAMS, resultante del procesamiento del SP y

la forma madura Usp-E7-CWA generada después del procesamiento de la sefial de anclaje CWAMG6
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Fig. 1. Andlisis de la produccién de E7 en tres localizaciones celulares diferentes por Lactococcus lactis y

deteccién de la proteina E7 en superficie celular por inmunofluorescencia.(a) Se analizd la produccién de E7
por analisis tipo Western Blot de exfractos proteicos de las cepas NZ(pCYT:E7wt) (CYT:E7wt, produccion
citoplasmica de E7), NZ(pSEC:E7) (SEC:E7wt, secrecién de E7 al medio de cultivo) 6 NZ(pCWA:Usp-E7wt)
{CWA:Usp-E7, produccién en superficie de E7). C, fraccion celular; S, muestras de sobrenadante. A la izquierda

se indican las posiciones y tallas del marcador de peso molecular. (b) Se incubaron cultivos inducidos de la cepa

recombinante NZ(pCWA.:Usp-E7wt) o la cepa wild-type de L. lactis con anticuerpos monoclonales especificos de

E7 (ver estrategia experimental) y después se marcaron con un conjugado Alexa Fluor 546 dye (cuadros

inferiores). En los cuadros superiores se muestran los mismos campos observados al microscopio con el

conjugado pero sin tefiir. Aumento, 1000X,
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(enlace covalente de la proteina E7 a la pared celular de L. lactis) (Fig. 1a). También se puede obsrevar
una tercera banda muy tenue y que puede corresponder a un producto de degradacién de la proteina
madura. L a confirmacion de 1a expresién de E7 en la superficie de L. lactis se llevo acabo porun
ensayo de inmunofluorescencia por microscopia, esencialmente como se describio previamente (Fig. 1b,
Cortes-Perez et al., 2003).

Una comparacién de los resultados obtenidos por Western blot de las tres formas de E7 nos
indica que a pesar de que los niveles de induccién fueron similares en los tres casos, la cantidad de E7
producida en la cepa NZ(PpCYT:E7wt) es significativamente menor (tres a cinco veces) que los
obtenidos en la cepa NZ(PSEC:E7wt) 6 NZ(pCWA:Usp-E7wt). Sin embargo en la cepa
NZ(pCWA:Usp-E7wt), la mayoria de 1a proteina se encuentra en forma de precursor en la fracciéon C
(Fig. 1a). En ese contexto la cantidad de proteina E7 expresado en la superficie es similar al producido
por la cepa NZ(pCYT:E7wt) ¥ que se estimé en alrededor de 2-3 pg/ml.

Una vez determinada la produccién de la proteina vy su localizaciéon en L. lactis, se procedid a
deteminar la inmunogenicidad de las tres formas de E7. Grupos de cinco ratones fueron inmunizados i.xz.
con las diferenies cepas a los dias 0, 14 y 28, al dia 35 se sacrificaron los ratones y se midieron los
niveles de citocinas Thl: IL-2 e IFN-gamma. Las células de bazo de los ratones inmunizados con la
cepa NZ(pCWA:E7wt) y re-estimulados in vitro producen mayores niveles de citocinas Thl que los
obtenidos con la cepa NZ(pCYT:E7wt) (Fig. 2a y 2b). Como se acaba de discutir, en la cepa
NZ(pCWA:Usp-E7wt), la cantidad de E7 anclada a la pared celular de L. lactis es de alrededor de 2
ng/ml, similar a la produccién citoplasmica en la cepa NZ(pCYT:E7wt). Por lo tanto la alta
inmunogenicidad de la proteina E7 producida por la cepa NZ(pCWA:Usp-E7wt) puede ser el resultado
de 1a presentacion en superficie de la proteina. Este tipo de resultados ha sido previamente reportado en
BL (Norton etal,, 1996; Reveneau et al., 2002), yse le ha atribuido a un mejor acceso del sistema
inmune hacia la proteina expresada en superficie celular o a algin efecto adyuvante propio de la BL., No

obstante, en estos estudios no se ha considerado la cantidad total antigeno (tomando en cuenta la
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cantidad que se queda asociada a la fraccién celular y el precursor) para evaluar la respuesta inmune. En
este trabajo podemos concluir que aunque la cantidad de antigeno expresado en la superficie de la cepa
NZ(pCWA:Usp-E7wt) es similar al producido por la cepa NZ(pCYT:E7wt) la cantidad total dc E7
producido por la cepa NZ(pCWA:Usp-E7wt) es mucho mayor que el de la cepa NZ(pCYT:E7wt) (Fig.
12). Por lo tanto la alta inmunogenicidad de E7 producido por la cepa NZ(pCWA.:Usp-E7wt) puede ser
debido a una combinacidn de presentacidn del antigeno en superficie celular y cantidad del antigeno
expresado.

Por otro lado, la respuesta inmune de los ratones inmunizados con la cepa NZ(pSEC:E7wt) fue
mucho mds baja que la obtenida con los ratones inmunizados con NZ(pCYT:E7wt) y NZ(pCWA:Usp-
E7wt) (Fig. 2a y b). Este resultado puede ser debido al protocolo usado para la inmunizacién (ver
capitulo anterior). En contraste a las cepas NZ(pCYT:E7wt) y NZ(pCWA:Usp-E7wt), donde la proteina
E7 se encuentra ya sea en la fraccidn celular o asociada a la pared celular, en la cepa NZ(pSEC:E7wt) la
proteina E7 es liberada al medic de cultivo, el cual es descartado durante la preparacion del inéculo
(Fig. 1a). Por lo tanto, dado que en la fraccion citoplasmica de la cepa NZ(pSEC:E7wt) solo
encontramos una pequefia proporcion del precursor de E7 (preE7 Fig. la), la cantidad de proteina
liberada por esta cepa en los ensayos de inmunizacién debe ser muy baja, de ahi su falta de potecial para
desperta una buena respuesta inmune.

Tomando en cuenta estos resultados concluimos que la forma mais inmunogénica de E7
producida por L. lactis, es la de expresion en superficie celular, y por lo tanto se eligié la cepa

NZ(pCWA:Usp-E7wt) para nuestro siguiente experimento.
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Fig. 2. Evaluacion de la respuesta inmune en ratones inmunizados con las cepas recombinantes de L. lacis
produciendo la proteina E7 en diferentes localizaciones celulares. Después de la inmunizacidn intranasal (i.n.)
con las diferentes cepas de L. lactis: wild-type, NZ(pCYT:E7wt), NZ(pSEC:E7wt) 0 NZ(pCWA:Usp-E7wt) se
obtuvieron las células de bazo de cada ratén y se midio in vitro la produccion de las citocinas IL-2 (a) ¢ IFN-

gamma (b). Los valores fueron registrados como la media y desviacidn estandar de »= cinco ratones por grupo.

4.2 Evaluacion del potencial adyuvante de una cepa secretando una interleucina-12 activa cuando
es co-administrada con la cepa de L. lactis expresando en su superficie la proteina E7. Previos
estudios han desmotrado que cuando se co-expresan antigenos en L. lactis con citocinas, el nivel de la
respuesta inmune es considerablemente aumentado (Steidler et al.,, 1998; Bermudez-Humaran et al.,
2003). La interleucina-12 (IL-12) es una potente molécula estimuladora del sistema inmune que juega
un papel importante en la inmunidad celular contra muchos agentes microbianos y que ha sido usada
gxitosamente en inmunoterapia contra el cancer. Ademas la IL-12 ha sido también utilisada como
adyuvante cuando ¢s co-expresada con vacunas de DNA. En un intento por mejorar la respuesta inmune

en contra de la proteina E7 del HPV-16 en este trabajo se analizé €l efecto de la co-administracion de
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una cepa de L. lactis que secreta una interleucina-12 de fusion activa, NZ(pSEC:scIL-12) (Bermiidez-
Humaran et al, 2003), con la cepa NZ(pCWA:Usp-E7). Grupos de 3 ratones C57BL/6] fueron
inmunizados i.n. con tres désis (dia 0, 14 y 28) de las cepa NZ(pCWA:Usp-E7) sola 0 en combinacién
con la NZ(pSEC:scIL-12) y siete dias después de la Gltima inmunizacién se analizé 1a produccién de IL-
2 ¢ IFN-gamma. Los ensayos de inmunizacién y analisis de citocinas se hicieron tal y como se describié
en la estrategia experimental (capitulo 3). Como se puede observar en la Fig. 3 los animales co-
inmunizados con la cepa NZ(pCWA:Usp-E7) y NZ(pSEC:scIL-12) producen significativamente mas
altos niveles de IL-1 (Fig. 3a) e [IFN-gamma (Fig. 3b) que los inmunizados con la cepa NZ(pCWA:Usp-
E7) sola. Estos resultados confirman el efecto adyuvante de la IL-12 secretada por L. Jactis cuando es

co-administrada con el antigeno E7 anclado a la superficie de L. lactis.
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Fig. 3. Produccién de citocinas Thl en ratones co-inmunizados con una cepa de L. /actis que expresa el
antigeno E7 en su superficie y una cepa de L. lactis que secreta una interleucina-12 activa, Después de
inmunizar a grupos de cinco ratones con la cepa NZ(pCWA:Usp-E7) sola 0 en combinacién con la cepa
NZ(pSEC:scllL-12) se midieron los niveles de citocinas Thl: IL-2 (a) e IFN-gamma (b). Esta figura es es
representativa de tres diferentes experimentos que se realizaron con resultados similares. Los valores fucron

registrados como la media y desviacidn estdndar de #»= tres ratones por grupo.

32



4.3 Expresién de una proteina E7 mutante del HPV-16 en Lactococcus lactis. Dado los resultados
positivos que hemos obtenido con la expresidn de proteina E7 anclada a superficie de L. lacis y en vista
de una posible utilizacién para inmunizar humanos se decidié construir un vector de expresién en
superficie de L. lactis de una proteina E7 mutante (pIL:Usp-E7mm-CWA). E7 es una oncoproteina, la
cual interactua con varios componentes celulares, tales como el oncogen ras y pRB (Kanda ef al., 1988;
Vousden et al., 1988), por lo cual puede tener efectos co-laterales en aplicaciones en humanos. E7 posee
una region que codifica para dos motivos Cys-X-X-Cys; alteraciones en dichos motivos reducen
considerablemente la actividad transformante de E7 (Edmonds & Vousden 1989) y la vuelven una
proteina inestable (E7mm) la cual tiene la capacidad de generar una mayor respuesta inmune que la
obtenida con la E7wt (Shi et al., 1999). En este contexto nuestro signiente objetivo fue el de expresar
esta proteina E7mm anclada a la superficie de L. lactis. Analisis por Western blot de la cepa
NZ(pIL:Usp-E7Tmm-CWA) nos muestran que L. lac#is es capaz de expresar la proteina E7mm del HPV-

16; sin embargo, comparacién con extractos proteicos de la cepa de L. lactis que expresa la proteina

CWA:Usp-E7Tmm CWA:Usp-E7wt
C S C S

Fig. 4. Anilisis de la produccién de E7wt y E7mm en Lactococcus lactis. Se analizo la produccion de E7wt y
E7mm por analisis tipo Western Blot de extractos proteicos de las cepas NZ(pCWA:Usp-E7wt) y NZ(pIL:Usp-
E7mm-CWA). C, fraccidn celular; S, muestras de sobrenadante.
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E7wt nos muestran que la produccion total de la E7mm (precursor y forma madura) es ligeramente
menor (aproximadamente dos veces) que su contraparte wt. No obstante, la cantidad de proteina que
corresponde a la forma madura (anclada a superficie) es similar, asi pues se prosiguié a comparar la
respuesta inmune en ratones inmunizados con las dos diferentes cepas de L. lactis expresando la E7wt o

la E7mm.

4.4 Ensayos profilacticos y terapéuticos contra una linea tumoral que expresa el antigeno E7 del
HPV-16. Para evaluar la capacidad de L. lactis expresando la proteina E7 en despertar una respuesta
inmune en contra del HPV-16 se realizaron inmunizaciones iz a los dias 0, 14 y 28 en grupos de 3
ratones con los siguientes tratamientos: L. lactis wild-type: wild-type; NZ(pCWA:Usp-E7wt): E7wt,
sola 0 en combinacién con NZ(pSEC:s¢IL-12): E7wt/IL-12; NZ(pSEC:scIL-12): IL-12 0 NZ(pIL:Usp-
ETmm-CWA): E7mm sola o en combinacion con NZ(pSEC:scIL-12) (E7mm/IL~12). Al dia 35 se hizo
el reto con la linea tumoral TC-1 que expresa el antigeno E7 y se monitoreo la presencia o ausencia de
tumor. Los resultados nos muestran un 100% de proteccidn contra el desarrollo del tumor en los ratones
inmunizados con la cepa de L. lactis que expresa la E7wt (Fig. 5a) mientras que con la cepa que expresa
la E7Tmm no se observo alguna proteccién (Fig. 5b). De manera interesante los ensayos de co-
inmunizacién con la cepa de L. lactis que secreta la IL-12 nos muestran un 50% de proteccién cuando
esta es administrada con la E7mm pero baja a un 25% la proteccién de la E7wt, mismo porcentaje
observado cuando es administrada sola la IL-12 (Fig. 5a y 5b).

En ofro tipo de ensayos analizamos el impacto terapéutico de la administracién in. de los
lactococos recombinantes. Para dicho proposito se evalud la sobrevivencia a grupos de 3 ratones con un
tumor desarrollado (18 dias después del reto de con la linea TC-1), los cuales fueron inmunizados con
las mismas combinaciones de cepas recombinantes mencionadas en el parrafo anterior. Las
inmunizaciones se comenzaron el dia 18 después de la induccioén de tumor y repitiéndolas dos veces mas

a intervalos de dos semanas. Los resultados obtenidos nos muestran que la administracion i.n de L. lactis
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Fig. 5. Efecto profilactico en ratones contra el desarrollo de tumores. Grupos de 3 ratones fuercn inmunizados
in. con los siguientes tratamientos, L. lactis wild-type: wild-type; NZ(pCWA:Usp-E7wt): E7wt, sola o en
combinacién con NZ(pSEC:scIL-12): E7wt/IL-12 0 NZ(pSEC:scIL-12): IL-12, a los dias 0, 14 y 28. Al dia 35 se

hizo un reto 50,000 células de la linea tumoral TC-1 y se monitoreo el desarrollo tumoral.

recombinante expresando la E7wt es capaz de regresar el tumor em un 25% al igual que la
administracién de L. lactis secretando la IL-12 sola; una vez mas la co-administracion de E7wt e [L-12
no aumenta e incluso disminuye el efecto terapéutico observado con cualquiera de las dos cepas
administradas de forma individual (Fig. 6a). Los resultados obtenidos con la cepa de L. lactis
expresando la E7mm nos muestran al igual que los experimentos profilicticos que la co-administracién

con la TL-12 mejora significativamente el efecto terapéutico en comparaciéon a la E7mm sola (75%

versus 0%, Fig. 6b).
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Fig. 6. Efecto terapéutico en ratones contra el desarrollo de tumores. Grupos de 3 ratones fueron inmunizados
in. con los siguientes tratamientos, L. lactis wild-type: wild-type; NZ(pCWA:Usp-E7wt): E7wt, sola o en
combinacién con NZ(pSEC:scIL-12): E7wt/IL-12 0 NZ(pSEC:scIL-12): IL-12, a los dias 0, 14 y 28. Al dia 35 se
hizo un reto 50,000 células de 1a linea tumoeral TC-1 y se monitoreo el desarrollo tumoral.

Tomando en cuenta el aumento significativo de la respuesta inmune observado con la co-
administracién de L. lactis expresando la E7wt y secretando la IL-12 (incremento en la produccién de
citocinas Thl: IL-2 e IFN-gamma, Fig. 3a y3b) y los observados en los experimentos profilacticos y
terapéuticos, nos hacen hipotetizar que el impacto en la respuesta inmune de la co-administracion de
E7wt ¢ IL-12 es tan alto, que en un modelo de tumor in vivo se presenta un caso de regulacién negativa
de la respuesta inmune. Esto se corrobora observando el efecto positivo de la co-administracion de la

IL-12 con la E7mm que apareniemente sola no posee el mismo efecto inmunogénice que su contraparte
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wt. Sin embargo, el nmimero de ratones utilizados en estos ensayos es muy bajo (tres) para poder concluir
algo con certeza.

En este contexto procedimos a analizar mas a detalle la expresion de la E7mm en L. lactis.
Primero se analizo por ensayos de inmunofluoresencia (ver estrategia experimental) si L. lactis expresa
la proteina E7mm eficazmente en su superficie celular. Como se puede observar en los resultados de la
Fig. 7, la proteina E7mm es producida en la superficie de L. lactis a niveles comparables a E7wt. Por lo
tanto, una explicacién probable de la diferencia vista en los ensayos profilacticos y terapéuticos entre la
E7wt v la E7mm, es la cantidad de proteina, ya que como se observo en la Fig. 4, la cantidad total de
E7wt producida por L. lactis es aproximadamente dos veces mayor que la E7mm, y esto puede influir en
los niveles de inmunogenicidad de la proteina, tal y como observamos en los experimentos de la Fig. 1a
y 2a. La produccion de E7mm esta bajo el control de un promotor inducible (PnisA) igual que la E7wy,
pero el cassette de expresion esta en un vector de bajo nimero de copias (pIL252) y la E7wt en uno de
mediano numero de copias (pGK) de ahi la diferencia en la cantidad de proteina producida entre las dos

cepas.

CWA:Usp-E7mm CWA:Usp-E7wt

Fig. 7. Anilisis de la produccién de E7wt y E7mm en superficie em Lactecoccus lactis por
inmunofluorescencia. Se incubaron cultivos inducidos de las cepas recombinantes NZ(pCWA:Usp-E7wt) y
NZ(pIL:Usp-E7mm-CWA) con anticuerpos monoclonales especificos de E7 (ver estrategia experimental) y

después se marcaron con un conjugado Alexa Fluor 546 dye. Aumento, 1000X.

