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RESUMEN

Augusto Rojas Martinez Fecha de Graduscidn. Mayo del 2000
Universidad Auténoma de Nuevo Leda
Faculiad de Medicina

Titulo del Estudio: EFECTIVIDAD DEL SISTEMA HS5V-tk/GCYV MEDIADO POR TERAPIA
GENICA EN TUMORES MAMARIOS ORTOTOPICOS Y HETEROTOPICOS

Nimero de piginas: 49 Candidato para el grado de Dactor en Clencias con
especialidad <o Biologia Molecular e [ogenieria Genética.

Propdsito y método del estudie: El advenimicnto de la terapia génica ha genetado una nucva linea de
investigacidn en la lucha contra el cancer. En la actualidad hay decenas de ensayos clinicos explorando esta
modalidad terapéutics en contri de diversos tipos de umores. El anilisis de los tratamientos para ¢l cincer,
como los medicamentos quimioterapéuticos, gencralmente se inicia con un ¢studio en modelos preclinicas
que imcluyen estudios en cultivos celulares y en modelos animales. En cuanto a los modelos animales, los
tumores generados para las praebas pueden implantarse en ¢l Srgano de donde deriva onginalmente €l tumor
(modelo ortotapico), pero debido a dificultades técnicas, muchas veces los tumores son implantades en un
sitio mas accesible para determinar la evolucidn y los efectos del tratamiento (moxielo heterotapico), como el
espacio subcutineo. Sin embargo, factores del microambicnte que rodea la neoplasia pueden generar
diferenciss en la efectividad del agente antineoplisico. Esta posibilidad no habfa sido examinada hasta la
fecha en los estudios preclinicos de terapia génica.

En este estudio se analizaron los efectos del microambicnte en la respuesta tumoral a la terapia
génica con el sistema de toxicidad condicionada denominado timidin quinass del virus herpes simplex
I/ganciclovir (HSV-t/GCV), en wa modelo murino implantado con células singénicas de tumar mamanio
TM40D. Las células se implantaron en el espacio subcutineo (modelo heterotdpico) y en la glindula
mamaria oumero 4 (modelo ortotdpico) de ratonas BALB/c. Estos sitios, auaque estin relacionados
morfaldgica y embrioldgicarnente, tienen caracteristicas fisioldgicas diferentes. Los animales fueran
separados en dos grupos: Un grupo de tratamiento tratado coa el sistema HSVF-2/GCY y wn grupo de control
para efectos del vector cou €l gen lac Z de Escherichia coli que es farntacoldgicamente imactivo (3-gal/GCV).
Se analizaron Jas curvas de crecimiento de los tumores durante el tratamiento y Ia sobrevida posterapetitica en
los dos modelos cxperimentales, Una vez sacrificadas las ratonas, se estudio la histologia de bos tumores y la
respuesta citotdxica de hinfocitos extraidos del bazo cn contra de las células implantadas.

Contribuciones y conclusiones: Aunque se ahservd una supresidn transitoria del crecimiento tumoral en
ambos modelos de implantacion (33.1 y 39.4% en los modelos ortotSpico y heterotdpico, respectivamente) la
tass de crecimiento tumoral y 13 respuesta a 1a terapia fueron significativamente diferentes. Histoldgicamente,
los dos modelos mostraron patroney de nccrosis, vasculayidad y respuestz tisular inmune diferentss. La
respuesta citotoxica linfocitaria y la sobrevida no mostraron diferencias significativas. Los datos sugieren que
cl microambiente del tumor puede afectar la eficacia de la terapia génica.

s, 7D s N o—

Dr, Estuarda Agullar Cérdov Dr. Hugo A. Barrera Saldafia
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CAPITULO !

INTRODUCCION

La bausqueda de mejores tratamientos para los tumores malignos impulsa
la investigacion de nuevos medicamentos, combinaciones de agentes
quimioterapéuticos, incrementos de dosis, utilizacion de citocinas, regimenes
mejorados de radioterapia y cirugias mas scfisticadas, entre otros recursos. Sin
embargo estas formas de tratamiento no superan algunos obstaculos bioldgicos
criticos, como la actividad localizada en €l tumar o la carencia de efectos en
células normales, y no padrian conducir a un avance radical en el mejoramiento
del tratamiento del cancer. La terapia génica ofrece el potencial para superar
algunas de esas barreras fundamentales y para disminuir la morbilidad

asociada al tratamiento.

La terapia génica puede definirse como la modalidad de tratamiento en la
cual se introduce material genético a las células para modificarlas o ariadirles
nuevas funciones. Este tipo de terapia involucra la transferencia de material
genético foraneo a las células con el propdsito de carregir 0 aminorar los

defectos genéticos en algunas enfermedades hereditarias, inhibir agentes
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infecciosas o destruir células cancerosas (Eck y Wilsan, 1996). De forma muy
general, la terapia génica requiere la identificacion y aislamiento de genes
terapéuticos utiles y la transferencia y expresién subsecuente de estos genes
en las células receptoras o células blanco (Bank A, 1995). En la actuaiidad la
terapia génica esta siendo ensayada para el tratamiento de una amplia gama
de enfermedades hereditarias y adquindas, entre ellas el cancer (Eck y Wilson,

1996).

A caontinuacion se describen las ventajas potenciales de la terapia genica
antineoplasica. En |as terapias convencionales, como |a quimioterapia, una
¢slula o un tejido se altera con fa madificacién del metabolismo y de la fisiologia
celular al nivel de la expresion de proteinas. En contraste, en la terapia génica,
el cambio en el patron de expresidn de genes en las células transducidas
podria modificar la cantidad y la funcion de los productos proteicos
preexistentes o la generacidn de nuevas proteinas para lograr el efecto
terapéutico deseado. Adicionalmente, la transferencia génica se puede realizar
en un contexto limitado local-regional, produciendo una alta concentracién de
moléculas terapéuticas en el 4rea de interés, evitando la difusion del agente
activo al sistema y disminuyendo los efectos indeseables de los agentes

convencionales.

Otra ventaja de la terapia génica es su potencial para lograr una

actividad terapéutica de mas alta especificidad de accion que |a obtenida con la
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quimioterapia, gracias al control de 10s mecanismos regulatorios de la expresion
génica. Por otro lado, la existencia de diversos sistemas de transferencia de
genes (vectores) para la modificacion genética de largo plazo o permanente de
células ¢ tejidos, permitiria intervenciones terapéuticas o preventivas definitivas
{(Eck y Wilson, 1996). Finalmente, el emplear al organismo para producir
proteinas potencialmente terapéuticas en sclo ciertos tejidos, tiene ventajas
practicas, pues se evitan las limitaciones asociadas con la manufactura,

estabilidad y duracién del efecto, después de la administracion de los

medicamentos (Eck y Wilson, 1996).