37



4.5 Nuevas construcciones para la expresiéon de una proteina E7 no fusionada. En un esfuerzo por
producir ignales cantidades de proteinas E7wt y E7mm en L. lactis se construyeron dos nuevos vectores
de expresion, basados en el mismo numero de copias, bajo ¢l control del mismo promotor y esta vez se
eliminaron 15 aa provenientes de la proteina Usp45 (ver capitulo 3) y que pueden influir a la hora de
analizar la inmunogenicidad de las dos formas de proteina E7. Los dos plasmidos construidos para este
fin: pCWA:E7wt y pCWA:E7mm fueron introducidos en la cepa NZ9000 de L. lactis y antes de los
ensayos in vivo se analizo su produccién por andlisis tipo Western Blot. Como podemos observar en la
Fig. 8, esta vez la produccion de E7wt o E7mm es casi idéntica, por lo tanto se procedidé a evaluar la
respuesta i nmune en r atones i nmunizados. Sin embargo, d ado que 1a proteina E 7wt esta vezno esta
fusionada a los 15 aa de la Usp45, primero se procedio a analizar el efecto profilactico de esta nueva
construccién comparandola con la proteina fusionada (Usp-E7wt). Ademas en este experimento se
usaron grupos de 8 ratones para que el resultado sea mas significativo que los primeros ensayos. Como
se puede observar en la Fig, 9 todos los ratones no inmunizados mueren (o tienen que ser sacrificados)

al dia 35, mientras que los ratones inmunizados con L. lactis expresando la proteina E7 fusionada (Usp-

Fig. 8. Anélisis de ]a produccion de E7wt y E7mm en Lactococcus lactis bajo el control de un promotor
inducible y en un vector de mediano numero de copias. Se analizd la produccién de E7wt y E7mm por anélisis

tipo Western Blot de extractos proteicos de las cepas NZ(pCWA:E7wt) y NZ(pCWA:E7mm). C, fraccién celular;
S, muestras de sobrenadante.
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E7wt) presentan un 40% de proteccién. Este porcentaje es inferior al obtenido en el primer experimento
profilactico (Fig. 5a), no obstante en este experimento se usaron mas animales (8) por lo cual es
estadisticamente mas significativo. Por otro lado los ratones inmunizados con la E7 no fusionada a los
15 aa de la Usp45 (E7wt) presentan un 25% de proteccion (Fig. 9), inferior a la observada con su
coniraparte Usp-E7wt. 1a en el primer experimento profilactico. Una v ez mas los resultados difieren
mucho entre las dos proteinas, por lo tanto se decidié determinar con exactitud la localizacién de la
proteina en las dos nuevas connstrucciones no fusionadas a los 15 aa de la Uspd5 (pCWAET7wt y
pCWA:E7mm). Sorprendentemente como podemos observar en la Fig. 10 y comparandola con los
resultados de la Fig. 7, estas dos nuevas cepas de L. lactis modificadas para expresar una E7wt 6 E7mm,
no expresan eficazmente en su superficie la proteina. Por lo tanto el peptido de 15 aa proveniente de la
proteina Usp45 debe contribuir de algun modo a darle mayor estabilidad a la proteina cuando esta es

anclada a la superficie de L. lactis, o simplemente la extension de 15 aa le permite a la proteina salir lo
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Fig. 9. Efecto profilactico en ratones contra el desarrollo de tumores. Grupos de 8 ratones fueron inmunizados
in. con los siguientes tratamientos, L. lactis wild-type: wild-type; NZ(pCWA:Usp-E7wt): Usp-E7wt 6
NZ(pCWA:E7wt): E7wt, a los dias 0, 14 y 28. Al dia 35 se hizo vn reto 50,000 células de la linea tumoral TC-1 y

se monitoreo el desarrollo tumoral.
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suficiente de la membrana y pared celular y ser expresada de forma eficaz en superficie. Como
conclusion de este experimento y confirmando una hipotesis planteada en la Fig. 2 podemos decir que si
es necesario la expresion en superficie de la proteina, al menos de forma parcial, para que esta sea
altamente inmunogénica. Asi pues, la construccion NZ(pCWA:Usp-E7wt) es la mas apropiada para
inmunizar ratones y protegerlos de forma parcial o incluso tratar tumores que expresan ¢l antigeno E7
del HPV-16. No obstante nuevos experimentos deberan hacerse en estudios posteriores con mas ratones
y con la forma de E7mm, la cual hasta ahora ha sido reportada como mas inmunogénica. Quiza una
explicacidn de porque no vemos esa alta inmunogenicidad en nuestro modelo es que la proteina E7Tmm
expresada en L. Jactis no es tan fragil como la éxpresada en sistemas eucariotes (Shi ef al., 1999) tal y

como lo demuestran los resultados de Western blot e inmunofluorescencia (Fig. 8 y 10).

CWAETmm CWAETwt

Fig. 10. Analisis de la producciéon de E7wt y E7mm en superficie en Lacfococcus lactis por
inmunoflnorescencia. Se incubaron cultivos inducidos de las cepas recombinantes NZ(pCWAE7wt) y
NZ(pCWA:E7mm) con anticuerpos monoclonales especificos de E7 y después se marcaron con un conjugado
Alexa Fluor 546 dye. Aumento, 1000X.
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CAPITULO 35

DISCUSION Y CONCLUSIONES

En este trabajo, mostramos el potencial de L. lactis, una BL grado-alimenticio y no patogena, para
ser usada como un vector vivo en ¢l desarrollo de una vacuna profilactica y/o terapeutica para prevenir y
tratar ¢l CaCu, respectivamente. Ademas, el desarrollo de una vacuna basada L. lactis representa ser un
vector de bajo costo de produccion. Es bien sabido que la proteina E7 del HPV-16 es constitutivamente
producida por queratinocitos infectados en pacientes con CaCu, por lo tanto es considerada un blanco
potencial para el desarrollo de vacunas terapéuticas contra este cancer. Uno de los primeros objetivos de la
presente tesis fue el de analizar la respuesta inmune en ratones, generada después de la administracidn i.a.
de diferentes cepas recombinantes de L. Jactis modificadas genéticamente para producir la proteina E7 del
HPV-16 en tres localizaciones celulares diferentes: citoplasma, secretada al medio de cultivo y anclada a
superficie celular. Los resultados obtenidos muestran que la presentacion al sistema inmune de E7 anclada a
la superficie de L. Jactis es mas inmunogénica que una forma intracelular o secretada al medio de cultivo.
Estos resultados coinciden con los anteriormente obtenidos por otros investigadores (Norton et al,, 1996;
Reveneau et al., 2002).

En un trabajo previo se encontré que L. lactis expresando la proteina E7 en superficie era capaz
de generar anticuerpos anti-E7 cuando era adminiostrada de forma i.n. (Cortes-Perez et al., 2003). No
obstante, aunque la respuesta inmune mediada por anticuerpos es considerada esencial cuando se trata
de infecciones productivas, hasta el momento no se conoce con exactitud el papel que podra
desempefiar en NIC y el cancer invasor. En este trabajo es por eso que decidimos evaluar también la
capacidad de este modelo para inducir una respuesta inmune de tipo celular. Dicho ensayo fue el analisis
de la produccion de citocinas Thl: IL-2 e IFN-gamma, dos moléculas estrechamente relacionadas con la

respuesta inmune celular. El INF-gamma es una citocina producida por linfocitos T y células asesinas
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naturales (NK), su principal funcidn es la activacién de macréfagos en la respuesta inmune innata y
adaptativa, su produccién supone la presencia de CTL’s activados, ademas sugiere la induccién de una
respuesta inmune de tipo celular. Por lo tanto nuestros resultados indican que L. lactis expresando E7 es
capaz de inducir la produccién de INF-gamma cuando ¢s administrada 7.n. en ratones (Fig. 2 y Fig. 3).
Tomando en cuenta estos resultados, nos llevan a concluir que el modelo disefiado es capaz de inducir
una respuesta inmune especifica de antigeno de tipo humoral y celular.

Ademas, los resultados preliminares observados en los experimentos profilacticos y terapéuticos,
nos indican que L. lactis expresando E7 es capaz de combatir y prevenir el desarrollo de tumores que
expresen la oncoproteina E7 del HPV-16 en un modelo murino. No obstante la co-administracién de una
cepa de L. lactis que expresan E7 con una cepa de L. lactis que secreta una IL-12 bioldgicamente activa
parece suprimir el efecto positivo de la E7 sola, al contrario de lo esperado y reportado en numeradas
ocasiones, un efecto adyuvante de la I[L-12 cuando es co-adminisirada con un antigeno. Se sabe que la
IL-2 es producida por células T activadas por antigeno, actia estimulando la proliferacién de CTL’s,
ademas de estimular las funciones efectoras dclas células NK y ¢ élulas B. Un aspecto importante a
considerar en nuestro modelo es que una forma de autorregulacion de la respuesta inmune mediada por
CTL’s es por medio de la produccién de IL-2, por lo cual una sobre-estimulacién no resultaria
satisfactorio para nuestros propositos, el cual es quiza el caso de la respuesta observada con la co-
administracién de E7 e IL-12. De igual manera los resultados obtenidos con una forma mutante de la
proteina E7 (E7mm, Fig. 5b y 6b), nc fueron los esperados por lo tanto nuevas combinaciones deberan
probarse (bajando la cantidad de bacterias que produzean la IL-12 o viceversa) antes de validar nuestro
modelo para su uso en ensayos clinicos en humanos.

Otro resultado interesante encontrado en nuestro trabajo es el efecto estabilizador y/o adyuvante del
peptido de 15 aa proveniente de la proteina Usp43. Este peptido puede servir entonces en futuros estudios

para estabilizar proteina heterblogas en la superficie de L. lactis o aumentar la inmunogenicidad.
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En resumen este trabajo provee evidencia del gran potencial de L. lactis para expresar un
antigeno de interés médico y de su eficacia para combatir una enfermedad tan grave como lo es el CaCu.
En un futuro este vector puede representar una aliernativa para producir toda una gama de vacunas
dirigidas c ontra a gentes infecciosos que infecten via mucosa, principal entrada de 1a mayor parte de

patégenos.
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Absmract

E7 oncoprotein of human papillomavirus-16 {HPV-16) is constitutively produced in cervical cancer (CxCa) and is a good candidate for
the design of therapeutic vaccines. In this work, the nisin-controlled expression system was used to display the E7 protein at the cell
surface of the food-grade Gram-positive bacterium Lactococcus lactis. An efficient cell wall anchoring of E7 was obtained. Intranasal
administration of these recombinant lactococci in mice induced an HPV-16 E7-specific immune response. This is the first report of E7 cell

wall anchoring in L factis and represents one more step towards the use of live food-grade bacteria to fight against CxCa.
© 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cervical cancer (CxCa) is the second cause of death in
women around the world and the human papillomavirus
type 16 (HPV-16) has been identified as the main etiologic
agent [1]. It has been demanstrated that E7 oncoprotein is
produced constitutively in CxCa [2]; therefore it represents
a potential target for the development of a vaccine against
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this neoplasia. However, the extreme lability of E7 renders
difficult its production in potential bacterial hosts [3-3].
'We have previously described that the native form of E7
protein is very labile and degraded in the cytoplasm when
produced in the Gram-positive food-grade lactic acid bac-
terium (LAB) Lactococcus lactis [4,5]. Interestingly, E7
production is rescued when fused te either a lactococcal
signal peptide (SP) or to a stable protein, staphylococcal
nuclease (Nuc) [4,3]).

L. lactis is widely used for the production of fermented
milk products and more recently as a live vector for het-
erologous protein delivery ([4—12]; see [13] for a review).
The use of L. lactis as a live oral vaccine to induce mu-
cosal immune response is a very promising field of health
applications [13]. These strategies are well illustrated by
two recent studies which investigated whether genetically
modified orally administered lactococci or lactobacilli
{other LAB species) could be used as HIV vaccines
[14,15). In this study, we used the nisin-inducible system
[16,17] to produce and target the HPV-16 E7 protein to
the cell surface of L. lactis, and evaluate its ability to
induce an immune response.

0373-1097/03 /522,00 © 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

doi: 10.1016/50378-1097(03)00778-X
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Table 1

Bacterial strains and plasmids used

Strain Genotyps Reference
E cofi TGI supE, hsd, AS. thi, A(lac-proAR), F'(traD36 proAB-lacZAM15) [18]

L. factis MG1363 Wild-type, plasmid-free (19

L lactis NZ3000 MGI1363 (nisRK genes into chromosome), plasmid-free [17)

L lactis NZET-CWA L. lactis strain expressing E7 protein on its surface This work
Plasmids Replicon Plasmid characteristics; cloned cassettes characteristics Reference
pSEC-E7 pwWVv(1 Cm’*; gene, expressed under Py, encodes SPyy-E7 precursor [4]
pBS:E7 CalEl Amp®; PCR fragmett encoding mature E7 This work
pYE37 pIL252 Ery*; gene, expressed under Pog,, encodes the SPugp-Nuc-CWANg precursor [20]
pIL:E7-CWA pIL252 Ery'; gene, expressed under Pu,,, encodes the SPypy,-E7-CWAMg precursor This work

2. Materials and methods
2.I. Bacterial strains, plasmids and methods used

Bacterial strains and plasmids used in this work are
listed in Table 1. L lactis was grown in GMI17 (M17
Difco, 1% gluicose) at 30°C without shaking. Escherichia
coli was grown in Luria—Bertani medium at 37°C, with
shaking, Plasmid constructions were first established in
E. coli and then transferred into L. lactis [21]. Clones
were selected by the addition of antibiotics as follows:
for L lactis, chloramphenicol (Cm, 10 pg m!™!) and eryth-
romycin (Ery, 5 ug ml™"), and for E. coli, chloramphenicol
(10 pg ml~1) and ampicillin (Amp, 100 pg mi™'). DNA
manipulations were cssentially performed as described pre-
viously [22]. Polymerase chain reaction (PCR) (Perkin El-
mer Cetus apparatus, Norwalk, CT, USA) was performed
using Vent DNA polymerase (Promega) and PCR sequen-
ces were confirmed wsing the Dye-terminator sequencing
kit (ABI Prism® BigDye® Terminators, Applied Biosys-
tems).

2.2. Conditions of nisin induction

Strains were grown until ODgg =0.4-0.6 and induction
was carried out with 10 ng mI~! of nisin (Sigma) for 1 h,
Protein extractions and immunocblotiing assays were per-
formed as previously described [4].

2.3. Construction of a vector for E7 cell surface dispiaying
in L. lactis

To target E7 to the surface of L. lactis, E7 was fused to
a cell wall anchor fragment of Streptococcus pyogenes M6
protein [23]. Briefly, the E7 gene was PCR-amplified from
the vector pSEC-E7 [4]. Priter sequences used are: 5'E7-
CWA (5'-AGTCGACCCATTGCATGGAGATACACC-
TACATTG-3") for the coding strand and 3'E7-CWA
(5'-CGATATCTCTGGTTTCTGAGAACAGATGGGG-
CA-3") for the complementary strand. The PCR product
was subcloned into Hincll-pVES(0] (kindly provided by 1.
Poquet, URLGA, INRA, Jouy en Josas, France) resulting
in plasmid pBS:E7 (Table [). The E7 cassette was isolated

Fig. 1. Schematic of plasmid construction for E7-CWA expression in L Jactis. The rep and ColEl replication origins are derived from pVES5547 plas-
mid where the muc gene is fused downstream with a DNA fragment encoding the signal peptide (SP) of the Uspd5 protein and upstream to the cell
wall anchor (CWA) of the §. pyogenes M6 protein [20]. A DNA fragment encoding the mature maiety of E7 protein was obtained from a pBS:E7 plas-
mid (Table 1) with SofliEcoRV and cloned in pVE5547 vector digested with the same enzymes and replacing the corresponding DNA fragment of mue.
The E?-CWA cassette is under the transcriptional control of the Py, promoter (Pais4), TIT2 indicates transcription terminator. The resulting plasmid

was designated pIL;E7-CWA.
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GST-EF E7-CWA

GST-E7

E7-CWA

Fig. 2. Detection of E? by Western blot assay. Cell extracts of induced
cultures of recombinant L. Jaczis containing pIL:E7-CWA were analyzed
by Western blot using menoglonal anti-E7 antibodies. Arrows indicate
the positions of precursor SPugp-E7-CWAys, product of a first cleavape
(E7-CWAMs) and mature form (E7-CWA). Glutathione S-transferase
{GST)-E7 represents cell extracts from an £ colj strain expressing E7
fused to GST used as positive control. Positions of molecular mass
marker are indicated on the left.

with Sall/EcoRV and cloned into Sail/EcoRV-cut
pYE3547 (Table 1) resulting in pIL:E7-CWA (Table 1,
Fig. 1). In this vector, the E7 gene was fused downstream
of RBSuyspes and in frame with the signal peptide (SPupas)
of Usp45 (the predominant secreted protein in L. Jactis
[24]) at its amino-terminus and with a DNA fragment
encoding the cell wall anchor (CWAMg) of the §. pyogenes
M6 protein at its carboxy-terminus (Fig. 1 [20]). This
C-terminal CWA fragment is 190 amino acids long,
thus, the expected size of the hybrid precursor is 38
kDa. Expression was controlled by the P, promoter
[16). This construct, pIL:E7-CWA plasmid, was intro-
duced into L. Jactis strain NZ9000, which carries regula-
tory genes nisR and misK resulting in NZ9000 (pIL:E7-
CWA) (Table 1; bereafter called NZE7-CWA).

A

2.4, Protein sample preparation and immunodetection

Protein sample preparation from recombinant L lactis
cultures, sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SD3-PAGE), Western blots and immuno-
detection with anti-E7 antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) were performed as
previously described [4].

2.5, Immunoftuorescence microscopy

To confirm the E7-CWA surface expression, cultures of
the recombinant strain NZE7-CWA were analyzed by im-
munoflyorescence essentially as previously described [25]
(Fig. 3). In this experiment, a L. laciis strain carrying
the plasmid pVES5547 [20] and producing a cell wall an-
chored form of Nuec was used as a negative control
Briefiy, 2 ml of NZE7-CWA-induced cultures were har-
vested at ODgyo = 0.5-0.6 and suspended in 1 ml of sterile
phosphate-buffered saline (PBS)-3% bovine serum albu-
min containing anti-E7 antibodies and incubated over-
night at room temperature. After threc washes with
PBS-Tween 0.05%, the cell-antibody complex was incuba-
ted for 6 h at room temperature (avoiding light exposure)
with a goat anti-mouse IgG Alexa Fluor conjugate (1:50
dilution). Cells were washed three times in PBS-Tween,
laid on a glass slide, air-dried and heat-fixed. Analysis
wag performed on a confocal microscopy (Olympus Fluo-
view IX70).

Fig. 3. Detoction of E7 at the cell surface of L. lactis by immunofluorescence. A: L lactis harboring the control plasmid pVES547. B: Recombinant
L. Ineriv expressing E7-CWAys. Bacterial samples were treated with specific anti-E7 monoclonal antibodies and then fluorescence-stained with goat
anti-IgG conjugate Alexa Fluor (lower panels). Visual light micrographs are included for identification of bacterial cells (upper pamcls). Magnification,

X 1004
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2.0, Animals

C57BL/6 mice were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA). Mice were housed in the
animal facility at the Tmmunology and Virology Labora-
tory at the University of Nuevo Ledn, San Nicolas de los
Garza, N.L., México. Experiments were performed ac-
cording to protocols approved by the International Ani-
mal Studies Committee.

2.7. Preparation aof live bacterial inoculum and
immunization protocol

Bacterial cultures were induced as described above and
cell pellets were harvested by centrifugation at 3000x g,
4°C and washed three times with sterile PBS. The pellets
were suspended in 10 pl of PBS to obtain a final concen-
tration of 1 X 10? colony-forming units (CFU). Three mice
(68 weeks) were immunized intranasally with 1x10°
CFU of induced recombinant L. lactis strain (5 pl were
administered with a micropipette into each nostril) on
days 0, 14 and 28. Mice were partially anesthetized by
i.p. injectiont of a combination of xylazine and Ketamine
(0.40 ml for 10 ke of weight, Cheminova de México, S.A.
de C.V.). Plate counts were performed to check the
amount of CFU administered and E7 production was con-
trolled by immunodetection with E7 antibodies. Control
mice (#=13) received identical quantities of wild-type
L. lactis strain.

2.8. Sample collection and detection of E7 antibodies

Samples were collected from anesthetized animals, Sev-
en days after the last L. lactis administration (day 35) mice
were bled and serum pooled. The mouse antiserum was
tested by immunoblotting against a GST-E7 hybrid pro-
tein (E7 gene fused to glutathione S-transferase, kindly
provided by V. Bermidez) produced in E. cofi.

3. Results and discussion
3.1. Production of E7-CWA in L. lactis

Production of E7-CWA hybrid protein was analyzed by
Western blot analysis on total cell extracts using anti-E7
antibodies. In cell extracts of the recombinant L lactis
carrying the E7-CWA cassette (NZE7-CWA; Fig. 2),
one major band was detected at about 38 kDa, the ex-
pected size for the SPuyp-E7-CWApmg precursor, Two other
bands of lower molecular mass were detected correspond-
ing to (i) the 32-kDa E7-CW A form, which results from
the cleavage of SPy.p, and (ii) the mature 27-kDa E7-
CWA; generated after processing of CWAyg (i.e. cleav-
age of CWAwug and covalent link between E7 and the cell
wall; Fig. 2). These results show that E7-CWA was effi-

ciently produced and processed in L. lactis and arc con-
sistent with previous published results where one other
heterologous protein (Nuc), was cell wall anchored in
L. lactis using CWA. [20]. As a positive control, a GST-
E7 hybrid protein produced in and purified from E. coli
was included in Western blot analysis.

3.2. E7 is efficiently cell wall anchored in L. lactis

To confirm that ET-CWA fusion protein was properly
addressed to the cell wall, cultures of NZE7-CWA strain
were analyzed by immunofluorescence. Analysis by confo-
cal microscopy revealed fluorescent cells only in the re-
combinant bacteria NZE7-CWA but not in the control
strain (Fig. 3). About 90% of the recombinant bacteria
were stained. These results show that E7 was properly
and efficiently displayed at the cell surface of L. lactis
strain NZE7-CWA,

3.3. Immunogenicity of E7-CWA in mice

Immunogenicity of NZE7-CWA strain against E7 was
tested in mice. Groups of three mice were intranasally
immunized with 1x10° CFU of live recombinant or a
plasmid-free L. lactis strain and mouse sera (pooled)
were tested for E7 antibodies by Western blot analysis
using a GST-E7 protein as antigen. The pooled antiserum
from mice immunized with wild-type L. lactis did not react
with the blotted GST-E7 hybrid protein (Fig. 4A), where-
as the antiserum from mice iImmunized with NZE7-CWA
strain clearly reacted with a protein of the expected size
for GST-E7 (Fig. 4B). The specificity of this band was
confirmed by reprobing the blot against an anti-E7 mono-
clonal antibody (Santa Cruz Biotechnology). The same
band was recognized by the tnonoclonal antibody (Fig.
4C). These results demonstrate that E7 protein displayed
at the cell surface of L. lactis was able to evoke an anti-
gen-specific immune response in mice.

3.4 Perspectives

We previously reported that HPV-16 E7 protein is an
extremely labile protein and is intracellularly degraded
when expressed in its native form in L. lactis; in contrast,
secretion of E7 in L. lactis results in a good yield without
degradation [4,5]. Furthermore, we reported that E7 pro-
tein could be rescued from intraceliular proteolysis by fu-
sion of a compact and resistant protein, Nuc, at either the
N- or the C-terminus. In this work, the expression levels
and stability of E7-CWA hybrid protein were similar to
those reported for Nuc-E7 fusion (data not shown) sug-
gesting that fusions to CWAwmg or Nuc have similar pos-
itive effects on E7 stability. This also suggests that cell wali
anchoring, like secretion, could be a way to escape intra-
cellular proteolysis.

This study demonstrates the potential of L. laciis, a
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Fig. 4. Detection of E7 antibodics in serum of mice immunized with recombinant L. factis, Western blot analysis showing antibodies against HPV-16
E7 protein after intranagal jmmunization with recombinant L factir NZE7-CWA. Cell extracts of E coff expressing GST-E7 protein, used as antigen
(+), were resolved in 12% SDS-PAGE gcls, transferred onto polyvinylidene diflueride membrane and reacted with pooled sera from immunized mice,
An E. eoli strain hatboring a GST plasmid was used as a negative control {(—). Panels A and B were probed with sera of mice immunized with wild-
type and recombinant L. /factis NZE7-CWA strain, respectively. In panel C the membrane of pane! B was stripped and reprobed with anti-E7 monoclo-
nal antibody, The arrow indicates the GST-E7 protein. Positions of molecular mass markers are indicated on the left.

food-grade, non-pathogenic and non-invasive LAB, to be
used as a live vector to design a prophylactic and/or ther-
apeutic vaccine to prevent and treat respectively CxCa.
The fact that antibodies against E7 were found in the
serumn means that L. Jgcris expressing E7 at the surface
was able to induce a systemic response. We recently
showed that an E7 antigen-specific celluiar response (i.e.
secretion of Thl cytokines, interleukin-2 and interferon-y)
was elicited in mice by a recombinant L. lactis strain dis-
playing a cell wall anchored E7 [11]. Furthermore, expres-
sion of E7 at the surface of L. lactis appears to evoke a
stronger immune response than cytoplasmic or secreted
forms: splenocytes obtained from mice immunized by in-
tranasal administration with NZE7CWA and restimulated
in vitro produced higher Thl cytokines levels than those
obtained in mice immunized with recombinant lactococcal
strains producing a cytoplasniic or secreted E7 antigen
(Bermidez-Humaran et al., submitted).

Immune response against cell wall anchored E7 has also
been achieved using Streplococcus gordornii [26] in combi-
nation with complete Freund’s adjuvant. In this work, an
antigen-specific immune response was obtained after intra-
nasal administration of recombinant I. lactis alone. Fur-
thermore, 8. gordonii is a commensal {persistent microor-
ganisms that can induce immunotolerance) and generally
regarded as safe but not a food-grade bacterium. In con-
trast, L. laetis is totally innocuous and non-persistent and
can lead to the development of live vaccines, with a re-
duced risk of colonization and thus reduced risks of im-
mune tolerance. In addition, LAB are good candidaies for
vaccination purposes because the route of immunization
(intranasal, oral or vaginal) makes this model of easy ad-
ministration and low costs.
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E7 HPV-18 Production and Seeretion in Lactococcus lactis

Juis G. Bermiidez-Humaran, M Naima G. Cortes-Perez,’ Yves Le Loir,}
Alexandra Gruss,’ Cristina Rodriguez-Padilla,f Odila Saucedo-Cardenas,!
Philippe Langella,* and Roberto Montes de Oca-Luna®!
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An inducible system to improve and stabilize the production of an extremely labile
protein (E7 antigen of human papillomavirus type 16) was developed in the food-
grade bacterivan Lactocoecus lactis. A protein carrier, the staphylocoeeal nuclease Nug,
was fused either {0 N- or C.termini of E? protein, and the resulting hybrid proteins
wore rescued from intracetiular proteolysis but poorly secreted by L. lactis. A synthetic
pFropeptide (LEISSTCDA) was then fused and significantly improved the secretion
efficiency of the hybrid protein Nuc-E7 by L. luctis,

Introduction

The lactle acid bacteria (LAB) are a group of Gram-
pogitive micreorganisms inchuding members of the genera
Lavtovoceus, Lactabactllug, Tenconnston, Pediovocrus, and
Streptococcns, LADB ave widely vsed in the food industry,
and research works on LAB were first orjented toward
betier understanding for improved control of the fermen-
tation precuss. Many offorts sre now focusing on the
production of heterplogous proteing in these Generally
Regarded As Safe (GRAS) mitroorganisms for commercial
uses {Mercenier ot al., 2000; Seegers, 2002). To date, the
best characterized LAB is Lactoceccws luctis, for which
efficiont genetic tools have beeo developed and whase
genoma sequence i now cothpleted (Bolotin et al., 1998),
Lactococeus bectis is @ food-grade, nonpathagenis, and
nencolosizing bacterium that vepresents & good organism
to producs beterologous proteins and sould be exploited
ta produce encymes, metabolites, and antigens of medical
interest, Moreover, fecent works demonstrated the po-
tential of L. fnctis for nutigen delivery in live vaccine
development (for review, see Mercenier et al, 2000;
Miclearck et ul, 2001}

There is & considerable interest in the overproduction
of heterologous proteins in L. lectis. Severnl strategics
have besn developed for this purpese using constitutive
and inducible gene expression systems (Walls el al,, 1995;
de Vs, 1889). We recently used the NICE systom (based
on the nisin-indueible promoter P, de Ruyter et al.,
1896} to produce the E7 onvoprotein from human papil-
lomaviras type 16 {(HFV-16) in Lacfococcus lactis (Ber-
midez-Humersn et al., 2002). The E7 oncoprotein is a
verylabile nuclear phosphoprotein (98 amins acids) with
limited production in both sukaryotic and prokaryotic
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aystems. Thus, it represents a good model to analyze
w production and stabilization. We previously

that E7 is degraded in the coll aven in a L. lactis
sirain deficient for ClpP, the main intracelinlar protease
{(Bermider-Humardn st al, 2002). Interestingly, E7
instability was rescued by fusion of the staphylococcal
ouclease (Nuc) protein to its amine N-terminal end, but
sacretion efficiency {the proportion of total protein that
& prosent in mature secreted form; SE) of this hybrid
pratein was very low (~5%), Moreover, Reinstein et al.
(2000) showed that B7 protein is rescued from ubiquitin
proteclysis, in an eukaryotic system, by Myc-tagging to
its N+ but not C-terminus. Thus, to improve both Nue-
E7 production and secretion by L. lactis, several param-
etors were analyzed and modified: (1) amounts of nisin
used to indoce the production of hybrid Nuc-E7, (i) use
of a synthetic propeptide LEISSTCDA {(hereafter called
LEISS) to improve SE (Le Loir et al, 1998 and 2001
(i) fusion of Nuc to E7 C-terminus, Qur results show
that Nuc-E7 produetion and SE by L. lactis depend on
the quantity of aisin used. Moreover, SE was improved
by LEISS fused to the hybrid protein E7-Nue. Interest-
ingly, Nuc can protect E7 protein from intracellular
degradation in L. lactis when fused to Nuc at both
extramities {N- or C-terminus). This work has generated
usefil tovls for in vive production of BT antigen by fusion
to & stable and compact protein {(Nue) and provides
siternative means of stabiiizing heterologous fragile
proteins in L. lachs.

Material and Methods

Bacterial Strains, Plasmids, and Antibiotics,
Eseherichie coli was grown in LB at 87 *C and L. loetis
NZooD0 (NZ; L. lactis strain that carries chromosomal
copies of regulatory genes nisR and nisK, Kuipers st al,,
1888} and L. lactis NZ(pSEC:Nuec-E7) (Bermidez-
Humarédn et al., 2002) strains in M17 medium (DIFCO)
supplemented with 1% {wA) glucose (GM17) at 30 "C
withaout ggitation. The plasmids pSEC:Nuc-E7, pBS:Nue,
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Figure 1. Deosign of cassettos to improve E7 profuction and
seeratian by L, laotis, Selematie structures of LEES:Nuce- 317
and LEISS:ET-Nuac fusiong under the cloesocnt Py

promoter snd careied by the indicated ids. For detalls of
plasmid constructions, see text. Logend; (—) L. Jectis promoter
sequences of pizin-indacible prowoter (Faeak M tilkeame
bindiog site of the sspdd gepe; {diagonal pattern) sipnal

tide of the nspdd pene; {dotied gt:,tm}, fragmoent encwdi
LEISSTCDA propeptide; (white} NucB coding soquence, (geey
B7 coding region; {7} twabsaription terminator {(not to seale).

pSECLEISS:Nue, and pBSE7? have been previcusly
described (Bermédes-Homardn ot al, 2002), Unless
otherwige indicated, plasmid constructions were first
established in E. ¢olf and thon transforred fo L. lactis by
slectrotransformaiion and selected by the addition of
antibiotics as follows: for B, colf, ampicillin {160 sg/ml)
aad chloramphenicel {10 mpfmis), sond for L. loctis,
chloramphenicol (1¢ apinll

DNA Manipnlations. Geperal procedures for DNA
isolativns and manipulations were easentially performed
as previougly described (Bermitdez-Humardan et al.,
2002}, POR {Perkin-Blmer Cetus apparatus, Norwalk,
CT) was performed using Voot DNA Polymerase (Prome-
g2), and PCR sequences were conflrmed using dye-
terminator sequencing kit (AB1 PRISM Bighye Termi-
nalors, Appl Biegystems),

Nisin-Inducible System. For nisin promoter indue.
tion, NZ strain and its decivative straing were all grown
o an Ofgpe of 0.4~0.6 2nd induced for 1 h with 0.05, 0.1,
1,5, 10, and 15 nisin ng/mi.

Protein Samples Preparation and nmunodetee.
tion. Protein samples preparation from reconabinant L.
lactis euliurves, SDS~PAGE, Westora blots, snd iamu-
nodetection with anthNue or anti-EY antibodies wers
performed as described (Le Loir et 2l., 1898; Bermidez-
Humardn et al., 2002). _

Fusion of LEISBTCDA Synthetic Propeptide to
Nuc-E7? Hybrid Protein, To improve the SE of the
hybrid protein Nuo-E7 (Bermtdez-Humardn et al., 2002},
o RBS-8Py,leiss-nuc-E7 cassette was constructed {Fig-
yre 1), whoere RBS corresponds to n DNA fragment
containing the ribosome binding site of the homologous
uspds L. loctia gene; the SPy,, which encodes the signal
pepiide (5P, essential signal for protein secretion)
of Usp45 protein, the main secreted protein by L. lactis

{van Asseldonk ot al,, 19803 ang fefss, which encedes

LEISSTCDA (LEISS), u syntheiic propeptide previously
described as & secretion enhancer in L. lnctis (Le Lair et
al, 1998). Briefly, an E7 cnsseile was purified from 2
NsiliBeaRV-eut pBS:E7 and cloned into a pSEC.LEISS
backbone purified from  EeoRI-Klenow/Nsil-cut
pSECLEISS:Nue, resulting in pSEC.LEISS:ET. A nue
cassette, isolated from Nsil-eut pBS:Nuc was then
cloned into Neil-cut pSECLEISS:ET to generate pSEC:
g%l%:}'fue-ﬁ:‘?. This plasmid was intraduced into L. lactis
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f‘imgum 2. Kineties of nisin concentration neceszary to obtain
gient Nuc-BT production and seeretion by L. lactis. We tested
different concentrations of nisin {005, 0.1, 1, B, 10, 15 ng/mi)
o determine the best one Lo produce and secrele Nuc-E7 hybeid
by L. lactis. Proleins were extracied from an induced culture of
NUPSEC:Nue-ET) sirain and then analyred by Westarn blot
with anti-Nuc antibodies. ‘The arrows indicate the positions of
maiure protefn, the precursor SPepNue-ET (preNuce-ETh ()
coll lysates; {8) supernntant fraction. Positions of mulscular
wmgl{tmma&su are shown on Lhe leit,

Fusion of Nuc to E7 C.Terminus. To test the effect
of & Nuc fusion to E7 C-terminus, SPyy,-leiss-E7-nue
castette way constructed as follows (Figure 1), An E7
cassette wos PCH amplified from pBS:ET7 with two
oligonucleotides having Nsil sites in their 5 extremities
(5 -GATGCATCACAACATGGAGATACACCTACATT(-
CAT-3 for coding strand and 5-GGATGCATGTGGTT
TCTGAGAACAGAT-3 for complementary strand). The
PCR fragment was subcloned into pCR-TOPO kit {Invit-
rogen, Carisbad, CA), resulting in pCR-TOPO-NSIIET,
The E7 cassette purified from & Nsil-cut pCRE-TOPO-
NsilB7 was cloned into a Neil-cui pSEC;LEL3S:Nuc,
resulting in pSECILEISS:R7-Nue, The pSEC:LEISSET-
Nuc plasmid was then introduced into L. lactis NZ.