El cancer surge como la culminacion de una sucesidn de pasos que
involucran alteraciones de diferentes genes de las células somaticas y
modificaciones importantes en el microambiente que rodea al tumor. Por estas
razones, esta enfermedad representa un gran reto para la terapia génica, pues
es dificil hacer una eleccion del gen terapeutico ideal para lograr la destruccion
del tejido neoplasico (Rabkin y cols., 1896) y por esto se han generado varias

estrategias de terapia génica antitumaral.

Las estrategias de terapia génica antinegplasica se pueden agrupar en
las siguientes categorias. inmunopotenciacidn, correccion fenotipica
. {inactivacidon de oncogenes ¢ reemplazo de genes supresores de tumor), la
quimioterapia molecular, el incremento de la resistencia a drogas para proteger

la médula 6sea de altas dosis de quimioterapia y esquemas de terapia
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potenciadora, en la cual a terapia genica sensibiliza a las c¢élulas tumaorales
para ser destruidas en forma mas eficiente por un agente antineoplasico o por

radioterapia (Cusack y Tanabe, 1938).

La terapia génica suicida (también denominada terapia de citotoxicidad
condicionada) ha sido extensamente investigada para el tratamiento de
tumores primarios y diseminados. Entre‘ los diversos sistemas de esta
modalidad, el esquema de la enzima timidin cinasa del virus herpes simplex
(HSV-tk) y la subsecuente administracion de ganciclovir (GCV) ha sido exitoso
en el tratamiento de tumores en madelos animales de cancer refractario a las
modalidades terapéuticas convencionales en humanos (Culver y caols., 1992 y
Chen y cols., 1994) y por otro lado, ha mostrado tener una baja toxicidad
sistémica (Rojas-Martinez y cols., 1999). Esta estrategia se basa en la
conversion del GCV (un analogo de nucleésidos purinicos) en su intermediario
activa, GCV manofosfate, en células transducidas con el gen HSY-tk. La
prodroga fosforilada conduce a la muerte celular al detener la sintesis de ADN
(Reid y cols., 1988). Adicionalmente, las células no transducidas son afectadas
par la exportacién de |a sustancia activa (efecto testigo) (Freeman y cols., 1993)
o por la estimulacion del sistema inmune en respuesta a las células afectadas
por el sistema HSV-tW/GCV (Barba y cols. 1994 y Yamamoto y cals. 1897).
Debido a que la respuesta terapéutica depende de varios mecanismos, la

efectividad puede ser susceptible a las diferencias en el microambiente tumaral.
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Los modelos animales experimentales para probar tratamientos
antineoplasicos se pueden dividir en dos grupos, de acuerdo al sitio anatdmico
de donde se deriva el tumor que se desea estudiar. En el modelo ortdtopico, el
tumor se genera en el tgjido u Organo de donde deriva la malignidad a analizar
(por ejemplo, implantacion de hepatoma en el higado). En el modelo
heterotépico, el tumor se crea en un espacio u drgano diferente al sitio donde
se genera el tumor en forma natural (por ejemplo, la implantacion subcutdnea
de tumores de diverso origen diferentes a los canceres que afectan la piel y el
espacio démico). La eleccion del modelo a utilizar frecuentemente se basa en

la disponibilidad de tumores o lineas celulares y animales, y en la conveniencia

del investigador.

En la terapia génica para el cancer se han eémpleado varios modelos
animales para evaluar [a efectividad de la terapia con el sistema HSV-tk/IGCV.
En algunos casos, animales implantados con tumores subcutaneos de prostata
(Eastham y cols. 1996) y mesotelioma (Smythe y cols., 1995), buenos ejemplos
de madelos heterotdpicos, han sido tratados con este sistema. Glioblastomas
implantados en cerebro (Culver y cols., 1992 y Chen y cals., 1994) o tumores
primanios de glandula mamaria inducidos por transgénesis (Sacco y caols., 1996)
o sustancias quimicas (Wei y cols., 1998), han sido ejemplos de madelas
ortotopicos tratados con el sistema HSV-#WGCV. Tanto los modelos
heteratapicos como ortotopicos han generado resultades exitosos que han sido

utilizados como base para la implementacion de estudios de terapia génica can
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el sistema HSV-IWGCV en fase clinica. Por ejemplo, los resultados favorables
abtenidos can el sistema HSV-tk/GCV en los estudios de tumores cerebrales en
rata (Ram y cals., 1993), sirvieron para sustentar un ensayo en fase clinica |
para €l tratamiento de glioblastoma (Ram y cols., 1997), el cual demostr¢
actividad antitumoral en 5 de 15 pacientes con tumores de menos de 1.4 ml de
volumen. También se pueden mencionar [0s estudios de Eastham y cols. En
cancer de prostata (Eastham y cols., 1996}, que sirvieron de base a estudios de
fase clinica | en pacientes con recurrencia de este tipo de tumor después de
radioterapia y que mostrd respuestas positivas en 3 de los 18 sujetos
seleccionados. Esta respuesta fue evidenciada por una caida de los niveles de

antigeno prostatico especifico que fue sostenida durante un periodo de un ario

(Herman y cols. 1999).

Sin embargo, los efectos del microambiente tumaoral en el modelo
preclinica pueden afectar significativamente el valor prondstico de los estudios
clinicas y estos efectas no han sido estudiados aun en este tipo de terapia.
Entre los factores microambientales que alfectarian la efectividad terapéutica
estan la arquitectura tisular, la respuesta local del tejido, el patrdn de
vascularizacion y la vigilancia inmuncldgica. El propdsito de esta tesis es
estudiar la eficacia de la estrategia del sistema HSV-(/GCV en los
microambientes ortotdpico y heterotdpico, usando un modelo preclinico de

cancer mamaria.
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CAPITULO Il

HIPOTESIS Y OBJETIVOS

2.1 HIPOTESIS.
Los efectos de la terapia genica para el cancer con el sistema HSV-
t/GCV, pueden variar en diferentes microambientes tumorales. Es posible
que la respuesta antineoplasica para los tumores mamarios TM40D

cambie en los diferentes sitios de implantacion tumaral del modelo animal.

2.2, OBJETIVOS
2.2.1. Objetivo General;
Analizar la eficacia del sistema suicida HSV-tk/GCV en tumores
mamarios TM40D de localizacién ortotdpica y heteratdpica en un

moaodelo munno.

2.2.2. Objetivos Especificos:
1. Determinar la sensibilidad de las células TM40D al sistema HSV-
tk/GCV en condiciones de cultivo de tejidos.

2. Detemninar el crecimiento tumoral natural de tumores TM40D
implantados en los modelos orto y heterotdpico.

3. Hacer un escalamiento de dosis de vector para determinar la
dosis antitumoral mas efectiva.
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4. Determinar los efectos del sistema HSV-k/GCV en los modelos
orfo y heterotdpico, mediante el analisis de los siguientes
parametros obtenidos de la observacién de los dos grupos
experimentales (ratonas tratadas con el gen HSV-tk y GCV
como grupo de tratamiento y ratonas tratadas con el gen p-gal y
GCV como grupo control):

. Curva de crecimiento tumoral.

. Andlisis de linfocitos citotdxicos (LCT).

a
b. Analisis histopatolégico.
G
d. Supervivencia.
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CAPITULO Il

ESTRATEGIA GENERAL

Los parametros claves de la tesis se estudiaron con las siquientes

estrategias:

3.

3.2

SUSCEPTIBILIDAD DE LA LINEA TUMORAL TM40D AL SISTEMA HSV-
tk/IGCV. La susceptibilidad de la linea tumoral mamaria TM40D al vector
adenoviral y al sistema de toxicidad condicionada HSV-t/GCV fue
probada en condiciones de cultivo de tejidos, en un ensayo comparativo
realizada en un formato de 8 x 12 pozos y en el cual se usaron células
Hela como control. Las células fueron transducidas con dosis
incrementadas del vector adenoviral Adv-RSV-tk y tratadas con GCV. Tres
dlas después del tratamiento se hizo un ensayo colorimétrico con un
agente REDOX para determinar la actividad metabdlica y calcular la
sobrevida de las células. Una vez demostrada la susceptibilidad de las
células cancerosas al vector y al sistema suicida, se procedid a los
estudios in-vivo en modelos murinos.

DETERMINACION DEL CRECIMIENTO NATURAL DE LOS IMPLANTES
TUMORALES ORTOTOPICOS Y HETEROTOPICOS: Para determinar el
efecto terapeutico en las ratonas, se establecieran curvas de crecimiento
de referencia en animales implantados en el espacio subcutaneo
(heteratdpico) y en la glandula mamaria ndmera 4 (ortotdpica).
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3.3. ESCALAMIENTO DE DOSIS: Como en el experimento anterior se

3.4.

3.5.

determiné que el crecimiento era mas agresivo en el espacio ortotopico, el
escalamiento de la dosis de vector mas efectiva se realiz6 en este
modelo. El objetivo de este experimento fue determinar las dosis toxicas
del vector y la dosis maxima tolerada que tuviera efecto antineoplasico.
Las ratonas fueron tratadas durante 14 dias consecutivos con GCV y se
realizaron curvas de crecimiento tumeral para determinar la dosis mas
efectiva.

EFICACIA DEL SISTEMA HSV-tklGCV EN LOS MODELOS ORTO Y
HETEROPTOPICO. La linea tumoral TM40D se implanté en dos grupos
de ratonas: Uno en el espacio subcutdneo y el otro en la glandula
mamaria. Cuando el crecimiento de los tumores permitic la manipulacién
experimental, los animales en cada modelo de implantacién fueron
divididos en dos grupos: Un grupo de ratonas recibidé una inyecciéon
intratumoral con el vector adenoviral Adv-RSV-tk y al grupo restante se le
administré el vector AdV-CMV-Bgal, no funcional desde el punto de vista
terapéutico, pero apto para servir como control del grupo de tratamiento.
Todas las ratonas fueron tratadas con GCV durante los 14 dias
subsecuentes a la transduccion y se realizaron curvas de crecimiento
tumoral. Una vez concluida la observacion, |las ratonas se sacrificaron, los
tumores y algunos de los bazos se disecaron y extrajeron para analisis de
patologia y para realizar pruebas de linfocitos citotéxicos anti-TM40D,

ANALISIS DE SOBREVIDA. En este estudio, se repitid el experimento
anteriormente descrito, pero los animales no se sacrificaron y se
determiné la sobrevida de cada animal hasta que estuviera en muy malas
condiciones generales o cuando el tumor alcanzaba un diametro mayor a

2.5 cm, dificil de ser tolerado por |a ratona. Con los datos de sobrevida de
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cada animal se realizd una curva de Kaplan-Meyer para analizar la
eficacia de la terapia génica para prolongar la sobrevida en cada modelo
de implantacion.

PRUEBA DE LINFOCITOS CITOTOXICOS ANTI-TM40D. Para
determinar la generacion de respuesta celular inmune inducida por la
terapia génica en contra de la linea tumaral, los esplenacitos extraides de
los bazos fueron aislados y cultivades en medio RPMI 1640 enriquecido
para seleccionar la poblacion de linfocitos citotdxicos. Después de la
cosecha, los linfocitos obtenidos se mezclaron en diferentes proporciones
con celulas blanco TM40D mantenidas en cultivo. Estas células blanco
habian sido previamente irradiadas y tratadas con *'Cr. Después de un
breve tiempo de cocultivo, los sobrenadantes recolectadas se analizaron
para determinar la actividad citotéxica mediante la medicion de la
radiactividad presente en el medio recolectado.

11
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CAPITULO IV

MATERIALES Y METODOS

4.1. ORIGEN DE LOS REACTIVOS:
4.1.1. Células Tumorales: La linea celular de tumor mamario de ratén
TM40D fue derivada de transplantes repetidos de las lineas celulares de
mama FSK en glandulas mamarias de ratonas BALB/c (Kittrell y cals.,
1982). Las celulas se mantuvieron en condiciones de cultiva utilizando
medio a-MEM (Life-Technologies, Gaithersburg, MD, EUA) suplementado
con suero bovino de temera al 10% (HyClone, .Logan. UT, EUA) a
temperatura de 37°C y una atmdsfera con 5% de CO,. Para la implantacion
en el madelo in-vivo, las células fueron recolectadas de cultivos en
monocapa mediante un tratamiento con tripsina al 0.25% (Life-
Technaologies, Gaithersburg, MD, EUA), lavado con solucion amortiguadara
de fosfatos (PBS por las siglas en inglés y cuya composicion es: 137 mM
NaCl, 2.7 mM KCl, 4.3 mM Na;HPO47Hz0 y 1.4 mM KHzPO4, pH ~ 7.3),
cosecha, centrifugacion a 500 xg durante 2.5 min, cuantificacién y

resuspensién final en PBS.
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4.1.2. Vectores adenovirales: Se utilizarcn vectores adenovirales portando
un gen terapéutico (efector) y un gen control. El vector efector ADV-RSV-tk
(ver figura 1) contiene el gen HSV-tk del virus herpes simplex tipo | con la
secuencia promotora de la repeticidon terminal larga del virus del sarcoma