Results and Discussion

Effocts of Nisin Concentrations on Produciion of
Nuc-E7 in L. loctis. Since the expression of genes
transeribed under the conteal of Poua depends on nisin
concentration {de Ruyter et al., 1986), different nigin
concentrations were lested Immunodetection of the
hybrid Nuc-E7 prolein by anti-Nuc antibodies indicates
that Nuc-E7 expression is induced with a minimal
concentration of 0.05 ng of nisin/mL (Figure 2). At this
concentration, a maximum SE is chuerved as no precur-
sor is detected in the cell fraction. The highest leve] of
Nue-E£7 secreted in the mediun was reached ot 10 ng of
nisin/ml., Higher sonceptration of nisin (i.e., 15 ng/ml)
caused coll lysis since the 8Py -Nuc-E7 precursor form
{preNuc-E7) was detected in the medinm (Figure 2).
gtgi further inductions were perforined using 10 nisin

LEISSTCDA Improves Secretion Efficiency and
Yield of Nuc-E7 Hybrid Protein in L. lacfis. We
previously reported the seeretion of the Nuc-E7 hybrid
protein by L. loctis (Bermiidez-Humardn et al., 2002}
with n very low SE (~5%), wherras E7 nutive SE was
high (~95%). Previous studies showed that LEISS en-
hanced SE of heterologous proteins by L. Juctis (Le Loir
et al., 1988). To incroaze the SE of Nuc-E7, LEISS was
fused to this hybrid protein, resuiting in LEISS:Nuc-EY
{encoded by the plasmid pSECLEISS: Nuc-E7), and then
protein seerction was evaluated by immunodetection with
anti-Nuc antibedies {Figure 3A). The results show a SE-
of §% for Nuc-E7 protein versus 15% for LEISS:Nuc-E7
(as determined by camparison of Nuc-E7 signals with
Image Quant Program). Moreover, the total amount of
LEISE:Nue-E7 protein was considerably enhanced. The
molecular weights of the detected LEISS:Nuc-E7 forms
were higher than that of Nuc-E7 as a result of the
addition of nine amino acids of LEISS. The upper band
correspands to the LEISS:Nue-E7 precursor, the middle
band to the mature form, and the lower band to a
degradation product. In the supernatant, the SE of
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Figure 8. L’E!S‘ﬁ"ﬂi}ﬁ syr:ﬁwﬁe propeptids enhances 8F and
Leproms Nue-B7 produection yield in L. Joctis. Rue-B7 and

13%:Nuc-ET preduciion wers ana by Western blot with
antibodiea anti-Nue {A) and anti-E? {B). The induction was
carried out with 10 ng/ml ofnisin. Noninduced (—~} and indueed]
{+) cultures of indicated strains, 188 Nue-E7, ac.Bi7,
and Nue-B7 forms are indicated by arrows: {O) call ysates: (5
supernatant fraction, Pogitions of molecular weight marlm- are
shiown on the R,

LEISS:Nuc-BE7 wasreproducibly higher (~15%) compared
lo that observed for Nue-ET (~5%3}.

The membrane of Figurs 3A wos then stripped and
probed with anti-I87? monoclonal antibadies (Figure §8),
The pattern of proteins was similar to that observed with
anti-Nuc antibodies. with the diffarence of a lower per-
cenbuge of Mabure protein in the medivm {(Figure 3B)
Here, we suggest that supernatant band detection with
antl-E7 antibodies is not markediy visible as anti-Nue
detaction because degradation may preferentially target
the B7 moiety of the fusion.

Ia sddition, several bands of lower malecular weight
are detected in cell fractions that correspond to degrade-
tion products. Although the migration was performed in
denaturing conditions {SDS~PAGE), several bands of
high maleeular weight are detected nhove the precursor
form in the cell fraction, These bands might be due to
precursor aggregates that are not completely dissociated
by the mild conditions of protein semples preparakion
{due to E7 fragility, Bermddez-thomardn et al., 2002) and
are indeed ro insensitive o intracelivlar house-
keeping proteolysis (Wild et al., 1896),

Nuz Protecta E7 from Degmdaﬁun When Fuged
to Bither N- or to C/Terminus. Here, we observed that
tha fusion of both LEISS and Nuc improves dramatically
ET production in L. factis. To lest whether Ctorminus
fusion of Nue eouild protect E7 from degradation, pSEC:
LEISS:E7-Nue wds constructed and introduced inte
NZ3000, resulting in NZ{pSEC:LEISS:E7-Nuc). E7 pro-
tein products from both strains NZ(pSECLEISS: B Nug)
and NZ{pSEC.LEISS: Nue-Ii7} were analyzed by Weat-
ern blet assuys, However, in this experiment we over-
exposed the FYDF membrane in the autaradiographic
film for betior detaciion of the supernatant band with
anti-BE7 antijodies. Anti-Nue and anti-E7 antibodies
revarled (i) in the cell fractions of NZ(pSEC:LEISS:Nue-
E7) and NZ(pSECALEISE: E7-Nuc) two major bands that
correspond to the precursor preLEISS:E7-Nuc and ma-
ture protein LEISS:E7-Nuc (Figure 43; i} in the soper-
natants, sme major band st the expected size for
LEISS:Nue-E7 and LEISS:E7-Nuc (mature protein). The
B7-Nuc hybrid protein products run slightly smaller than
Nuc-E7 ones; guch aberrant migration properties had
been nlready observed in fugion at BE7 C-terminus

18

anti-Nuc

Figure 4. Fusion of Nue at githar N- or C-terminus ean tescue
BY prodaction. LEISS-Nuc-E7 and LEISS-E7-Nue were ana.

Iyzed by Western blot experiment sn induced cultures of wt L.
fnctis stening con pSEC-LEISS-Nuc-E7 (lane 1) or pSEC-
LEISS-E7-Nue (lane 2) osing anti-Mue or anti-E7 uatibedios,

Miprntion positions of precursor forms (prec), LEISS-Nue-E?
maturs form (LETSS-Nuc-ET), und LEIS&-?.’T -Nue mature form
{LEIS8.E7-Nuc} are indicated by arrows: {C} cali lysatss; ()
supernatant (raction,

{Roisntein ot al., 2000), These results show that a fusion
to Nue at either N- or Cterminus of E7 can rescue ET
production.

in the use of L. lnctis as Host Vector.
The use of L. lactiz to produce and exporl proleins offers
several advantages that makes it s attractive host for
heterslogous protein prodoction: (i) some strains do not
secrete projeases ar sther proteins at high levels, which
simplifies purification and analyses of secreted proteins
of interest (Lo Loir et al.,, 1998); (ii} L. lactis is widely
used in Lhe foed industry, a feature that may facilitate
ils acceptance az a vector for heterclogous proteins
prodaction; (iii) their GRAS stutus represents an impor-
tant advaniage to be used as a live vaccine vector; (iv)
some strains exhibit antitumor activity (Kelkar et al,,
1988). Mareover, L. Inctis is a noncommensal and tran-
sient bacterium in the digestive teact, This conld be an
sdvantage Lo avoid any tolerance responss to a given
antigen.

Conclusions

Revent studies in sur laboratory suggested that low
production and inefficient SE of heterologous proteins by
L. lactis could be enhanced by the fusion of Nuc protein
at the N-terminus (Ribeiro et al., 2002; Bermudes-
Humarin et al., 2002) and/or LEISSTCDA. propeptide to
the proiein of interest (Lo Loir ot al., 1998, 2601; Ribeiro
et gl., 2002). Here, we found that Nuc fusion to E7
Ceterminus acts in a way gimilsr to that of the N-
terminus fusion in L. lectis. In contrast, N- but not
C-terminous tageing of E7 rescues it from ubiquitin
proteciysis in an eukaryotic sysiem (Reinstein ot al.,
2000). In the other hand, the synthetic propeptide
LEISSTCDA adds two negative charges at positions 42
and +8 of the muture moiety of the fusion Nuc-E7
{LEISS:Nuc-E7) secretad protein, which indeed improve
the SE {5 vs 15%). These resuits are totally in agresment
with other reports of the enhancer properties of this nine-
residue synthetic propeptide {(Le Loir ot al., 1898, 200];
Ribeira ot al., 2002}, Finally, the nisin-inducible system
used in this work allows the ion of foreigm proteins
that can be toxic to the bacterium whien produced at high
levels {de Ruyter ot al,, 1998},
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Intranasal Immunization with Recombinant Lactococcus lactis
Secreting Murine Interleukin-12 Enhances Antigen-Specific
Th1 Cytokine Production
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Interleukin-12 (I1-12), 2 heterodimeric cytokine, plays an important role in cellular immunity to several
bacterial, viral, and parasitic infections and has adjavant activity when it is codelivered with DNA vaccines.
IL-12 has also been used with success in cancer immunotherapy treatments. However, systemic IL-12 therapy
has been limited by high levels of toxicity. We describe here inducible expression and secretion of IL.12 in the
food-grade lactic acid bacterinm Lactococcus lactis. IL-12 was expressed as two separate polypeptides (p35-p40)
or as a single recombinant polypeptide (scIL-12). The biolegical activity of IL-12 prodiuced by the recombinant
L. lactis straim was confirmed in vitro by its ability to induce gamma interferon (IFN-y) production by mouse
splenocytes, Local administration of IL-12-producing strains at the intravasal mucosal surface resnlted in
IFN-v production in mice, The activity was greater with the single polypeptide scIL-12. An antigen-specific
cellnlar response {i.e., secretion of Thl cytokines, TE-2, and IFN-v) elicited by a recombinant L. lactis strain
displaying a cell wall-anchored buman papillomavirus type 16 E7 antigen was dramatically increased by
coadministration with an L. lactis strain secreting IL-12 protein, Qur data show that I1-12 js produced and
secreted in an active form by L. lactis and that the strategy which we describe can be nsed to enhance an

antigen-specific immune response and to stimulate local mucosal immunity.

Interleukin-12 (IL-12) is a multifunctional cytokine that was
originally described as a maturation factor for cytotoxic (T)
lymphocytes and a cell stimulatory factor for natural killer cells
(8, 23, 28). IL-12 is a heterodimeric glycoprotein compased of
two disulfide-linked chains (p35 and p40) that has numerous
effects on T and naturai killer cells, resulting in enhancement
of cytotoxic activity and induction of gamma interferon
{IFN-v) production. In gxperimental models, IL-12 has been
shown to be involved in protection against several bacterial,
viral, and parasitic infections (4, 25, 45). This cytokine has also
been shown to block angiogenesis (34, 60). Finally, the immu-
nomnodulatory efiects of IL-12 are reportedly beneficial in
AIDS freatment (26). The immunostimulatory properties of
IL-12 have led to experimentation with its use as a vaccine

* Cotresponding authors. Mailing address for Philippe Langella:
Unité de Recherches Laitiéres et de Génétique Appliquée, INRA,
Domaine de Vilvert, 78352 Jouy en Josas cedex, France. Phone: 33 01
34 65 20 83. Fax: 33 01 34 65 20 65. E-mail: langella@jony.inra fr.
Mailing address for R. Montes de Oca Luna: Laboratorio de Inmu-
nelogia y Virologia, Facultad de Ciencias BiclOgicas, Universidad Au-
ténoma de Nuevo Leén, San Nicolas de los Gavza, Nuevo Ledn,
Mexico. Phone: 52 8 3 76 43 19, Fax; 52 8 3 52 42 12. E-mail: rmontesd
@ccr,dsi.vanl, mx.

1 Present address: Laboratoire de Microbiologie INRA ENSAR
UMRI1055 65, Rennes cedex, France.

adjuvant (1, 3). In addition, IL-12 stimulates serum immuno-
globulin G antibody responses and helps during differentiation
of Thy cells into Thl cells (17, 21, 41). This is particularly
interesting for vaccine development for antigens that are
poorly immunogenic.

Local administration of IL-12 confers antitumor activity in
vivo that results in regression of established tumors and reduc-
tion of metastasis in animal models (7, 43, 49). Nevertheless,
systemic IL-12 therapy can have toxic effects in animals and
humans (36, 38, 39) and has been a cause of mortality in
clinical trials (10, 36). For example, intratumoral treatment of
mice with a vaccinia virus expressing IL-12 resuited in signifi-
cant tumor growth inhibition but also induced clear signs of
toxicity (9).

I-12 has also been considered for use as an adjuvant in
vaccing therapies. Current therapies involving mucosal routes
are limited by a lack of suitable adjuvants that can be safely
given to humans. Cholera toxin and Escherichia coli entero-
toxin are potent mucosal adjuvants but frequently cause sec-
ondary effects, such as severe diarrhea and induction of Th2
Tesponses that can lead to undesirable immune responses (21).
Although various IL-12 delivery systems based on retroviral
vectors and gene gun techniques have been described (38, 40,
49), an efficient and cost-effective means of delivery remains to
be developed.
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TABLE 1. Bacterial strains and plasmids used

INFECT. IMMUN.

Strain or plasmid Replicon Genotype or characteristics Reference or sourge
Strains

E. coli TG1 supF. hsdAS thi A{lac-proAB) F' (D36 proAB* lacl lacZAMI5) 19

L, lactis MG1363 Wild type, plasmid free 14

L. lactis NZ900D MG1363 (nisRK genes in chromosome), plasmid free 30

Plasmids
pWRG3169 ColEl Ap', pBS derivative confaining coding sequences for p35 and p40 subunits 49
pCR:TOPO ori pUC 3 Invitrogen
pCR-TOPO:Ap35exonl  or pUC Ap", DNA fragment encoding first exon of p35 subunit devoid of its SP This study
pCR-TOPO:p3Sexon ori pUC Ap", DNA fragment encoding second exon of p35 subunit This study
PCR-TOPO:Ap35 ori pUC ApT, DNA fragment encoding p35 mature mowcty devoid of intron This study
pVES001 ColEl Ap*, pBS derivative containing frp4 transcription terminator 48
pBS:ApdO:upA ColE1 Ap", DNA fragment encoding p40 mature moiety devoid of its SP plus &pA4 This study
pVES022 ColE1/pAMB  Ap' Emv', pFUN derjvative containing Expd-ASPy,,, fusion 48
PBS:SPE, . ColEl Ap’, PCR fragment encoding SPg.,, SP This study
pBS:8Pp, . p40:trpA ColEl Ap', gene expressed from P4 encodes SPyg-p40:rp4 pd0 subunit This study
precursor
pSECE? pWWV01 Cmy", gene expressed from P, encodes SPy,,-E7 precursor 5
PSEC:p35 pwWVvO01 Cm', gene expressed from P, encodes SPyg-p35 p35 subunit precursor This study
pSEC:p35-p40 pwWVD Cm*, gene expressed from P, encodes SPy,,-p35-p40 p35 and p40 subunit This study
preéursors

pCDNASIL-12 ColE1 Ap', PCR fragment encoding 7£-12 single chain P. Melby”
pCR:TOPO:5cIL-12 ori pUC Ap', PCR fragment encoding sc/L-12 single chain devoid of its SP This study
pSEC:scIL-12 pPWVG31 Cm", gene expressed from P4 cncodes SPyg-fL-12 single-chain precursor This study

*The University of Texas Health Scicnce Center, San Antorio.

The gram-positive and nonpathogenic lactic acid bacteria
are considered promising candidates for the development of
oral live vaccines. Lacfococcus lactis, the model lactic acid
bacterium, has been extensively engineered for the production
of heterologous proteins (5, 13, 16, 35), including some anti-
gens of bacterial or viral origin (5, 13, 33). L. lacris is of
particular interest for oral delivery of functional proteins since
it is a noncommensal, food bacterium that does not survive in
the digestive tracts of animal models and humans (12, 16). In
the case of IL-12 cytokine delivery, these properties could
ensure transient expression of the protein, thereby limiting the
risks of toxicity.

IL-12 production requires assembly of two subunits involv-
ing two disulfide bonds (DSB) (47). In gram-negative bacteria,
DSB mediate protein folding during export; however, the final
destination of exported proteins is the periplasm. In contrast,
DSB formation is poorly documented in gram-positive bacte-
ria. Only a few extracytoplasmic proteins with DSB have been
identified, and to our knowledge, exported heterologous pro-
teins containing DSB have been reported only in Bacillus sub-
1ifis (44, 46). However, in contrast to gram-negative bacteria,
protein sccretion in gram-positive bacteria leads to release of
the protein into the medium, which provides an immediate
advantage for a delivery system. Until now, secretion of a
beterologous protein containing DSB by L. lactis has not been
reported. In this study we demonstrated the capacity of L.
lactis to produce and secrete a biologically active form of IL-12,
a complex two-subunit cytokine with two DSB that are essen-
tial for its activity (47). We found that IL-12-producing recom-
binant L. lacris strains induce TFN-y production in splenocyte
cultures and after intranasal administration in mice.

Additionally, the potential adjuvant properties of an L. lactis
strain secreting IL-12 were examined in combination with the
buman papillomavirus type 16 (HPV-16) E7 antigen. This an-

tigen, which has been implicated in the progression of cervical
cancet, is considered a potential candidate antigen for antican-
cer vaccing development. One drawback for its use is its poor
induction of a cellular immune response (42), Administration
of an L. lactis strain displaying a cell wall-anchored HPV-16 E7
antigen was significantly enhanced after coadministration of an
L. lactis strain secreting I1-12 protein, corroborating the hy-
pothesis that the recombinant strain described here is a prom-
ising candidate for mucosal codelivery of proteins of medical
interest. This work marks a new step in the development of live
protein presentation systems for pasal and/or oral administra-
tion.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial steains and plasmids used in this
work are listed in Table 1. L. igces was grown in M17 medium supplemented with
1% glucose ot in brain heart infusion at 30°C without agitation. Escherichia coli
was grown in Luria-Bertani medium at 37°C., Unless otherwise indicated, plasmid
constructs were first established in E. cofi and then wansferred to L. Jacsis by
electrotransformation (32, 51). Plasmids wera selected by addition of antibiotics,
as follows: 5 pg of chloramphenicol per ml for L. kectis, £0 pg of chloramphenicol
per ml for E. cofi, and 100 g of ampicillin per ml for £ coll.

DNA manipolation and methods used. Plasmid DNA isolation and general
procedurcg for DNA manipulation were performed essentially as described pre-
viougly (51). PCR amplification was performed with a Perkin-Elmer Cetus (Nor-
walk, Conn.) apparatus by using Vent DNA polymerase (Promega). DNA se-
quences were confirmed by using a Dye terminator sequencing kit.