de Rous (RSV), contenidas ambas dentro del esqueleto gendmico del

AdV ” T Adv Ad¥Y

RSV
DNA Sustituido

10 20 70 80 90 100 ym.
Figura 1. Genoma del vector AdV-RSV-tk. Representacion de la
estructura genomica del vector terapéutico utilizado. El gen terapéutico
HSV-tk sustituye las regiones requeridas para la replicacion adenoviral E1A
y E1B. El gen esta requlado por la secuencia promotora del virus del
Sarcoma de Rous (R3V). El genoma del vector AdV, de 36 kpb, se divide
convencionalmente en 100 unidades de mapa (u.m.).
adenovirus humane tipo 5 (Chen y cals., 1994). El vector control AdV-
CMV-p-gal tiene el mismo esqueleto gendmico, pero en lugar del gen HSV-
tk, contiene el gen lac-Z dirigido por el promator inmediato-temprano del
citomegalovirus humanc (HCMVIE). Los vectores fueron producidos y

cuantificados en el Laboratorio de Vectores de Terapia Génica del Baylor

College of Medicine en Hauston, TX, EUA (Nyberg-Hoffman y cals., 1997).
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4.2. METODOS:
4.2.1. Susceptibilidad de la linea tumoral TM40D al sistema HSV-
tkiGCV. Se realizé un ensayo comparativo en un formato de 8 x 12 pozos
(Coming In¢c., Corning, NY, EUA)} y en el cual se usaron células Hela
(ATCC, Rockville, MD, EUA) como control. Las células TM40D y las
células cantrol se sembraron en formatos separados a una densidad de 3
x 10* células/cm? (confluencia de aproximadamente 50%). Las columnas
fueron transducidas con dosis incrementadas del vector adenoviral AdV-
RSV-tk en forma aritmética, abarcando un rango de ~5 x 10° a 3 x 10°
p.v./ml (razbn maxima: 30,000 p.v./célula). Después de 12 horas de la
siembra, el formata fue dividido en dos éreas de tres filas. El drea superior
fue fratada con la forma comercial de GCV, Cimevene® (Sintex
Corporation, Pala Alto, CA, EUA), utilizada en todas los estudios de este
proyecto; mientras que la zona inferior de tres filas fue tratada con medio
de cultivo a-MEM suplementado con suero bavino de termera al 10%. La
primera columna de células no fue tratada con el vector ni con GCV, para
servir como referencia de maxima sobrevida y sdlo fue adicionada con
medio de cultivo cada vez que se hacia un tratamiento. Tres dias después
del tratamiento con GCV, se hizo un ensayo colorimétrico con el agente
REDOX Alamar Blue® (Alamar Biosciences Inc., Sacramento, CA, EUA),
que determina la actividad metabdlica en cada pozo de células y permite
determinar la supervivencia en cada columna (Lancaster y Fields, 1996).

Un area de 3 pozos en el margen del formato sdlo se habia lenado con
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medio para servir como blanco de lectura del experimento despueés de la
adiciéon del agente REDOX. La absarbancia se midio en un aparato para
analisis de ELISA tipo Microplate Autoreader® (Bio-Tek Instruments Inc,,
Burlington, VE, EUA} a una longitud de onda de 570 nm con referencia a
€00 nm. Los datos de absorbancia de los dos tipes celulares tratados se
determinaron en triplicado, fueron promediados y se determind el emrar
estandar para cada medicion. El indice de sobrevida se calculd dividiendo
la absorbancia de cada dosis probada entre la absorbancia obtenida en
las células no tratadas con el vector ni con GCV. Los indices abtenidos
fueron utilizados para la construccion de la gréfica de susceptibilidad al
vector adenoviral y al sistema HSV-tk/GCV en condiciones in-vitro, Las
dosis letales 50 en cultivo (TCLDsq en inglés), la dosis en la cual el 50%
de las células aun se mantienen vivas, fue calculada para cada linea

celular a partir de la grafica.

4.2.2. Implantacion de los tumores ortotépicos y heterotépicos.
Tumores orto ¥ heterotdpicos fueron generados en 238 ratonas virgenes
BALB/c de 5 y 6 semanas de edad (Harlan Inc., Indianapolis, IN, EUA). En
147 ratonas se generaron tumores ortotdpicos y en las restantes 91 se
produjeron tumores heterotopicos. Adicionalmente, se implantaron
tumores heterotdépicos en 5 ratones machos CS7BL/6 (Harlan Inc.,
[ndianapolis, IN, EUA) para los ensayos de linfocitos citotdxicos. Para los

procedimientos de implantacion, las ratonas fueron sometidas & anestesia
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general mediante inyeccion intraperitoneal de pentobarbital (Nembutal®,

Abbott Laboratories, Chicago, IL, EUA) a una dosis de 50 mg/kg de peso.

En el caso de los tumores ortotépicos, a las ratonas se les practicod
una incision paramedial en el hemiabdomen izquierdo seguida por una
incision inguinal. Posteriormente se hacia una diseccion cuidadosa del
tejido subcutaneo para exponer la glandula mamaria numero 4. A
continuacion, la glandula mamaria fue inyectada con un volumen de 20 pl
que contenia un total de 5,000 células TM40D suspendidas en PBS (figura

2). Las inyecciones se realizaron con una jeringa graduada en microlitros

(Hamilton Co., Reno, NV, EUA) utilizando una aguja 27-G.

Figura 2. Cirugia para la implantacion del tumor en la glandula mamaria nimero 4: La
glandula esta localizada en el flanco inferior abdominal, cerca de la region inguinal. El parénquima
glandular esta albergado en el interior del cojinete de tejido graso (sefialado por la flecha),
adherido al tejido subcutdneo. Obsérvese la rica vascularizacion del 6rgano.
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Después de la inyeccian, se afrontaron los planos y se cerraron las
heridas quirirgicas con ganchas Autaclip® de 9 mm (Clay Adams, Sparks,
MD, EUA). En el caso de los tumores heterotopicos, las ratonas
anestesiadas fueron afeitadas en el flanco dorsal izquierdo y en €l espacio
subcutanec de esta parcidn se realizo una inyeccion con el mismo numerg
de ce¢lulas usado en el modelo ortotdpico. Estas celulas fueron inyectadas
en un volumen de 50 pl, utilizando jeringas desechables de 1 ml

adaptadas con una aguja 30-G.

4.2.3. Administracion del vector de terapia génica y tratamiento con
GCV. Este tipo de tratamientos se realizd en tres fases experimentales:
Escalamiento de la dosis del vector de terapia génica, estudios de eficacia
antineoplasica y analisis de la sobrevida. En los experimentos de
escalamientc de la dosis de vector se utilizaron 47 ratonas, incluyendo 14
animales cuyos tumores fueron inyectados con PBS para ser utilizados
como control de no tratamiento. Los experimentos de esdalamiento de
dosis para AdV-RSV-tk fueron realizados en el modelo ortotdpico
utiizando un rango de dosis entre 1 x 10° a 1 x 10" p.v., incrementadas
en una escala logaritmica decimal (dosis por encima de 1 x 10'? p.v. son
toxicas para este roedor, segin la observacién personal del tesista). En
las fases de eficacia antineoplasica y anélisis de la sobrevida, se utilizaron

los vectores AdV-RSV-tk (vector terapéutico) y AdV-CMV-pgal (vector
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control). Todos los vectores fueron administrados mediante inyeccidn
intratumoral de un bolo de 20 pl de suspension del vector,
aproximadamente dos semanas después de la implantacién tumoral
(volumen tumoral promedio de 40 mm°). En el caso del madelo ortotdpico,
la administraciéon del vector requirid el mismo procedimiento quirtrgico

descrito para la implantacion del tumor.

El tratamiento con GCV se inicid 24 h después de la
administracion de los vectores. Este medicamenta se aplico mediante
inyeccidn intraperitoneal ¢ada 12 h durante 14 dias consecutivos a una
dosis por aplicacion de 20 mg/kg de peso y suspendida en agua

bidestilada libre de pirégenos a 4 mg/ml.

4.2.4, Analisis del crecimiento tumoral. En los estudios de crecimiento
de los tumores orto y heterotopicos implantados, de escalamiento de daosis
del vector y de eficacia antineoplasica, se determing el crecimiento de los
tumores en los animales en una observacion realizada cada 4 dias de la
siguiente manera, Se median las longitudes de los diametros mayor y
menor del tumor con un calibrador tipo Vernier. Con estos dos valores se
determinaba un diametro promedio (DP) para cada observacion puntual,

como se indica en la fobrmula 1:

Fdrmula 1: (diametrg mayar + didmetro menor)/2= DP
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En los estudios de crecimiento de los implantes, se construy6 una
curva de crecimiento relativo entre los dias 8 y 32 post-implantacion. El
limite inferior de & dias se debe a que tan s6lo en este dia habia una
masa tumoral medible, mientras que el limite superior de 32 dias estuvo
impuesto por el dia maximo en que se conservaron {odos los animales
vivos para mantener los grupos integros durante el experimento. En el
caso del estudio de escalamientq de dosis, las curvas se construyeron can
los datos proporcionados por estos promedios. En el analisis del
crecimiento tumoral de los implantes, los datos recolectados en cada
abservacion (DPuia x) se dividieron por el valor del DP al dia de la
transduccion (DPgqa o) y se multiplicaron por 100 para obtener el indice de
crecimiento refativo o ICR (ver férmula 2). Los valores del ICR de cada
tumor en cada punto de la observacion se promediaran para cada grupo

de implantacidn y se determinaron los errores estandares.
Formula 2: (DPug x'DPyia0) x 100 = ICR

Para los estudios de eficacia antineoplasica, se agruparon vy
pramediaron los ICR de los animales pertenecientes a los grupos tratados
con el vector terapéutico y con el vector control en cada modelo de
implantacion. A este ICR se le restd 1 para obtener la proporcian neta de
crecimiento tumoral o PNCT (ver formula 3) en cada puntc de la

observacion y se determinaron los promedios y errores estandares para
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cada grupo. Con estos datos se construyeron las curvas de crecimiento

para analizar la eficacia del tratamiento.

Férmula 3: ICRy;, x - 100 = PNCT

4.2.5. Analisis de sobrevida. En esta fase se trataron grupos
experimentales constituidos por 11 ratonas cada uno para el modelo
ortotopico y grupos de 10 ratonas cada uno para el modelo heteratdpico.
Se utilizaron los mismos procedimientos quirirgicos descritos
previamente. También se administrd el mismo tratamiento con GCV. Estos
animales se dejaran en observacién para determinar el maxime periodo
de vida después de la administracion de los vectares. Aungue algunos
fueron encontrados muertos, la mayoria de los animales se sacrificaron
cuando el tumor alcanzaba un diametro mayeor de 2.5 cm o cuando @l
animal presentaba signos de mal estado general como inactividad ©
lentitud de movimiento, poca reaccidon a los estimulos, caquexia,
enjorabamiento, etc. Con los datos obtenidos se construyd una grafica de

Kaplan-Meier para estudiar los efectos del tratamientg en la sobrevida.

4.2.6. Analisis histopatoldgico de los tumares. En los estudios de la
eficacia antinecplasica, los animales fueron sacrificados mediante
dislocacidn cervical 24 dias después de la transduccion con el vector

adenoviral, debido a que para este dia los animales comenzaban a
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mostrar signos de mal estado general, principalmente en los grupos
controles. Los tumores fueron disecados del cadaver, fijados en
formaldehido al 10% y enviados al Departamento de Medicina
Comparativa del Baylor College of Medicine para elaboracion de laminillas
de histologia tefiidas con hematoxilina y ecsina. Las laminillas obtenidas
fueron enviadas con tan sdlo una identificacién de clave al patdlogo Dr.
Kerby Oberg para la interpretacion de los hallazgos en farma ciega, quien
ademas realizé la toma de las microfotografias mas relevantes después

de haber concluido el analisis de los resultados.

4.2.7. Estudios de linfocitos citotoxicos (LCT) anti-TM40D. Estos
estudios se realizaron siguiendo lineamientos previamente descritos (Mule
J, 1992). En algunas ratonas utilizadas en los estudios de eficacia
antitumoral, se extrajeron los bazos de § ratonas de cada grupo de
implantacion y de tratamiento, inmediatamente después del sacrificio en la
campana de flujo laminar en condiciones de estricta antisepsia. Coma
control no tratado se utilizaron $ bazos obtenidos de ratonas de la misma
edad no implantadas con el tumor y no tratadas con vectores de terapia
génica. Como controles positivos se utilizaron 5 machos de la cepa
C57BL/6 implamtados subcutaneamente con la linea TM40D. Después del
sacrificio, los animales fueron rasurados en la region dorsal abdominal
izquierda y la piel fue lavada con solucidn PBS y etanol al 70%. Se

utilizaron instrumentas quirirgicos esterilizados y cajas de Petri con medio
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de cultivo RPM| 1640 para la extraccion, €l depdsito y el procesamienta de

los bazos obtenidos.