Deletion of an intron in the p35 subunit. The genes encoding p33 and pdd of
murinc IT-12 were isolated from pWRG3169, a vector proviously described as
functional in a eukaryotic system (Xindly provided by Alexander Rakhmilevich)
(Tabie 1) (49). Scquence analysis of pWRG3169 revealed an intron in the p35
subunit (data not shown). As introns are spliced in mammalian cells but not in
prokaryotes, directed mutagenesis by PCR was performed 1o remave the p3s
intron {Fig. 1). Briefly, the two exons were PCR amplified, sabeloned into a
pCR-TOPO kit (Tnvitrogen, Carlsbad, Calif.), and ligated to generate a DNA
sepment encoding the p35 mature moiety devnid of the intron and of its signal
peptide (SP) (Ap35). The first exon was amplified by using primer 5'-p35-start
(3-GATGCATCAGAGAGGGTCATTCCAGTCTCTGGA-3') for the coding
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Ser Tht Theemsveranswmnancans=in: Arg Gly Sor CyS Leu Pro
TCC ACA ACAGT ratianansenan AG AGA GGG AGCTGE CTG CCC

TCC ACA ACAGT vensnsiunnm AGAGGA TCC
BamH)
Intron sequence to be deleted

' G0 96A TOL TG GTA COC GOA GAR AAG AGO ¥—P towands 3’ exon2

towerds 3' exonl #-—3" TCTCTC TOA AGA AGG TGY TAT TCT COT AGG GG T
BamH|

(complementary strand)

(coding strand)

FIG. 1. Site-specific mutagenesis. The p35 intron was eliminated by site-directed mutagenesis. Briefly, we inserted a BumHI restriction site
(underlined) in the three codons {encoding Arg, Gly, Ser) to the right of the intron. Primers were designed to PCR amplify two fragments of p35
that were joined at the BarHI site, such that p35 was reconstituted but intron free.

strand and primer 5'-p35 (¥-GGGGATCCTCTTGTTGTGGAAGAAGTCTC
TCT-37) for the complementary strand (Fig. 1). The second exon was amplified
by using primer 3'-p35 (5'-GGGGATCCTGCCIGCCCCCACAGAAGACG-
') for the coding strand and primer 3"-p35-stop (5'-GGAATTCTCAGGCGG
AGCTCAGATAGCCCA-37) for the complementary strand (Fig. 1). The prim-
ers flanking the iniron sequence were designed so that a BamHI site was
introduced without modifying the amino acid sequence. The two exons were
¢cloned into pCR-TOPO, resulting in pCR-TOPQ:Ap35exon} and pCR-TOPO:
p3Sexon2, respectively. The fragment encoding p35exon2 was then isolated from
BamHIXbal-blunted pCR-TOPO:p35exon2 and ligated to BamHI/Smal-cut
pCR-TOPO:Ap35exon], resulting in pCR-TOPQ;Ap35. This final plasmid en-
codes the unmodificd p35 subunit of 1112,

Construction of the L. frctis strain producing ¢he p35 and p40 subunits. A
fragment encoding the pdQ mature sequence devoid of its SP (pd0) was PCR
amplified from plasmid pWRG3169 and subcloned into Hincll-cut pVES001
(Table 1) (kindly provided by Tsabell: Poguet, Unité de Recherches Laitiéres et
de Génétique Appliquée, INRA, Jouy en Josas, France), resulting in pBS: Ap40:
tipA. The pVEBMD vector has a transcriptional terminator (#24) and has been
used previously to express heterologous proteins in I dactis (5, 48}, The primers
used were primer 5'-p40 (5'-GATGCATCAGAGATGTGGGAGCTGGAGAA
AGAC-3" for the coding strand and primer 3'-pd0 (5"-GGAGCTCCTAGGA
TCGGACCCTGCAGGGAA-3) for the complementary strand. Subsequently,
different constructs were made in order to fuse prokaryotic lactococeal SPs ta
p33 and p40 subunits. For the p40 subunit, a DNA fragment was PCR amplified
from pVEB02Z (a derivative of plasmid pFUN, in which the ASPyy,,, reporter is
fused to Expd, a putative L. lactis scereted protein of unknown function [48]).
This fragment contains the riboseme binding site (RBS} and the signal peptide
of Expd (SPyy,p,e) (48). The primers used were primer 5°-Exp4 (5'-GGGTACC
TTAAGGAGATATAAAAATGAA-3") for the coding strand and primer 3'-
Expd (5-GATGCATCATCAGCAAATACAACGGC-3') for the complemen-
tary strand. The PCR product was cloned into HinciT-cut pVES001, resulting in
PBS:SPags. pBS:SPe,,,:p40:rpA was obtained by insertion of the Nsil/Kpnl
fragment (containing Ap40:ipA) obiained from pBS:Apd0:trpA into Nsil/Kpnl-
cut pB5:SPe,. For the p35 subunit, the Nsil/EcoRI fragment (containing Ap35)
obtained from pCR-TOPC:Ap3S was cloned into a pSEC backbone purified
from NsljEcoRT-cut pSECET (7) (Table 1), resulting in pSEC:p35. In this
veetor, the p335 gene is fused to the RBS and SPy,,q5 of usp43, the gene encoding
Uspd5, the main seereted protein in L. lacris (59). Expression is controlled by the
P4 inducible promoter, whose expression depends on the nisin concentration
used (11, 30). Finally, to obtain the plasmid that expressed botii the p35 subunit

and the p4¢ subunit, a Kpal/BamHI-Klenow cassette encoding SPeyp,:pilitrpA
was isolated from the pPBS:SPry,<pdC:trpA vector and cloned into the Kprl/
Smal-cut pSEC:p35 backbone, resulting in pSECp35-p40 (Table 1) (Fig. 2). This
vector, in which the two subunits were transeribed from the P, promoter, was
established in L. lactir NZ90M) carrying the regulatory genes nisR and nisk (30).
The resulting strain is referred to balow as NZ{pSEC:p35-p40),

Coenstructien of an L. lactis strain with an seIL-12 gene. A single-chain TL-12
(scll-12) gene (sc/L-12) was amplified by PCR from plasmid pCDNAZ:IL-12
(kindly provided by Peter Melby, The University of Texas Health Scicnce Cenler,
San Antonio), The primers used were primer 5-IL-12 (5'-GATGCATCAGAG
ATGTGGGAGCTG GAGAAAGAC-Y) for the coding strand and primer 3°-
IL-12 (5'-GGAATTCTCAGGCGGAGCTCAGATAGCCCA-3") for the com-
plementary strand. Primer 5°-11-12 was designed to delete the first 22 godons in
the sefL-12 coding sequence. These codons cncode the p40 eukaryotic SP that is
replaced by the lactococcal SPy,s. The PCR product was cloned into pCR:

Plasmid namesg
pSEC:p35-p40

PSEC:scll-12

FIG. 2. Expression casseites to produce and secrete IL-12 in L.
lectis: schematic structures of p35 and p40 subunits and scIL-12 cas-
sette expressed under the lactococcal P, , promoter and carried by the
plasmids indicated. For details concerning plasmid construction, sce
the text and Table 1. The arrows indicate the presence of the nisin-
inducible promoter (P, ,); the solid vertical bars indicate the RBS of
the usp45 gene (bar 1 {or p35) or of the exp4 penc (bar 2 for p40); the
dark gray bars indicate the SP of the usp45 gene; the light pray bar
indicates the SP of the exp4 gene (48); the cross-hatched bar indicates
the p35 mature coding sequence; the dotted bar indicates the pd0
mature coding sequence; the open bar indicates the scIL-12 coding
sequence; and the stern-loop symbols indicate #pA transcription ter-
minators (not to scale).
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TOPO (Invitrogen), resulling in pCR:TOPO:scIL-12 (Table 1}. An seiL-12 cas-
setle was purified from Nsil/NotI-cat pCR:TOPO:s5¢IL-12 and doned into a
pSEC backbone purified from NefTiNorI-cut pSECE?. In the resulting plasmid,
pSEC:5cIL12 (Table 1 and Fig. 2), the sedL- [2 mature moiety was fused in frame
with a DNA fragment encoding the RBS and SPyy, .. of usp45. Expression was
controlled by a P4 promoter. This plasmid was established in L. lactis strain
NZ9000 1o obtain NZ{pSEC:scIL12).

IL-12 expression and detection. For induction of the nisin promoter, strains
were grown until the optical deasity at 600 nm was ~0.6, and this was fallowed
by induction with 10 ng of nisin (Sigma) per ml for 1 h. These parameters
(amount of nisin and time of induction) were previously determined io be
optimal {Bermiidez-Humaran, unpublished data). L. fzctis culture extraction and
immunoblotting assays were performed as previously described (5, 35); mouse
IL-12 antibodies (R&D Systerns, Minnzapolis, Minn.) were used for immugo-
detection. The concentration of 1L-12 secreted in a culiure was estimated by
using an ¢nzyme-linked immunosorbent assay (ELISA) kit that recognized the
L-12 heterodimer but not the individual subunits (R&D Systems).

Preparation of bacterial supervatants for TL-12 nondenaturing analyses. Su-
pematant samples from induced cultures were concentrated 50-fold by using an
Ulrafree Biomax NMWL membrane. After centrifugation, 10 il of nondena-
turing loading buffer (i.c., buffer lacking dithiothreitol and sodium dodecyl sul-
fate [SDS]) was added to 10 pl of supernatant concentrate. Electrophoresis was
performed as described by Laemmili (31), except that SDS was omitted from all
solubuns.

Animals, C57BL{6 mice were purchased from Jackson Laboratory (Bar Har-
bor, Maine). The mice were housed in the animal faciliry at the knmunclogy and
Virology Laboratory at the University of Nuevo Ledn, San Nicolas de los Garza,
Mexico. Experiments were performed by using protocols approved by the animal
studies committee.

Preparation of bacterial cells for IL-12 biological activity assays. Twenty
milliliters of an induced ¢ulture was centrifuged, and the pellet and supernatant
were sepatated. The bacterial cells were washed three tines with sterile phos-
phate-buffered saline (PBS) and resuspended in 200 pl of PBS, The supernatant
was concentrated 100-fold by using an Ulirafree Biomax NMWL msmbrane in
200 pl (final volume) of PBS.

In vitro IFN-v detection, $pleens were obtained from four mice that wete 6 to
8 weeks old, and splenocytes were separated on a Ficoll-Hypaque (Sigma) den-
sity gradient. A preparation containing 2 X 10% cells/ml in AIM-V mediom
(GIBCO) was plated on a 24-well plate {2 ml per well) at 37°C under 5% CO,.
As a positive conirol, mouse splenocytes were incubated with 50 pg of recom-
binant IL-12 {rTL-12) {R&D Systems)}. Splenocytes were incubated with 10 pl of
recambinant L. lzeris cells or with culture supsrnatant samples that were ad-
justed beforehand lo provide =-50 pg per ssmple, as determined by an ELISA,
Supernatants from the {reated splenocytes were harvested after 48 b and tested
for the presence of IFN-y by ELISA (R&D Systems) according to the manufac-
turer’s directions. All samples were prepared in triplicate.

Intranasal administration of recombi L. lackis strains encoding IT-12.
Groups of three mice that were 6 to 8 weeks old were inoculated intranasally with
recombinant or wild-type L. lactis or with FBS. Prior to treatment, the mice were
parlially anestheiized intraperitoneally with a combination of Xilacyne and Ket-
amine (0.40 ml per 20 Ib; Cheminova de México, Mexico). A total of 5 X 1%
CFU {prepared as described above) of each induced L. lzcfis strain was resus-
pended in 10 pl of PBS, and 5 il was administered with a micropipettc into each
nostril on days 0, 14, and 28,

IFN-v induction assay. Animals treated with recombinant L. lactis strains were
sacrificed on day 35. Splenocytes were separated and cultured as described
above, Mouse cells were stimulated in vitro with 50 i of phytohemagglutinin (5
pg/ml; M form, a polyclonal activator; GIBCO) to increase the proliferative
response and to mimic a situation in which IFN-y is induced. Supernatants from
the ireated splenocytes were harvested after 24 h and tested far the presence of
IFN-y by ELISA (R&D Systems). All samples were prepared in triplicate,

Coadministration of L. [actis strains expressing HPV-16 E7 and I1-12. In
order 1o confirm the ability of an L. lactis strain to secrete IL-12 and to enhanece
an antigen-specific T-cell response, we used the HPV-16 E7 protein as an anti-
gen. This protein was successfully expressed previously in L. lactis (5). Groups of
three mice were immunized (as described above} with 5 X 10° CFU of an L. laceis
strgin displaying a cell wall-anchored E7 antigen [NZ(pCWA-E7) (Cortes-Perez,
unpublished data)] alone or in combination with 5 X 10% CFU of strain NZ
(pSEC:3cIL12). A control group received the wild-type L. lactis strain, Splenc-
cytes from immunized animals were used for detection of IL-2 and IFN-y,
eytokines characteristic of a2 Thl type of immune response (17, 24, 53).

Determination of Thi cytokine production in splenocytes. Mice immunized
with L, Igctis sirains were sacrificed on day 35. Splenocytes were separated and

INFECT. IMMUN.

cultured as described above. Cell suspensions from each different treaiment Were
cultured with 2 pg of a synthetic E7 peptide {positions 49 to 57, RAHYNIVTF)
to determine whether in vitro restimulation induced a peptide-specific (ic.
antigen-specific) cellular response or with PBS alone as a conirol. After 24 h, ccll
suspensions were filtered, and supernatants were tested for the presence of TL-2
and TFN-y by ELISA (R&D Systems).

Statlstics. Student’s ¢ test was performed by nsing MINITAB, a computer
software package (Minitab Inc., State College, Pa.).

RESULTS

p35 and p40 subunits are secreted and correctly processed
by L. lactis. The ability of L. lactis to secrete the two 1L-12
subunits was tested by using strain NZ{pSEC:p35-p40). Cul-
tures of NZ(pSEC:p35-p40) were harvested after induction
(final optical density at 600 nm, ~1). Expression and secretion
of the p40 and p33 subunits were analyzed by Western blotting
by using anti-IL-12 antiserum (Fig. 3). Protein samples were
prepared for cell and supernatant fractions. A pattern of di-
verse molecular weight forms was obtained for the cell fraction
of induced cells, suggesting that there was accumulation of p40
and p35 precursors, as well as proteolysis in the cytoplasm or at
the cell surface (Fig. 3A). In confrast, the supernatant fraction
produced two distinct bands that migrated at the sizes expected
for p35 and p40 (Fig. 3A}. For both subunits, the secretion
efficiency (i.e., the proportion of the mature form secreted into
the supernatant) was low (<{15%). Western analyses were per-
formed with noninduced recombinant L. lactis strains, and no
IL-12 production was detected (data not shown). The approx-
imately equal intensities of the two subunits suggest that the
subunits are produced in the proper stoichiometry to form an
active TL-12 heterodimer, These results demonstrate that L.
lactis is able to produce and secrete both IL-12 subunits.

We tested the capacity of L. lactis to produce and secrete
IL-12p35-p40 in its assembled heterodimeric form. Protein
samples were prepared from induced NZ(pSEC:p35-p40) cul-
tures and analyzed by immunoblotting by using anti-IL-12 an-
tiserum after polyacrylamide gel electrophoresis (PAGE) un-
der nondenaturing conditions. A band that comigrated with
the TL-12 control was detected in NZ(pSEC:p35-p40) super-
natant (data not shown). This band could have corresponded
to 1L-12 or to a p40 homodimer. A p40 subunit may indeed
associate with another p40 subunit to form a homodimer
(p40,) with a molecular mass of 80 kDa. A p40, form report-
edly is an antagonist of IL-12 in vitro {37). To determine
whether this high-molecular-weight form corresponds to the
assernbled form of IL-12, culture supernatants of NZ(pSEC:
p35-p40) induced for TL-12 synthesis were analyzed by an
ELISA that is specific for quantification of native murine IL-
12p35-p40 {61). The concentration of secreted IL-12p35-p40
was estimated to be 25 pg/ml (Fig. 3B), compared to 80 pg/ml
for an rIL-12 standard. ELISA were also performed with non-
induced recombinant L. lactis strains, and no IL-12 production
was detected (data not shown). Altogether, these results show
that (i) L. lactis is able to secrete both p35 and p40 subunits
and (i) at least a proportion of these subunits is properly
assembled in the supernatant.

Production of IL-12 as a single-chain polypeptide in L, lac-
tis, One way to favor proper assembly of the p35 and pdd
sobunits is to synthesize a fusion protein comprising the two
polypeptides. This strategy has already been proven to be ef-
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IL-12p38-pdo

FIG. 3. Production of TL-12 by recombinant L. lactis. TL-12 production was analyzed by immunoblotting by using anti-IL.-12 antibodies. Protein
samples were prepared from induced recombinant L. Jactis cultures. (A) Immunodetection after SDS-PAGE. Lanc C, cell fraction of the
NZ{pSEC:p35-p40) strain encoding the p35 and p40 subunits (IL-12p35-p40); lane 8, supernatant samples. The positions and sizes of molecular
weight markers are indicated on the left. (B) Quantification of IL-12p35-p40 by ELISA (R&D Systems). STD, 80 pg of commercial murine rIL-12
per ml; TL-12p35-p40), supernatant sample of NZ{pSEC:p35-pd0) culture.

ficient in eukaryotic systems (15). Expression of scIl.-12 was
tested in L. lactis by using strain NZ{pSEC:scIL-12) and was
compared to expression in NZ(pSEC:p35-p40) (Fig. 4A). In-
duced culture samples were prepared as described above, Af-
ter induction, Western blot analysis with anti-1L-12 antibody
revealed a clear band in the supematant at the expected size
for scIL-12 {70 kDa). The amount of secreted scIL-12 was

CTRL

e ECEL-12

found to be two- to threefold larger than the amounts of the
separate p33 and p40 subunits (Fig. 4A). We also measured the
sc]L-12 concentration in the supernatant using the ELISA that
recognized IL-12 only in the native conformation. The amount
of scllL-12 was found to be twofold larger than the amounts of
the p35 and p40 subunits (—65 pg/ml for scIL-12 and ~25
pg/ml for [1-12p35-p40) (Fig. 4B). Western blotting and

[IL-12] pg/mL.

100

FIG. 4. Secretion analysis of the two TL-12 forms produced by L. lzefis. (A) r[L-12 production compared by SDS-PAGE and Western blot
analysis of supernatant samples prepared from induced cuftures of NZ{pSEC:p35-p40) and NZ(pSEC:scIl-12) encoding IL-12p35-p40 and
seL-12, respectively. Lane CTRL contained rIL-12 (R&D Systems) as a control. (B) Quantification of IL~12 forms produced by L. Zaciis by ELISA
by using supematants of induced cultures of NZ(pSEC:p35-p40) and NZ(pSEC:sclL-12) encoding IL-12p335-p40 and scIL-12. STD, 80 pg of

commercial TIL-12 per ml
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FIG. 5. Invitro induction of IFN-v in mouse splenocytes by recom-
binant L. lactis. Mouse splenocytes were incubated in the presence of
50 pg of r1L-12 per mi as 2 control and with cells (C) and supernatant
(5) of wild-type L. lactis (L. lactis wt), L. lactis NZ(pSEC:p35-p40)
1L-12p35-pdt, or L. lactis NZ(pSEC:scIL-12) encoding scIL-12. The
coneentrations of the indueced culture samples were adjusted to ~50
pg/ml as determincd by ELISA. The 1IFN-y concentrations are the
means and standard deviations determined in three independent ex-
periments, Significant differences compared to the data obtained for
recombinant L. lectis cells and supernatant samples are indicated by
one asterisk and two asterisks, respectively (P < 0.05).

ELISA were performed with noninduced recombinant L. lactis
strains, and no IL-12 production was detected (data not
showit). This result shows that scIL-12 is efliciently secreted in
L. lactis and is folded into a native conformation. The results
described above show that both IL-12p35-p40 and sell-12 are
expressed and secreted in L. lactis and suggest that at least
portions of these products assume a native and thus potentially
active form.

Biological activity of IL-12 produced by recombinant L. lac-
tis. Recombinant L. Jzctis strains producing [L-12p35-p40 and
scIl~12 were evaluated for the ability to induce IFN-y produc-
tion in mouse splenocytes. Splenocytes were cultured for 48 h
with 50 pg of commmercial rIL-12 per ml or with supernatant or
a total culture of recombinant L. lactis. The amounts of bac-
terially produced 1L-12 added to splenocytes were adjusted to
~50 pg/ml as determined by the quantitative ELISA, Afier in
vitro IL-12 stimulation, splenocyte culture supcrnatants were
collected to measure the concentrations of IFN-y (Fig. 5). The
results show that 50 pg of commercial 1IL-12 per ml induced
production of ~60 pg of IFN-y per ml. The scIL-12 produced
by 5 X 10° CFU of L. lactis induced production of ~40 pg/ml,
and supernatants of the same cells induced production of ~33
pg/ml. The concentrations of IFN-vy induced by an L. lactis
strain expressing p35-p40 were ~37 pg/mi for 1 X 10° CFU and
~34 pg/ml for the supernatant. Splenocytes in the presence of
a wild-type L. lactis strain did not produce significant amounts
of IFN-y, as expected (Fig. 5). These results suggest that both
5clL.-12 and IL-12p335-p40 are biologically active and stimulate
IFN-y production by mouse splenocytes.

Intranasal administration of L. lectis expressing I1L-12 in-
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duces IFN-y prodaction in mouse splenocytes. The biological
activities of the IL-12-producing L. lactis strains were also
tested in vivo after intranasal administration of induced recom-
binant L. Lzctis strains in mice. It has been shown previously
that a regimen consisting of intranasal administration of IL-12
on days 0, 1, 2, and 3 with booster doses on days 14 and 28 {and
repeating the schedule for four inoculations) and sacrifice of
the animals on day 35 results in an absence of cytokine toxicity
in a murine model (3). However, although this treatment
schedule is very productive in mice, its use in human vaccina-
tion is limited due to the consecutive IL-12 inoculations during
the treatment. To avoid this problem, in this experiment we
tested single doses of I1.-12-expressing L. lactis strains admin-
istered on days 0, 14, and 28. We administered 5 X 10® CFU of
NZ(pSEC:p35-p40) or NZ(pSEC:scIL-12), which corresponds
to quantities used previously for oral administration of recom-
binant L. lactis (50).

IFN-y expression was significantly enhanced in mice that
received L. lactis strains expressing IL-12p35-p40 or scIL-12
compared to IFN-y expression in the placebo control groups
(Fig. 6). Mice treated with the scIL-12-producing strain pro-
duced the largest amouats of IFN-y in spleen cells. In coatrast,
the amounts of IFN-vy in mice treated with the p35-p40-pro-
ducing strain were fourfold smaller. The differences in the
degree of stimulation were probably due to the quantity of
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FIG. 6. Production of [FN-y in mouse splenocytes after intranasal
inoculation of recombinant L. lactis. Levels of IFN-vy were determined
following sacrifice on day 35 for mice that received 5 % 10° CFU of
wild-type L. lactis [L. lactis (wt)], NZ(pSEC:p35-p40), or NZ(pSEC:
scIL-12) or PBS alone. The data are representative of one of threg
separate experiments in which similar results were obtained. The val-
ues are the mcans and standard deviations for thrce mice per treat-
ment group, Statistically significant differences (P < 0.05) compared
with the wild-type L. lactis and PBS control groups are indicated by
one asterisk for the NZ{pSEC:p35-p40} group and by two asterisks for
NZ{pSEC:scIL-12) group.
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native IL-12 produced under the conditions used (Fig. 3 and
4). This experiment was repeated three times, and similar
results were obtained in all cases. The results demonstrated
that TL-12 can be effectively administered to mice in vivo by
using recombinant L. lactis, which results in clear induction of
the IFN-y response. Furthermore, after intranasal administra-
tion of the L. lactis TL-12-producing strains, IFN-v production
was induced without apparent toxicity, and mice remained
healthy after 24 weeks of treatment,

Because the concentrations of functional IL-12 measured in
both in vitro and in vivo assays were greater for sciL-12 than
for the two-subunit IL-12 form, we chose the single-chain form
for the next in vivo experiment.

Intranasal coadministration of recombinant L. lactis strains
expressing active JL-12 and HPV-16 E7 enhanced IFN-v pro-
duction. In order to examine the adjuvant properties of the
recombinant I. lactis strain producing IL-12, the immune re-
sponse to a coadministered antigen was analyzed. The antigen
that was coexpressed with IL-12 was the HPV-16 E7 protein,
the major worldwide etiological agent of cervical cancer.
Groups of five C57BL/6 mice were immunized intranasally
with three doses (on days 0, 14, and 28) of 5 X 10® CFU of
NZ{pCWA-E7) alone or in combination with 5 X 10° CFU of
NZ(pSEC:scIL12). The production of IL-2 and IFN-y was
then determined (Fig. 7). Spleen cells that were obtained 1
wecek after the last inoculation with recombinant L. lactis (day
35) and were restimulated in vitro with a synthetic E7 peptide
(RAHYNIVTF) produced significant levels of 1L-2 (Fig. 7A)
and IFN-y (Fig. 7B). As an in vitro control, spleen cells were
restimulated with PBS alone. The responses were greater in
mice immunized with an L. lactis strain displaying a cell wall-
anchored E7 antigen than in animals immunized with a wild-
type L. loctis sirain. Strikingly, the antigen-specific cellular
response measured by secretion of Thl cytokines elicited by L.
{actis expressing E7 antigen alone was dramatically increased
by coadministration with an L. lactis strain secreting IL-12

protein (Fig. 7).

DISCUSSION

In this study, we produced bioactive forms of IL-12 in the
food-grade gram-positive bacterium L. lactis, and we showed
that the recombinant bacterium has a stimulatory effect on
IFN-v production in both in vitro and in vivo assays. Previous
reports of IL-12 production involved the use of eukaryotic
systems {15, 29, 52, 57), which may have limitations in broad-
scale or in vivo applications. Recently, Steidler et al. demon-
strated that L. iactis could be used to produce and sccrete
biologically active murine monomeric cytokines (55, 56). The
production of a more complex molecule (i.e., a heterodimer
that contains several DSB) further extends the potential of L.
lactis to deliver therapeuntic molecules in vivo.

IL-12 is a heterodimer composed of two distinct subunits
(p35 and p40) encoded by separate gencs that are coordinately
expressed. Previous studies have demonstrated that pd0 over-
expression can have an inhibitory effect on IL-12 activity (37).
We used two approaches to overcome this potential problem.
First, we developed a bicistronic cassette for coexpression of
P35 and p40 subunits in L. luctis. Second, we designed a vector
that expressed IL-12 as a single-chain polypeptide, thus allow-
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ing stoichiometric formation of this cytokine. This strategy also
overcomes problems with inefficient association of indepen-
dently produced subunits or formation of homodimers {20, 37).
Consistent with this hypothesis, under equivalent induction
conditions, the concentrations of functional IL-12 were greater
for scIL-12 than for the two-subunit IL-12 form. In view of the
lower activities of p35 and p40, the single-chain form of IL-12
may be preferred for in vivo applications.

Remarkably, mouse IL-12 contains 7 and 13 cysteines in its
p35 and p40 subunits, respectively, and two DSB that are
essential for proper IL-12 assembly (47). The secretion of
biologically active JL-12 suggests that DSB are formed after
the protein is exported from L. lactis. DSB formation is often
a major bottleneck in heterologous protein production in pro-
karyotic systems and particularly in gram-positive bacteria,
which themselves encode very few secreted proteins that con-
tain DSB (44, 46). Possibly, the lower pH of L. iactis during
fermentative growth favors formation of DSB in secreted pro-
teins. Although the mechanism remains to be proven, this
system may be promising for expression of other proteins con-
taining DSB.

The main biclogical effect of IL-12 is stimulation of IFN-y
production. This cytokine has both adjuvant and antitumor
activitics. Becavse a number of subunit vaccines are poorly
immunogenic, the use of adjuvants is of particular interest for
new formulations of vaccines against infectious diseases. To
enhance the mucosal immune response, adjuvants such as
cholera toxin and E. coli enterotoxin have been used, and they
indeed induce potent Thl and Th2 cell responses. However,
these adjuvants cause severe diarrhea and are not suitable for
use as mucosal adjuvants in humans. Strikingly, TL-12 has
proven adjuvant activity when it is coexpressed with an antigen
in targeted vaccines (1, 6). It may also prevent the development
of immunological tolerance to a given antigen (54). Finally,
IL-12 has potent antitumor effects and may be an attractive
agent for cancer immunotherapy.

Despite the efficacy of IL-12 therapy for cancer and infec-
tious diseascs, experimental models in clinical trials with sys-
temic IL-12 showed unacceptable levels of toxicity related to
elevated TFN-y production (9, 36). The limitations of TL-12
treatment include the need for daity administration (27). Here,
to circumvent this problem, we explored raucosal (intranasal)
delivery of active IL-12 by using the safe vector L. laciis, which
repeatedly has been reported to be noninvasive and noncolo-
nizing in 2 murine model (12, 16, 22). Recently, a recombinant
L. lactis strain delivering IL-10 via an oral route exhibited
positive effects during treatment of murine colitis. The dose of
IL-10 given orally was estimated to be 10-fold lower than the
dose required for systemic administration (56). Targeted ad-
ministration of other interleukins, such as 1L-12, to the intes-
tinal tract by food-grade L. lzctis may also reduce toxicity and
have advantages compared to treatment by the systemic route,
and it may even maximize the response (39).

There is continual interest in developing mucosally based
vaccines for a variety of different pathogens, including HPV.
The use of live oral delivery systems for tumor therapy or
vaccine delivery may thus reduce toxic side effects resulting
from systemic administration. In this study, we showed the
adjuvant effect of a recombinant L. lactis strain producing
I1-12 protein which enhanced the mucosal immune responses
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FIG. 7. Production of Th1 cytokines by splenocytes of mice immunized with recombinant L. lactis. Levels of Thi cytokines were determined
following sacrifice on day 35 for mice immunized with 5 X 105 CFU of wild-type L. lactis (wt) or recombinant L. zesis displaying E7 antigen (E7)
and for mice coimmunized with L. loctis displaying E7 and an L. lactis strain secreting active murine 1L-12 (E7/IL-12). Splcen cells were cultured
for 24 b with 2 g of E7 peptide {(RAHYNIVTE) (peptide) or PBS, and the levels of the Thl cytokines IL-2 (A) and IFN~y (B) in the culture
Supetnatants were determined by ELISA. The values are the means and standard deviations for three mice per treatment group. Statistically
significant difierences (P < 0.05) compared to the E7/PBS group are indicated by one asterisk and by two asterisks for the E7/peptide and
E?ﬂLlZIpcplidf: groups, respectively.
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against a coadministered antigen. The TL-2 and IFN-y produc-
tion elicited by a recombinant L. lactis strain displaying a cell
wall-anchored HPV-16 E7 antigen was dramatically increased
by coadministration with an L. lactis strain secreting I1-12
protein.

It is well established that II-12 plays an essential role in
switching of the immune response, inducing Thl cells and
suppressing Th2 responses (58). On the other hand, the ele-
vated density of Th2 cells during the pathogenesis of advanced
cervical cancer is well known, while the level of Thl cells is
dramatically diminished (2, 18). We believe that successful
immunotherapeutic treatments of cervical cancer patients will
use a vaccine that will be able to switch the immune response
from the Th2 class to the Thil class. Therefore, on the basis of
this belief, an L. lactis strain modified to secrete IL-12 together
with a specific antigen is a good candidate for cervical cancer
therapy.

In summary, for vaccine applications, oral or nasal delivery
may provoke local immune responses at the portal of entry of
most pathogens. The use of L. lactis to deliver I1-12 to a
mucosal surface (e.g., the intranasal surface, gut, or vaginal
mucosa) may have clear advantages over a systemic therapy
approach because it reduces toxic side effects and provides a
low-cost, simple method of administration.
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Thl Cytokine Production

Luis G. Bermtdez-Humarin,? Philippe Langella,’* Naima G. Cortes-Perez,?
Alexandra Gruss,! Reyes S. Tamez-Guerra,? Sergio C. Oliveira,’
Odila Saucedo-Cardenas,* Roberto Montes de Oca-Luna,?*
and Yves Le Loir't

Unité de Recherches Laitiéres ef de Génétique Appliquée, INRA, Domaine de Vilvers, 78352 Jouy en Josas cedex,
France'; Laboratorio de Inmunologia y Virologia, Facuitad de Ciencias Biologicas, Untversidad Auténoma de
Nuevo Leén, San Nicolds de los Garza,? and Centro de Investigacion Biomédica, Instituto Mexicano
del Seguro Social, Monterrey,* Nuevo Ledn, Mexico; and Laboratorio de Immunologia
Doencas Infecciosas, Instituto de Ciéncias Biolégicas, Universidade Federal de
Minas Gerais (UFMG-JCB), Belo Horizonte, Minas Gerais, Brazil®

Received 2 December 2002/Returned for modification 6 Jaruary 2003/Accepted 13 Janunary 2003

Interleukin-12 (I1.-12), a heterodimeric cytokine, plays an important role in celllar immunity to several
bacterial, viral, and parasitic infections and has adjuvant activity when it is codelivered with DNA vaccines.
IL-12 has also been used with success in cancer immunotherapy treatments. However, systemic TL-12 therapy
has been limited by high levels of toxicity. We describe here inducible expression and secretion of IL-12 in the
food-grade lactic acid bacterinm Lactococcus lactis. TL-12 was expressed as two separate polypeptides (p35-p40)
or as a single recombinant polypeptide (scI1-12). The biclogical activity of IL-12 produced by the recombinant
L. Inctis strain was confirmed in vitro by its ability to induce gamma interferon (IFN-vy) production by mouse
splenocytes. Lacal administration of IL-12-producing strains at the intranasal mucosal surface resulted in
IFN-y production in mice. The activity was greater with the single polypeptide scIl-12. An antigen-specific
cellular response (i.e., seeretion of Thl cytokines, TL-2, and IFN-y) elicited by a recombinant L. luctis strain
displaying a cell wall-anchored human papillomavirus type 16 E7 antigen was dramatically increased by
coadministration with an L. lacfis strain secreting IL-12 protein. Our data show that IL-12 is produced and
secreted in an active form by L. lactis and that the strategy which we describe can be used to enhance an

antigen-specific immune response and to stimalate local mucosal immunity.

Interleukin-12 (IL-12) is a multifunctional cytokine that was
originally described as a maturation factor for cytotoxic (T)
lymphocytes and a cell stimulatory factor for natural killer cells
(8, 23, 28). IL-12 is a heterodimeric glycoprotein composed of
two disulfide-linked chains (p35 and p40) that has numerous
effects on T and natural killer cells, resulting in enhancement
of cytotoxic activity and induction of gamma interferon
(IFN-v) production. In experimenial models, IL-12 has been
shown to be involved in protection against several bacterial,
viral, and parasitic infections (4, 25, 45). This cytokine has also
been shown to block angiogenesis (34, 60). Finally, the immu-
nomodulatory effects of TL-12 are reportedly beneficial in
AIDS treatment (26). The immunostimulatory properties of
IL-12 have led to experimentation with its use as a vaccine
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adjuvant (1, 3). In addition, I1-12 stimulates serum immuno-
globulin G antibody responses and helps during differentiation
of ThD cells into Thl cells (17, 21, 41). This is particularly
interesting for vaccine development for antigens that are
poorly immunogenic.

Local administration of TL-12 confers antitumor activity in
vivo that results in regression of established tumors and reduc-
tion of metastasis in animal models (7, 43, 49). Nevertheless,
systemic TL-12 therapy can have toxic effects in animals and
humans (36, 38, 39) and has been a cause of mortality in
clinical trials (10, 36). For example, intratwmoral treatment of
mice with a vaccinia virus expressing IL-12 resulted in signifi-
cant tumor growth inhibition but also induced clear signs of
toxicity (9).

II-12 has also been considered for use as an adjuvant in
vaccine therapies. Current therapies involving mucosal routes
are limited by a lack of suitable adjuvants that can be safely
given to humans, Cholera toxin and Escherichia coli entero-
toxin are potent mucosal adjuvants but frequently cause sec-
ondary effects, such as severe diarthea and induction of Th2
responses that can lead to undesirable immune responses (21).
Although various IL-12 delivery systems based on retroviral
vectors and gene gun techniques have been described (38, 40,
49}, an efficient and cost-effective means of delivery remains to
be developed.
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TAELE 1. Bacterial strains and plasmids used

Strain or plasmid Replicon Genotype or characteristics Reference or source
Strains

E ¢oli TG1 supE hsdAS thi A(lac-proAB) F'(traD36 proAB™ lacl lacZAM]15) 19

L. lactis MG1363 Wild type, plasmid free 14

L. lactis NZ900O MG1363 (nisRK genes in chromosome), plasmid free 30

Plasmids
pWRGI169 ColE1l Ap®, pBS derivative containing coding sequences for p35 and p40 subunits 49
pCR:TOPO ori pUC Ap* Invitrogen
pCR-TOPO:Ap33exonl  ord plIC Ap”, DNA fragment encoding first exon of p35 subunit devoid of its SP This study
pCR-TOPO:p3Sexon2  ori pUC Ap’, DNA fragment encoding second exon of p35 subunit This study
pCR-TOPO:Ap35 ori pUC Ap’, DNA fragment encoding p35 mature moiety devoid of intron This study
pYES001 ColE1 Ap", pBS derivative containing rpA4 transcription terminator 48
pBS:Apd0:upA ColE1 Apf, DNA fragment encoding p4d mature moicty devoid of its SP plus #rpA This stady
pVERD22 ColEl/pAMB  Ap" Em', pFUN derivative containing Exp4-45Py,,, fusion 48
pBS:5P,, ColEl Ap', PCR fragment encoding SPg,, SP This study
PBS:SPypdlitrpA ColEl Ap', gene expressed from P4 encodes SPyg,-p40itpA pdd subunit This study
precursor
pSECE7 PWVGL Cm", gene expressed from P, 4 encodes SPy-E7 precursor 5
pSEC:p35 pWVO1 ', gene expressed from P encodes SPy,,-p33 p35 subunit precursor This study
pSEC:p35-p40 pwWV(1 Cm", gene expressed from P, encodes SPy,,-p35-p40 p35 and pd0 subunit This study
CCUTSOTS

pCDNASIL-12 ColE1 AFE:T PCR fragment encoding JL-12 single chain P. Melby*
pCR:TOPO:scll-12 ori pUC Ap®, PCR fragment encoding scfL-12 single chain devoid of its SP This study
pSEC:scIL-12 pWVil Cm’, gene expressed from P, encodes SPy,,-IL-12 single-chain precursor This study

“The University of Texas Health Science Center, San Asntonio.