Para el aislamiento de los esplenacitos, los 5 bazos de cada grupo
experimental fueron depositados en [a misma caja de Petri, lavados con
solucion de sales balanceada de Hanks (Life Technologies, Gaithersburg,
MD, EUA), suspendidos en medio RPMI 1640 y macerados finamente con
la superficie plana superior externa del émbalo de una jeringa esteril de 5
cm®. El macerado fue cuidadosamente depositado en tubos cénicos de 15
ml que contenian Histopaque 1083® (Sigma Diagnostics, St. Louis, MO,
EUA) y centrifugados durante 10 min a 800 xg, eliminando el frenado al
final del procesa de separacidn. El paquete linfocitario fue delicadamente
recuperado del tubo cénica y se sembré en medio de activacion, el cual
estaba conslituido de medio. de cultivo RPMI 1640 enriguecido con 10%
de suero bavino fetal (HyClone, Logan, UT, EUA) y 1 U/ml de interleucina
murina IL-2 (R&D Systems Inc., Minneapolis, MN, EUA). Antes de |a
siembra, al final de la resuspension de las celulas por pipeteo repetitiva,
se tomd una alicuota pequefia para el conteo de las células en un
hemacitdmetro y se sembraron a una concentracién inicial de 2 x 10°
células/ml. Los linfocitos fueron mantenidos en la incubadora durante 24 h
con una atmésfera de 37°C, §% CO; y humedad relativa de 90%. Las
células fueron cosechadas y contadas nuevamente, para la realizacidon del

estudio de LCT.
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El dia previo al ensaya tambien se realizd una resiembra de
células TM40D que serian utilizadas como ceélulas blanco a una
confluencia aproximada del 60-70%. El dia del ensayo las células fueron
cosechadas, contadas (estimacion de un minimo de 2 x 10° células totales
para realizar el ensayo), centrifugadas a 400 xg durante 5 min y
resuspendidas en 3 gotas de suero bovino fetal dentro del tubo conice. El
[*'Cr] dicromato sédico (ICN Pharmaceuticals Inc, Costa Mesa, CA, EUA)
fue resuspendido en medio RPMI 1640 a una concentracion de 2.5 uCifpl,
Las células blanco fueron tratadas con 80 pl de [°'Cr] dicromato sadico
preparada utilizando una jeringa desechable de 1 ml. Las células fueron
incubadas durante 90 min utilizande las candiciones de atmdésfera
mencionadas en el parrafo anterior. Paosteriormente las células fueron
lavadas dos veces con medic RPMI 1640 suplementado con suero bovino
fetal, contabilizadas y resuspendidas a una concentracién final de 5 x 10*
celulas/ml. Al final del marcaje, las células efectoras (los linfocitos) y las
células blanco (TM40D marcadas) fueron mezcladas en proporciones de
50:1, 25:1, 12.5:1 y 6.25:1 en un formato de 8 x 12 pozos para cullivo
celular de fondo redondo. Tres pozos fueron llenados con células TM40D
sin linfocitos (cpm espontdneas) y otros 3 pozos fueron llenados con
células TM40D tratadas con el detergente Tritén al 1% (Bio-Rad,
Hercules, CA, EUA) para referencia del valor de lisis total (cpm maximas).

Las células se regresaron a |a incubadora con las mismas condiciones de
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atmosfera y fueron incubadas durante 4 h. Al final de la incubacion, las
células fueron centrifugadas a 400 xg durante 5 min y se recuperé el
sobrenadante en un segundo plato de formato 8 x 12 de fondo redondo,
para la realizacién de las mediciones de emision radiactiva en camara de
centelleo y calcular los porcentajes de lisis mediante la formula 4 (Mule J,

1992).

Férmula 4:

{cpm muestra - cpm espontineas)/( cpm maximas - cpm sspontineas) x 100 = % de cltotoxicidad

4.2.8. Analisis estadistico de las curvas de crecimiento tumoral, del
escalamiento de dosis, de la eficacia antineoplasica y de sobrevida.
Para el estudio del crecimiento natural de los implantes en los das
modelos experimentales, se utilizé la prueba t de Student y se realizd un
anadlisis de regresion lineal. En los estudios de escalamientc de dosis se
empled el anélisis de varianza tipo ANOVA, mientras que en los estudios
de eficacia antineoplasica se ultilizé nuevamente la prueba { de Student.
Para los estudios de sobrevida, se determind el maximo pericdo de
sobrevida y el valor de sobrevida 50 (SVeo) @ partir de la grafica de
Kaplan-Meier; es decir, el dia en el que el 50% de los animales en cada

grupo de tratamiento aun sobrevivia.
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CAPITULO V

RESULTADOS

SUSCEPTIBILIDAD DE LA LINEA TUMORAL TM40D AL SISTEMA
HSV-tkIGCV. Las dos lineas celulares ensayadas mostraron
susceptibilidad al vector adenoviral y al sistema HSV-tk/GCV. Las dasis
letales 50 en cultivo (TCLDso) fueron 6.1 x 107y 2.1 x 107 p.v./mi para la
linea TM40D y para la linea control Hela, respectivamente. Se observo
un patrén de compartamiento muy similar entre las dos lineas celulares,
que muestra que las células Hela son mas sensible al tratamientc en
una ventana de dosis entre 1.2 x 107 y .1 x 10* p.v./ml. Después de este
punto, las graficas de toxicidad se entrecruzan, perq esto gcurre a una
dosis muy alta (3.3 x 10° p.v./ml), que corresponde aproximadamente a

3.3x 10" p.v./célula (ver figura 3).
CRECIMIENTO NATURAL DE LOS TUMORES ORTOTOPICOS Y

HETEROTOPICOS. La velocidad de crecimiento de los tumores fue

constante durante el periodo de tiempo observado, como lo muestra el
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Figura 3. Sobrevida de la linea TM40D tratada con ¢l sistema HSV-tk/GCY en
condiciones de cultivo de tejidos: Se cbservan las curvas de sobrevida de las lineas
celulares TM40D y HeLa (referencia), tres dias después de haber sido tratadas con dosis
incrementadas del vector AdV-RSV-tk y 10pg/ml de GCV. La sobrevida se estimé a
partir de las lecturas de absorbancia de los pozos a 570 nm y comparando éstas con el
estandar de absorbancia medido en células de las lineas celulares mencionadas, que no
fueron tratadas con el vector, ni con GCV.
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Figura 4. Comparacién del crecimiento de los tumores implantades TM40D en los
sitios ortotopico y heterotapico: La grafica representa el crecimiento de los tumores a
partir del dia 8 post-implantacién. Los tumares ortotdpicos (diamantes), mostraron un
crecimiento significativamente mds acelerado que los heterotdpicos (cuadros).