The gram-positive and nonpathogenic lactic acid bacteria
are considered promising candidates for the development of
oral live vaccines. Lactococcus lactis, the model lactic acid
bacterium, has been extensively engineered for the preduction
of heterologous proteins (5, 13, 16, 35), including some anti-
gens of bacterial or viral origin (5, 13, 33). L. lactis is of
particular interest for oral delivery of functional proteins since
it is a noncommensal, food bacterium that does not survive in
the digestive tracts of animal models and humans (12, 16). In
the case of IL-12 cytokine delivery, these properties could
ensure transient expression of the protein, thereby limiting the
risks of toxicity.

IL-12 production requires assembly of two subunits involv-
ing two disulfide bonds (DSB) (47). In gram-negative bacteria,
DSB mediate protein folding during export; however, the final
destination of exported proteins is the periplasm. In contrast,
DSB formation is poorly documented in gram-positive bacte-
tia. Only a few extracytoplasmic proteins with DSB have been
identified, and to our knowledge, exported heterclogous pro-
teins containing DSB have been reported only in Bacilius sub-
tilis (44, 46). However, in contrast to gram-negative bacteria,
protein secretion in gram-positive bacteria leads to release of
the protein into the medium, which provides an immediate
advantage for a delivery system. Until now, sccretion of a
heterologous protein containing DSB by L. Jactis has not been
reported. In this study we demonstrated the capacity of L.
Inctis to produce and secrete a biologically active form of 1L-12,
a complex two-subunit cytokine with two DSB that are essen-
tial for its activity (47). We found that IL-12-producing recom-
binant L. lactis strains induce IFN-y production in splenocyte
cultures and after intranasal administration in mice,

Additionally, the potentiai adjuvant properties of an L. lactis
strain secreting IL-12 were examined in combination with the
human papillomavirus type 16 (HPV-16) E7 antigen. This an-

tigen, which has been implicated in the progression of cervical
cancer, is considered a potential candidate antigen for antican-
cer vaccine development. One drawback for its use is its poor
induction of a cellular immune response (42). Administration
of an L. lactis strain displaying a cell wall-anchored HPV-16 E7
antigen was significantly enhanced after coadministration of an
L. lacris strain secreting IL-12 protein, corroborating the hy-
pothesis that the recombinant strain described here is a prom-
ising candidate for mucosal codelivery of proteins of medical
interest. This work marks a new step in the development of live
protein presentation systems for nasal and/or oral administra-
tion.

MATERIALS AND METHODS

Bacteria! strains and plasmids. The bacterial strains and plasmids used in this
work are listed in Table 1. L. lnctis was grown in M17 medium supplemented with
1% glucose ot in brain heart infusion at 30°C withont agitation. Escherichia coli
‘was grown in Loria-Bertant medium at 37°C. Unless otherwise indicated, plasmid
conssructs were first established in E. coli and then wansferred 1o L. lactis by
electrotransformation (32, 51). Piasmids were selected by addition of antibiotics,
as follows: 5 g of chloramphenicol per ml for L. lzctis, 10 g of chloramphenicol
pet ml for E. cofi, and 100 pg of ampicillin per ml for E. coli.

DNA manipuiation and methods nsed. Plasmid DNA isolation and general
procedures for DNA manipulation were performed essentially as described pre-
viously (51). PCR amplification was performed with a Perkin-Eimer Cetus (Nor-
walk, Conn.) apparatus by using Vent DNA polymerase (Promega). DNA sc-
quences were confirmed by using a Dye terminator sequencing kit.

Deletion of an intron in the p35 subunit. The gencs encoding P33 and p40 of
murine IL-12 were isolated from pWRG3169, a vector previously described as
functional in a eukaryotic system (kindly provided by Alexander Rakhmilevich)
(Tabl: 1) (49). Sequence analysis of pWRG3169 revealed an intron in the p35
suburit {data not shown). Az introns are spliced in mammalian cells but not in
prokaryotes, directed mutagenesis by PCR was performed to remave the p35
intron (Fig. 1). Briefly, the two exons were PCR amplified, subcloned into a
pCR-TOPO kit (Invitrogen, Carlsbad, Calif.), and ligated to generate a DNA
segment encoding the p35 mature moiety devoid of the intron and of its signal
peptide {SP) (Ap35)- The first exon was amplified by using primer 5°-p35-start
(5-GATGCATCAGAGAGGGTCATTCCAGTCTCTGGA-3") for the coding
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100 101 102

103 104 105 1068 407 108

Ser Thr Threscsasssssswwessnerses Ay Gly Ser Cys Leu Pro
TCC ACA ACAGT ssancasnnanes AG AGAGGE AGCTGC CTG CCC

TCC ACA AGAGT vuvsnsuntanus

AGA GGA TCC

BamHI

Intron saquence to be deleted

o' GO GGA TCC TGE GTO CGC GTA GAG AAG ACG ¥—P {owards 3' exon2

towands 3’ axonT <=3 TCTCTC THAAGAAGS TGT TETTCT COTAGE GO
BamHI

{complementary strand)

{coding strand)

FIG. 1. Site-specific mutagenesis. The p35 intron was eliminated by site-directed mutagenesis. Briefly, we inserted a BamHI restriction site
(underlined) in the three codons (encoding Arg, Gly, Ser) to the right of the intron. Primers were designed to PCR amplify two fragments of p35
that were joined at the BamHI site, such that p35 was reconstituted but intron free.

strand and primer §"-p35 (3-GGGGATCCTCTTGTTGTGGAAGAAGTCTC
TCT-3') for the complementary strand (Fig. 1). The second exon was amplified
by using primer 3'-p35 (5'-GGGGATCCTGCCTGCCCOCACAGAAGACG-
¥ for the coding strend and primer 3'-p35-stop (3-GGAATTCTCAGGCGG
AGCTCAGATAGCCCA-3'") for the complementary strand (Fig. 1). The prim-
ers flanking the intron sequence were designed so that 2 BamHI site was
introduced without modifying the amino acid sequence. The two exons were
cloned inte pCR-TOPO, resulting in pCR-TOPO:Ap33exonl and pCR-TOPO:
Pp33exonZ, respectively, The fragment encoding p35exon2 was then isolated from
BemBLXbal-blunted pCR-TOPO:p3Sexon? and ligated to BamHISmal-cut
pCR-TOPO:Ap3Sexonl, resulting in pCR-TOPO:AP35, This final plasmid en-
codes the unmodified p35 subunit of 1L-12,

Construction of the L. lacsis strain producing the p35 and p40 subunits, A
fragment encoding the p40 mature sequence devoid of its SP (p4D) was PCR
amplified from plasmid pWRG3369 and subcloned into Hincll-cut pVESD01
(Vable 1) (sindly provided by Isabelle Poguet, Unité de Recherches Laitiéres et
de Génétique Appliguée, INRA, Jouy en Josas, France), resulting in pBS:Ap40;
rpA. The pVESG01 vector has a transcriptional terminator (#pA) and has been
used previousiy to express heterologous proteins in L. lrctis {5, 48). The primers
used were primer 5°-pd (5'-GATGCATCAGAGATGTGGGAGCTGGAGAA
AGAC-3") far the coding strand and primer 3'-p40 (5 -GGAGCTCCTAGGA
TCOGACCCTGCAGGGAA-S") for the complementary strand. Subsequently,
different construets were made in order to fuse prokaryotic lactocoecal SPs to
p35 and p4d subunits. For the p40 subunit, a DNA fragment was PCR amplified
from pVES022 (a derivative of plasmid pFUN, in which the ASPy,, reporter is
fused to Exp4, a putative L. factis secreted protein of unknown function [48]).
This fragment contains the ribosome binding site (RBS) and the signal peptide
of Expd (SPipa) {48). The primers used were primer 5'-Exp4 (5°-GGGTACC
TTAAGGAGATATAAAAATGAA-3') for the coding strand and primer 3-
Expd (5-GATGCATCATCAGCAAATACAACGGC-3") for the complemen-
tary strand. The PCR product was cloned into HincIE-cut pVESO0], resulting in
PBS:SPey,. PBS:SPg, o pdliirpA was obtzined by insertion of the Nsil/Kpnl
fragment {containing Apd0itpA) abtained from pBS:Ap4Q:trpA into NsiliKpnl-
cut pBS:SPe,. For the p35 subumit, the Nsil/EcoR1 fragment (containing Ap35)
obtained from pCR-TOPO:Ap35 was cloned into a pSEC backbone purified
from NeitfEcoRI-cut pSEC/E? (7) (Table 1), resulting in pSEC:p35. In this
vector, the p35 gene is fused to the RBS and SPyg,4s of uspd3, the gene encoding
Uspd4§, the main secreted protein in L. izctis (59), Expression is controlled by the
Poicq inducible promoter, whose expressivn depends on the nisin coucentration
nsed (11, 30). Finally, to obtain the plasmid that expressed both the p35 subunit

and the p40 subunit, a Kpnl/BamHI-Klenow cassette encoding SPee, :pa0:rpA
was isolated from the pBS:SPg,,,:p4D:trpA vector and cloned injo the Kpnl/
Smal-cut pSEC:p35 backbone, resulting in pSEC:p35-p40 (Table 1) (Fig. 2). This
vector, in which the two subunits were transcribed from the P, promoter, was
established in L. lnctis NZ9000 carrying the regulatory genes nisR and nisK (30),
The resulting strain is referved to below as NZ{pSEC:p35-p4{)).

Constrection of an L. Jaceis strain with an scIl-12 gene. A single-chain IL-12
(scIL-12) gene (scif.-12) was amplified by PCR from plasmid pCDNAZ11-12
(kindly provided by Peter Melby, The University of Texas Healtk Science Center,
San Antonio). The primers nsed were primer 5°-1L-12 (5'-GATGCATCAGAG
ATGTGGGAGCTG GAGAAAGAC-3") for the coding strand and primer 3'-
IL-12 (5-GGAATTCTCAGGCGGAGCTCAGATAGCCCA-Y) for the com-
plementary strand, Primer 5°-IL-12 was designed to delete the first 22 codons in
the seil-12 coding sequence, These codons encode the pdd eukaryotic SP that is
replaced by the lactococcal SPyy,,s. The PCR product was cloned into pCR:

ad | n

pSEC:p35-pd0

sch-12

PSEC:sclL-12

FIG. 2. Expression cassettes to produce and secrete IL-12 in L.
lactis; schematic structures of p35 and p40 subunits and scIL-12 cas-
sette expressed under the lactococeal P, , promoter and carried by the
plasmids indicated. For details conceming plasmid construction, see
the text and Table 1. The arrows indicate the presence of the nisin-
inducible promoter (P, ,); the solid vertical bars indicate the RBS of
the usp43 gene (bar 1 for p35) or of the exp4 gene (bar 2 for p40); the
dark gray bars indicate the SP of the usp4S genc; the light gray bar
indicates the SP of the exp<4 gene (48); the cross-hatehed bar indicates
the p35 mature coding seguence; the dotted bar indicates the p40
mature coding sequence; the open bar indicates the scIL-12 coding
sequence; and the stem-loop symbols indicate npA transcription ter-
minators (not to scale).



1890 BERMUDEZ-HUMARAN ET AL,

TOPQ (Invitrogen), resulting in pCR:TOPCrscIL-12 (Table 1), An scfl.-12 cas-
sette was purified from Nsil/NotT-cut pCRTOPO:scll-12 and cloned into a
pSEC backbone purified from Nsil/Norl-cut pSEC:E7. In the resulting plasmid,
pSEC:sclL12 (Table 1 and Fig, 2), the scli.- 77 mature moiety was fosed in frame
with a DNA fragment encoding the RBS and SPy .45 of usp4d. Expression was
controlled by a Py, promoter. This plasmid was established in L. lgcfis strain
NZ9000 to obtain NZ(pSEC:scTL12).

IL-12 expression and detection. For induction of the nisin promoter, strains
were grown until the optical density at 60{t nm was ~0.6, and this was followed
by induction with 10 ng of nisin (Sigma) per mi for 1 h. These parametess
[amount of nisip and time of induction) were previously determined to be
optiraal {BermGdez-Humaran, unpublished data). L. Zactis culture extraction and
immunoblotting assays were performed as previously described (5, 35); mouse
IL-12 antibodies (R&D Systems, Minneapolis, Minn,) were used for itnmuno-
detection. The concentration of IL-1Z secreted in a culture was estimated by
using an enzyme-linked immunosorbent assay (ELISA) kit that recognized the
IL-12 heterodimer but not the individual subunits (R&D Systems).

Preparation of bacterial supermatants for TL-12 nondenaturing analyses. Su-
permatant samples from induced cuitures were concentrated 50-fold by nsing an
Ultrafree Biomax NMWL membrane. After centrifugation, 10 pf of nondena-
turing loading buffer (i.c., buffer lacking dithiothreitol and sodium dodecyl sul-
fate [SDS]) was added to 10 ul of supermatant concentrate. Electrophoresis was
performed as described by Laemmli (31}, except that SIS was omitted from all
solutions.

Animais, C57BLYG mice were purchased from Jackson Laboratory (Bar Har-
bor, Maine). The mice were housed in the animal facility at the Immunology and
Virology Laboratory at the University of Nuevo Ledn, San Nicolds de los Garza,
Mexico, Experiments were performed by using protocols approved by the animal
studies enmmiltes.

Preparation of bactexial cells for IL-12 biological activity assays. Twenty
milliliters of an induccd culture was centrifuged, and the pellet and supesniatant
were separated, The bacterial ¢ells were washed thiee times with sterile phos.
phate-buffered saline (PBS) and resusperded in 200 pl of PBS, The supernatant
was concentrated 100-fold by using an Ultrafree Biomax NMWL membrane in
200 pl (final volume) of PBS.

In vitro IFN-~ detection, Spleens were obtzined from four mice that were 6 to
8§ weeks old, and splenocytes were separated on a Ficoll-Hypaque (Sigma) den-
sty gradient. A preparation containing 2 X 10°% eells/ml in ATM-V medium
{GIBCOY) was plated on a 24-well plate (2 mt per well) at 37°C under 5% CO,,
As o positive control, mouse splenocytes were incubated with 50 pg of recom-
binant H.-12 (rTE-12) (R&D Systems). Splenocytes were incubated with 10 pl of
recombinant L. igctis cells or with culture supernatant samples that were ad-
justed beforehand to provide ~50 pg per sample, as determined by an ELISA.
Supernatants from the treated splenocytes were barvested after 48 b and tested
for the presence of [FN-y by ELISA {(R&D Systems) according to the manufac-
lurer’s directions. All samples were prepared in triplicate.

Intranasal administration of 1 binant L. lactis strains encoding IL-12,
Groups of three mice that were & to 8 weeks old were inoculated intranasally with
recombinant or wild-type L. lactis or with PBS. Prior to treatment, the mice were
partizlly anesthetized intraperitoneally with a combination of Xilacyne and Ket-
amine (0.40 mi per 20 Ib; Cheminova de México, Mexico)., A total of 5 X 10°
CFU (prepared as described above) of each induced L. lzetis strain was resus-
pended in 10 pl of PBS, and 5 ] was administered with a micropipette into each
neeiril on days 0, 14, and 28.

IFN-+ fuduction assay. Animals treated with recombinant L. factis strains were
sacrificed on day 35. Splenocytes were separated and cultured as described
above. Mouse cells were stimulated in viteo with 50 pl of phytohemagglutinin (5
kgml; M form, a polyclonal activator; GIBCO) 1o increase the proliferative
response and to mimic a sitwation in which IFN-vy is induced. Supernatants from
the treated splenocytes wers harvested after 24 h and tested for the presence of
IFN-y by ELISA {R&D Systems). All samples were prepared in triplicate,

Condministration of L. lactis strains expressing HPV-16 E7 and IL-12. In
order to confirm the ability of an L. lectis strain to secrete IL-2 and to enhance
ar; antigen-specific T-cell response, we used the HPV-16 E7 protein as an anti-
gen. This protein was successfully expressed previonsly in L. lzetis (5). Groups of
theee mice were immunized (as described ahove) with § % 10% CFU of an L. lacfis
strain displaying a cel! wali-anchored E7 antigen [NZ{pCWA-ET) {Cortes-Perez,
unpublished data)] alone or in combination with § X 10* CFU of strain NZ
(BSEC:scTL12). A control group received the wild-type L. luctis strain. Spleno-
cytes from immunized animals were used for detection of IL-2 and IFN-y,
e¥tokines characteristic of a Th] type of immune response (17, 24, 53),

Determination of Tl eytokine production in splenocytes. Mice immunized
with L. factir strains were sacrificed on day 35. Splenocytes were separated and
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cultured as described abrve. Cell suspensions from ¢ach different treatment were
cultured with 2 pg of a synthetic 137 peptide (positions 49 to §7; RAHYNIVTEF)
to determine whether in vitro restimulation induced a pepfide-spedific (ie.,
antigen-specific) cellular response or with FBS alone as a control. After 24 b, cell
suspensions were filicred, and supernatants were tested for the presence of IL-2
and [FN-v by ELISA (R&D Systems).

Statistics. Student’s ¢ test was performed by using MINITAB, a computer
software package (Minitab Inc, State College, Fa.).