26



5.3.

Resultados
Efectividad drt sistema HSV-t/GCV mediado por terapia génica en tumores mamarios ortotbpicos y heteroidpicas

analisis de regresidn lineal en la grafica correspondiente (ver figura 4).
Este analisis permite determinar que los tumores ortotépicos mostraron
un tiempo de doblaje de tamafio de 5.9 dias, mientras que los tumores
subcutaneos mostraron un tiempo de doblaje de 7.6 dias. Los tumores
ortotdpicos crecieron 1.24 veces mas rapidamente que los tumores
heterotopicos. Al final de la observacion (dla 24 post-transduccién), la
diferencia de tamarios entre los tumores de los dos modelos era

significativa para un valor de p=0.006.

ESCALAMIENTO DE DOSIS. La dosis mas efectiva para lograr un
efecto de inhibicion del crecimiento tumoral y libre de efectos tdxicos
observables en tumores ortatapicas fue de 3 x 10" p.v. (1.5 x 10° p.v./kg
de peso) aplicadas intratumoraimente (ver figura §). Esta dosis mostrod
diferencia significativa en comparacion con las restantes (p=0.05). No se
observd inhibicion total del crecimienta ni regresién tumoral, Con base en
este estudio, se selecciond la dosis 1 x 10" p.v. (5 x 10® p.v./kg de
peso) para llevar a ¢abo los experimentos comparativos de los efectos

de la terapia génica en los modelos ortotopico y heterotépica.
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0.400 4 : ; — —
] 4 8 12 18 2
Dias Post-Transduccidn
Figura S. Escalamiento de dosis: Se observan las curvas de crecimiento

tumoral en términos de didmetros promedios (DP) de tumores ortotopicos
inyectados con dosis incrementadas del vector AdV-RSV-tk. Un grupo fue
inyectado con PBS coma control de no tratamiento. Obsérvese que la dosis de 3.3
x 10" p.v. es significativamente diferente de todas las otras dosis analizadas, las
cuales no difieren en efectividad con las del grupo PBS.

EFICACIA DEL SISTEMA HSV-tki'GCV EN LOS MODELOS ORTO Y
HETEROPTOPICO.

5.4.1. Curvas de crecimiento tumoral. Las curvas de crecimiento
después de la transduccién con el vector, muestran que en el modelo
ortotdpico hubo una inhibicién inicial del crecimiento tumoral que maostra
una mayor diferencia entre los grupos en el dia 8 post-transduccion. Esta

diferencia se prolongé hasta el dia 18, después del cual, se perdid la

diferencia significativa entre los grupas terapéutico y de control (figura 6).
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Figura 6. Efecto del sistema HSV-(h/GCV en ¢l modelo ortotdpico: La
supresion del crecimiento tumoral fue evidente y significativamente diferente
(p<0.05) en el grupo de tratamiento (cuadros) durante los 16 dias posteriores a la
inyeccion del vector terapéutico.
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Figura 7. Efecto del sistema HSV-th/GCV en el modelo heterotépico: La
supresion del crecimiento tumoral en el grupo terapéutico (cuadros) solo fue
evidente después del dia 8 post-transduccion. Después de este punto, ¢l
crecimicnto tumoral fue reducido, em comparacién con el control (p<0.05).
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En el modelo heterotdpico no se observd un efecto inicial
de inhibicién tumoral. Este efecto comienza a notarse en el dia 12
después de la transduccién, dia en el cual se observa tambiéen |a
maxima diferencia entre los dos grupos. A partir de entonces, se
mantiene una diferencia estadisticamente significativa entre los grupos
terapéutico y contral, la cual disminuye en el ditimo punto de la

observacion (ver figura 7).

5.4.2. Andlisis histopatolagico de los tumores. Los tumores
implantados en l|a gldndula mamaria mostraron una celularidad
incrementada con respecto a los tumores heterotopicas (ver figuras 8A y
8B). En los tumores ortotdpicos (figura 8A) fue frecuente la observacion
de necrosis focal acompafiada de hemarragia, lesiones sugestivas de
isquemia focal de un tumor de crecimiento rapido. El tumor viable era
denso y carecia de un infiltrado celular inflamatorio significante. Aun en
algunos ganglios linfaticos mamarios que ocasionaimente fueron
engolfados por la neoplasia, tan sélo se observo una pobre respuesta,
evidenciada por la presencia de pocos centros germinales en el ganglio
(ver figura 8C). También se observd que estos tumores estimulaban el
crecimiento vascular. Vasos de tamafic moderado (50-100 pm de
diametro) fueran observades en los margenes del tumor y también se

observaron numerosos capilares infiltrando la neoplasia (ver figura 8A).
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Figura 8. Anailisis histopatolégico de los tumores ortotopicos y heterotépicos tratados con
el sistema HSV-tk/GCV: Los tumores ortotopicos muestran lesiones de necrosis focal (A),
mientras que los tumores heterotépicos (B) muestran un patron de necrosis periférica extensa
acompafiada de infiltracién de linfocitos y células plasméticas (D). Aunque en el modelo
ortotdpico, algunos nédulos linfoides mamarios fueron invadidos por el crecimiento tumoral
(C), la activacion de linfocitos no es evidente, como lo demuestra la presencia de escasos
centros germinales. A, B y C: Magnificacién 60X. D: magnificacion 250X. Las flechas blancas

seflalan los bordes de necrosis. GC: Centros germinales, PC: Células plasmaticas, Ly:
Linfocitos.
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En contraste, las masas subcutaneas demostraron una necrosis mas
extensa en |la periferia del tumor (ver figura 8B). Numerasos linfocitos
infiltrantes y grupos de células plasmaticas estaban presentes en los
margenes viables de la neoplasia. Los tumores heterotdpicos eran
menas densos y presentaban vascs de tamafio moderado,

principalmente en la periferia (ver figuras 8B y 8D).

5§.4.3. ANALISIS DE SOBREVIDA. Este estudio no mostré ventajas de
sobrevida para los grupos que recibieron el vector terapéutico en
ningune de los dos modelas (ver figura ). Se observa un mayor tiempo
de sobrevida para los animales implantados con los tumores
subcutdaneos que se prolonga hasta el dia 40 post-transduccion, en
comparacion con los animales del modelo ortotopico, cuya scbrevida
llega hasta el dia 32 posttransduccion. Los SVsp para el modelo
heterotopico fuercn 36 dias para el grupo tratado con el sistema HSV-
tk/GCV y 40 dias para el grupo tratade con el vector control. En el caso
del modelo ortotdpico, las SVse fueron de 24 dias para ambos grupos

experimentales.
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Figura 9. Anilisis de sobrevida: Orafica de Kaplan-Meier, mostrando
simultineamente la sobrevida en los modelos orto y heteratépico. No se observa
rungun efecto de incremento de la sobrevida en el grupo terapéutico con respecto
al grupo control, en los dos madelos representados en la grafica.