RESULTS

p35 and p40 subomits are secreted and correctly processed
by L. lactis. The ability of L. lactis to secrete the two 1L-12
subunits was tested by using strain NZ(pSEC:p35-p40). Cul-
tures of NZ({pSEC:p35-p40) were harvested after induction
(final optical density at 600 nm, ~1). Expression and secretion
of the p40 and p35 subunits were analyzed by Western blotting
by using anti-TIL-12 antiserum (Fig, 3). Protein samples were
prepared for cell and supematant fractions. A pattern of di-
verse molecular weight forms wag obtained for the cell fraction
of induced cells, suggesting that there was accumulation of p40
and p35 precursors, as well as proteolysis in the cytoplasm or at
the cell surface (Fig. 3A). In contrast, the supernatant fraction
produced two distinct bands that migrated at the sizes expected
for p35 and pd0 (Fig. 3A). For both subunits, the secretion
efficiency (i.c., the proportion of the mature form secreted into
the supernatant) was low (<15%). Western analyses were per-
formed with noninduced recombinant L. lacris strains, and no
IL-12 production was detected (data not shown). The approx-
imately equal intensities of the two subunits suggest that the
subunits are produced in the proper stoichiometry to form an
active TL-12 heterodimer. These results demonstrate that L.
lactis is able to produce and secrete both IL-12 subunits,

We tested the capacity of L. lactis to produce and secrete
TL-12p335-p40 in its assembled heterodimeric form, Protein
sampies were prepared from induced NZ(pSEC:p35-p4Q) cul-
tures and analyzed by immunoblotting by using anti-IL-1Z an-
tiserum after polyacrylamide gel electrophoresis (PAGE) un-
der nondenaturing conditions. A band that comigrated with
the IL-12 control was detected in NZ{pSEC:p35-p40) super-
natant (data not shown). This band could have corresponded
to IL-12 or to a p4() homodimer. A p40 subunit may indeed
associate with another pd0 subunit to form a homodimer
{p40,) with a molecular mass of 80 kDa. A p40, form report-
edly is an antagonist of IL-12 in vitro (37). To determine
whether this high-molecular-weight form corresponds to the
assembled form of T1-12, culture supernatants of NZ{pSEC:
p35-p40) induced for IL-12 synthesis were analyzed by an
ELISA that is specific for quantification of native murine 1L-
12p35-p40 (61). The concentration of secreted IL-12p35-p40
was estimated to be 25 pg/ml (Fig. 3B), compared to 80 pg/ml
for an rIL-12 standard. ELISA were also performed with non-
induced recombinant L. Jactis strains, and no IL-12 production
was detected (data not shown). Altogether, these results show
that (i) L. lactis is able to secrete both p35 and p40 subunits
and (if) at least a proportion of these subunits is properly
assembled in the supernatant.

Production of IL-12 as a single-chain polypeptide in L. lac-
tis. One way to favor proper assembly of the p35 and p40
subunits is to synthesize a fusion protein comprising the two
polypeptides. This strategy has already been proven to be ef-
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IL-12p35-p40

FIG. 3. Production of IL-12 by recombinant L. lgctis. IL-12 production was analyzed by immunoblotting by using anti-IL-12 antibodies. Protein
samples wete prepated from induced recombinant L. lrcfis cultures. (A) Immunodetection after SDS-PAGE. Lane C, cell fraction of the
NZ(pSEC:p35-p4{)) strain encoding the p35 and p40 subunits (IL-12p35-p40); lane §, supernatant samples, The positions and sizes of molecular
weight markers are indicated on the left. (B) Quantification of 11-12p35-p40 by ELISA (R&D Systems). STD, 80 pg of commercial murine ril~12
per mi, I1-12p35-p40, supernatant sample of NZ(pSEC:p35-p40) culture.

ficient in eukaryotic systems (15). Expression of sclL-12 was
tested in L. lectis by using strain NZ(pSEC:scIL-12) and was
compared to expression in NZ(pSEC:p35-p40) (Fig. 4A). In-
duced culture samples were prepared as described above. Af-
ter induction, Western blot analysis with anti-IL-12 antibody
revealed a clear band in the supernatant at the cxpected size
for scIl-12 (70 kDa). The amount of secreted scIl-12 was

CTRL

found to be two- to threefold larger than the amounts of the
separate p35 and p40 subunits (Fig. 4A). We also measured the
scIL-12 concentration {n the supernatant using the ELISA that
recognized IL-12 only in the pative conformation. The amount
of scIL-12 was found o be iwofold larger than the amounts of
the p35 and p40 subunits (~65 pg/ml for scIl-12 and ~25
pg/ml for IL-12p35-p40) (Fig. 4B). Western blotting and

[L-12] pg/mL

N
v

FIG. 4, Secretion analysis of the two IL-12 forms produced by L. factis. (A) rTL-12 production compared by SDS-PAGE and Western blot
analysis of supernatant samples prepared from induced cultures of NZ(pSEC:p35-p40) and NZ(pSEC:scIl-12) encoding I1-12p35-pd0 and
sclL-12, respectively, Late CTRL contained 1IL-12 (R&D Systems) as a control. (B) Quantification of TL-12 forms produced by L. lectis by ELISA
by wsing supernatants of induced cultures of NZ(pSEC:p35-p40) and NZ(pSEC:sclL-12) encoding IL-12p35-p40 and scIL-12. STD, 80 pg of

commexcial tIL-12 per ml.
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FIG. 5. In vitro induction of IFN-y in mouse splenocytes by recom-
binant L. factis. Mouse splenocytes were incubated in the presence of
50 pg of tIL-12 per ml as a control and with cells (C) and supernatant
(8) of wild-type L. lactis (L. lnctis wt), L. lactis NZ{pSEC:p35-p40)
IL-12p35-p4l, or L. factis NZ(pSEC:scIL-12) encoding scIL-12. The
cocentrations of the induced citure samples were adjusted to ~50
pgml as determined by ELISA. The IFN-y concentrations are the
means and standard deviations determined in three independent ex-
periments. Significant differences compared to the data obtained for
tecombinant L. dactis cells and supernatant samples are indicated by
one asterisk and two asterisks, respectively (P < 0.05).

ELISA were performed with noninduced recombinant L. lactis
strains, and no IL-12 production was detected (data not
shown). This result shows that scIL-12 is efficiently secreted in
L. lactis and is folded into a native conformation. The resulis
described above show that both TL-12p35-p40 and scIL-12 are
expressed and secreted in L. lactis and supgest that at least
portions of these products assume a native and thus potentially
active form,

Biological activity of IL-12 produced by recombinant L. lac-
tis. Recombinant L. factis strains producing I1L-12p35-p40 and
scll-12 were evaluated for the ability to induce IFN-y produc-
tion in mouse spienocytes. Spienocytes were cultured for 48 h
with 50 pg of commercial rIL.-12 per ml or with supernatant or
a lotal culture of recombinant L. lactis. The amounts of bac-
terially produced IL-12 added to splenocytes were adjusted to
~50 pg/mi as determined by the quantitative ELISA. After in
vitto [L-12 stimulation, splenocyte culture supernatants were
collected to reeasure the concentrations of IFN-v (Fig. 5). The
results show that 50 pg of comumercial rIL-12 per ml induced
production of ~80 pg of IFN-v per ml. The scIL-12 produced
by 5 x 10° CFU of L. lactis indaced production of ~40 pg/ml,
and supernatants of the same cells induced production of ~33
pg/ml. The concentrations of IFN-y induced by an L. lactis
strain expressing p35-pd0 were ~37 pg/ml for 1 X 10° CFU and
~34 pg/ml for the supernatant. Splenocytes in the presence of
awild-type L. factis strain did not produce significant amounts
of IFN-y, as expected (Fig. 5). These results suggest that both
5¢[L-12 and IL-12p35-p40 are biologically active and stimulate
IFN-y production by mouse splenocytes.

Intranasal administration of L. lactis expressing IL-12 in-
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dunces IFN-v production in mouse splenocytes. The biclogical
activities of the TE-12-producing L. lactis strains were also
tested in vivo after intranasal administration of induced recom-
binant L. lactis strains in mice. Tt has been shown previously
that a regimen consisting of intranasal administration of [L-12
on days 0, 1, 2, and 3 with booster doses on days 14 and 28 (and
repeating the schedule for four inoculations) and sacrifice of
the animals on day 35 results in an absence of cytokine taxicity
in a murine model (3). However, although this treatment
schedule is very productive in mice, its use in human vaccina-
tion is limited due to the consecutive 1L.-12 inoculations during
the treatment. To avoid this problem, in this experiment we
tested single doses of IL-12-expressing L. lgctis strains admin-
istered on days 0, 14, and 28. We administered 5 X 10% CFU of
NZ(pSEC:p35-p40) or NZ(pSEC:scIL-12), which corresponds
to quantities used previously for oral administration of recom-
binant L. lectis (50).

IFN-y expression was significantly enhanced in mice that
received L. factis strains expressing IL-12p35-p40 or scIL-12
compared to IFN-y expression in the placebo control groups
(Fig. 6). Mice treated with the scIT-12-producing strain pro-
duced the largest amounts of JFN-v in spleen cells. In contrast,
the amounts of [FN-y in mice treated with the p33-p40-pro-
ducing strain were fourfold smaller. The differences in the
degree of stimulation were probably due to the quantity of

120 -

IFNy pg/mi

FIG. 6. Production of JFN-y in mouse splenocytes after intranasal
inoculation of recombinant L. lectis. Levels of IFN-v were determined
following sacrifice on day 35 for mice that received 5 % 10° CFU of
wild-type L. lactis [L. lactis (wt})], NZ(pSEC:p35-p40}), or NZ(pSEC:
scIL-12) or PBS alone. The data are representative of one of three
separate experiments in which similar results were obtained. The val-
ucs ate the means and standard deviations for threc mice per treat-
ment group. Statistically significant differences (P < 0.05) compared
with the wild-type L. lactis and PBS control groups are indicated by
one asterisk for the NZ(pSEC:p35-p40) group and by two asterisks for
NZ(pSEC:sclL-12) group.
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native IL~12 produced under the conditions used (Fig. 3 and
4). This experiment was repeated three times, and similar
results were obtained in all cases. The results demonstrated
that TL-12 can be effectively administered to mice in vivo by
using recombinant L. factis, which results in clear induction of
the [FN-y responge. Furthermore, after intranasal administra-
tion of the L. lactis [L~12-producing strains, IFN-vy production
was induced without apparent toxicity, and mice remained
healthy after 24 weeks of treatment.

Because the concentrations of functional 11-12 measured in
both in vitro and in vivo assays were greater for scIL-12 than
for the two-subunit IL-12 form, we chosc the single-chain form
for the next in vivo experiment,

Intranasal coadministration of recombinant I.. lactis strains
expressing active IL-12 and HPV-16 E7 enhanced IFN-vy pro-
duction, In order to examine the adjuvant properties of the
recombinant L. lactis strain producing I1-12, the immune re-
sponse to a coadministered antigen was analyzed. The antigen
that was coexpressed with 1L-12 was the HPV-16 E7 protein,
the major worldwide etiological agent of cervical cancer.
Groups of five C57BL/6 mice were immunized intranasaily
with three doses {on days 0, 14, and 28) of 5 X 108 CFU of
NZ(pCWA-E7} alone or in combination with § X 10° CFU of
NZ{pSEC:scI1.12). The production of IL-2 and IFN-y was
then determined (Fig. 7). Spleen cells that were obtained 1
week after the last inoculation with recombinant L. lactis (day
J5) and were restimulated in vitro with a synthetic E7 peptide
(RAHYNIVTF) produced significant levels of IL-2 (Fig. 7A)
and IFN-y {Fig. 7B). As an in vitro control, spleen cells were
restimulated with PBS alone. The responses wete greater in
mice immunized with an L. Izetis strain displaying a cell wall-
anchored E7 antigen than in animals immunized with a wild-
type L. loctis strain, Strikingly, the antigen-specific cellujar
response measured by secretion of Thl cytokines elicited by L.
factis expressing E7 antigen alone was dramatically increased
by coadministration with an L. lactis strain secreting IL-12

pretein (Fig. 7).

DISCUSSION

In this stedy, we produced bioactive forms of IL-12 in the
food-grade gram-positive bacterium L. lactis, and we showed
that the recombinant bacterium has a stimulatory effect on
IFN-y production in both in vitro and in vivo assays. Previous
reports of IL-12 production involved the use of eukaryotic
systems {15, 29, 52, 57), which may have limitations in broad-
scale or in vivo applications. Recently, Steidler et al. demon-
strated that L. lactis could be used to produce and secrete
biologically active murine monomeric cytokines (55, 56). The
preduction of a more complex moleeule (ie., a heterodimer
that contains several DSB) further extends the potential of L.
lactis to deliver therapeutic molecules in vivo.

IL-12 is a heteredimer composed of two distinet subunits
(p35 and p40) encoded by separate genes that are coordinately
expressed. Previous studies have demonstrated that pd() over-
expression can have an inhibitory effect on IL-12 activity (37),
We used two approaches to gvercome this potential problem.
First, we developed 2 bicistronic cassette for coexpression of
p35 and p40 subunits in L. luctis. Second, we designed a vector
that expressed IL-12 as a single-chain polypeptide, thus aliow-
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ing stoichiometric formation of this cytokine. This strategy also
overcomes problems with inefficient association of indepen-
dently produced subunits or formation of homodimers (20, 37).
Consistent with this hypothesis, under equivalent induction
conditions, the concentrations of functional IL-12 were greater
for scIL-12 than for the two-subunit IL-12 form. In view of the
lower activities of p35 and p40, the single-chain form of IL-12
may be preferred for in vivo applications.

Remarkably, mouse YL-12 contains 7 and 13 cysteines in its
p35 and p40 subunits, respectively, and two DSB that are
essential for proper IL-12 assembly (47). The secretion of
biologically active TL-12 suggests that DSB are formed after
the protein is exported from L. lactis. DSB formation is often
a major bottleneck in heterologous protein production in pro-
karyotic systems and particularly in gram-positive bacteria,
which themselves encode very few secreted proteins that con-
tain DSB (44, 46). Possibly, the lower pH of L. lactis during
fermentative growth favors formation of DSB in secreted pro-
teins. Although the mechanism remains to be proven, this
system may be promising for expression of other proteins con-
taining DSB.

The main biological effect of M-12 is stimulation of IFN-y
production, This cytokine has both adjuvant and antitumor
activitics. Because a number of subunit vaccines are poorly
immunogenic, the use of adjuvants is of particular interest for
new formmlations of vaccines against infectious diseases. To
enhance the mucosal immune response, adjuvants such as
chalera toxin and E. coli enterotoxin have been used, and they
indeed induce potent Thl and Th2 cell responses. However,
these adjuvants cause severe diarrhea and are not suitable for
use as mucosal adjuvants in humans. Strikingly, 11-12 has
proven adjuvant activity when it is coexpressed with an antigen
in targeted vaccines (1, 6). It may also prevent the development
of immunological tolerance to a given antigen (54). Finally,
IL-12 has potent antimmor effects and may be an attractive
agent for cancer immunotherapy.

Despite the efficacy of IL-12 therapy for cancer and infec-
tious diseases, experimental models in clinical trials with sys-
temic IL-12 showed unacceptable levels of toxicity related to
elevated TFN-y production (9, 36). The limitations of IL-12
treatment include the need for daily administration (27). Here,
to circumvent this problem, we explored mucosal (intranasal)
delivery of active I1.-12 by using the safe vector L. lactis, which
repeatedly has been reported to be noninvasive and noncolo-
nizing in a murine model (12, 16, 22). Recently, a recombinant
L. lactis strain delivering IL-10 via an oral route exhibited
positive effects during treatment of murine colitis. The dose of
IL-10 given orally was estimated to be 10-fold lower than the
dose required for systemic administration (56). Targeted ad-
ministration of other interleukins, such as IL-12, fo the intes-
tinal tract by food-grade L. lactis may also reduce toxicity and
have advantages compared to treatment by the systemic route,
and it may even maximize the response (39).

There is continual interest in developing mucosally based
vaccines for a variety of different pathogens, including HPV.
The use of live oral delivery systems for tumor therapy or
vaccine delivery may thus reduce toxic side effects resulting
from systemic administration. In this study, we showed the
adjuvant effect of a recombinant L. lactis strain producing
I1.-12 protein which enhanced the mucosal immune responses
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FIG. 7. Production of Th1 i nocytes of mice immunized with recombinant L. lactis. Levels of Th1 cytokines were determined
{ollaving sacifice on daygfa?:ﬂgzn?;;tf]?zlgd ‘;ith 5 % 10% CFU of wild-type L. lactis {wt) or recombinant L, lactis displaying E7 antigen (E73
and for mice coimmunized with L. fgctis displaying E7 and an L. laetis strain secreting active murine 1L-12 (E7/IL-12), Spleen cclls Were cuitute
for 4 b with 2 hg of E7 peptide (RAHTYNIVTF) (peptide) or PBS, and the levels of the Thl cytokines IL-2 (A} and IFN-y (B) in the _cu_lcl‘:ll;c
Is were determined by ELISA. The values arc the means and standard deviations for three mice per treatment group. Stat_lsu é’
Egmﬁcam differences (P « 0.05) compared to the E7/PBS group are indicated by one asterisk and by two asterisks for the E7/peptide an
ML-12peptide groups, respectively.
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against a coadministered antigen. The 1L-2 and IFN-y produc-
tion elicited by a recombinant L. lactis strain displaying a cell
wall-anchored HPV-16 E7 antigen was dramatically increased
by coadminisiration with an L. lacfis strain secreting IL-12
protein.

Tt is well established that IL-12 plays an essential role in
switching of the immune respomse, inducing Thl cells and
suppressing Th2 responses (58). On the other hand, the ¢le-
vated density of Th2 cells during the pathogenesis of advanced
cervical cancer is well known, while the level of Thi cells is
dramatically diminished (2, 18). We believe that successful
immunotherapentic treatments of cervical cancer patients will
use 3 vaccing that will be able to switch the immune response
from the Th2 class to the Thl class. Therefore, on the basis of
this belief, an L. lactis strain modified to secrete IL-12 together
with a specific antigen is a good candidate for cervical cancer
therapy.

In summary, for vaceine applications, oral or nasal delivery
may provoke local immune responses at the portal of entry of
most pathogens. The use of I. lactis to deliver IL-12 to a
mucosal sorface (e.g., the intranasal surface, gut, or vaginal
mucosa) may have clear advantages over a systemic therapy
approach because it reduces toxic side effects and provides a
low-cost, simple method of administration.
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