PRUEEBA DE LINFOCITOS CITOTOXICOS ANTI-TM40D. Este andlisis no
demostrdé la activacién de la respuesta celular inmune en contra de la
linea tumoral TM40D en los grupos tratados con el sistema HSV-ik/GCV
en los dos madelos de implantacién tumoral (ver figura 10). El estudio
muestra que hubo una leve respuesta en los animales utilizados como
controles positivos del experimento (ratones C57BL/6), pera el resto de la

actividad citolitica permanece cerca de la linea de base en todas las

diluciones ensayadas en 10s distintos grupos.
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Figura 10. Anilisis de linfocitos citotoxicos en los modelos ortotdpico y heterotépico
tratados con el sistema HSV-tk/GCV: La grifica muestra la actividad linfocitica
citotoxica en los dos modelos de implantacion, el control no inmunizado (ratonas
BALB/c no implantadas) y el control positivo (ratones CS57BL/6 implantados con
tumor). La unica actividad linfocitica relevante se observa en el control positivo en los
pozos de relacion 50:1 (linfocito:blanco).
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CAPITULO VI

DISCUSION

El surgimiento de Ia terapia génica ha abieto nuevos caminos en la
investigacidn de agentes farmacolégicos antitumorales y hoy representan una
de las grandes esperanzas en el cimpo de la oncologia, pues cuando se
analiza el nimero de protocolos clinicos de terapia génica, se cbserva que
aproximadamente el 70% de estos se realizan en enfermedades oncoldgicas
(Roth y Cristiana 1897). La terapia génica ofreceria algunas ventajas sobre los
agentes tradicionales. Por gjemplo, la transduccion se puede realizar mediante
inyeccion intratumoral directa (terapia in-vivo); las células transducidas se
convierten en fabricas de [a malécula terapéutica, cuya produccion se puede
limitar @ un tipo celular particular como las celulas malignas, los linfocitos
infiltrantes de tumor o las células endoteliales de la vasculatura tumoral, stc. y
el tiempo de expresion puede ser controlado mediante la eleccion de un vector
de vida media corta, el tratamiento ex-vivo de un tipo celular particular o
mediante la regulacian de la expresién génica (Gémez-Navarro y cols. 1999).
Otra ventaja es la concentracion del producte en el organo o tejido blanco y el

control de la diseminacion del agente a [0s sistemas de circulacidn sistémica, lo

cual evitaria muchos de los efectos colaterales de los agentes
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quimioterapéuticos. Sin embargo, la terapia génica se realiza principalmente
con vectores virales que son agentes bioldgicos. Esta naturaleza, determina
nuevos e importantes efectos de farmacodinamia y toxicalogia, algunos de los
cuales tienen antecedentes en los virus atenuados utilizados como vacunas,
pero en el campo de la oncoterapia, muchos de estos fendmenos estan por

descubrirse.

Las caracteristicas terapéuticas de los vectores y genes de terapia
génica, como la eficacia, la duracion de los efectos, la distribucion del agente,
la toxicidad y efectos colaterales relacionados, etc, deben probarse, como
cualquier otro medicamento, en estudios preclinicos en un modelo animal,
generalmente roedores, antes de iniciar protoceolos de investigacion clinica. El
problema fundamental de esta tesis es detemminar si el sitio de localizacion
artotépico a heterotdpico de un tumor en un modelo animal, afecta la eficacia
de la terapia genica antincopldsica. La observacion que el modelo elegida
puede afectar la eficacia terapéutica de un agente antitumoral tiene algunos
antecedentes en la literatura, principalmente para los agentes
quimioterapéuticos, como se discutird adelante, pero no tiene antecedentes en
el area de la terapia génica. La determinacidn detallada de los factores que
praducen esta diferencia es por el momento camplicada, debido a que aun no
existe un cuadro completa de las interacciones entre el tumor y su
microambiente y mucha mengas, entre tumor, microambiente y agente bioldgico
terapéutico. Sin embargo, en esta tesis se ha realizado un esfuerzo por

determinar algunos de estos factores, como la descripcién marfologica en el
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sitio de tratamiento y la respuesta inmunolégica mediada por linfocitos

citotoxicos.

Los pasos del desarrollo de esta tesis han sido esencialmente, 1) la
seleccion de un tipo celular maligno que demuestra ser susceptible al
tratamiento de terapia génica en condiciones de cultivo de tejidos, 2) la
observacion del crecimiento natural de los implantes tumorales ortotopicos y
heterotopicos en un modelo murino inmunocompetente de cancer de mama, 3)
la determinacién de la eficacia antitumoral del sistema HSV-tk/GCV mediante la
observacion de crecimiento tumoral y estudios de histopatologia e inmunologia
y 4) analisis de sobrevida. La discusion de esta tesis se organizd segln los

resultados obtenidos en cada paso.

Susceptibilidad de la linea celular TM40D al sistema HSV-tk mediado por
un vector adenoviral. La demostracion simultanea de |a susceptibilidad de la
linea celular neoplasica TM40D al vector adenoviral y al sistema HSV-tk/iGCV
en condiciones de cultivo de tejidos, permite predecir la actividad terapéutica
con estos agentes en contra de una masa tumoral de crecimiento rapido en
condiciones in-vivo, como ocurre en varios ensayos exitosos en modelos
animales reportados para esta terapia, como por ejemplo, los ensayos con
células Cg de glioblastoma de rata (Chen y cols. 1994), las células prostaticas

malignas RM1 de ratones C57BL/6 (Eastham y cols. 1996), etc.
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Comparacion del crecimiente tumaral entre los modelos ortotopico y
heterotdpico. Los tumares del modelo ortotopico crecieron 1.24 veces mas
rapidamente que los tumores implantados en el espacio subcutaneo. La
diferencia en la velocidad de crecimiento puede reflejar el impacto de varios
factores. Primero, la glandula mamaria esta albergada dentra de un estroma de
tejido adiposo. El tejido adiposo cuenta con abundante vascularizacién que
proporciona abundantes nutrientes y Optima oxigenacién para favorecer el
crecimiento tumaral. Adicionalmente, las células estramales y glandulares
sanas pueden proveer factores paracrines gque estimularian el crecimiento
neoplasico (Miller y Bukowski, 1994). Los tumores heterotpicos,
particularmente en el espacio subcutaneo, frecuentemente producen efectos
adversos para el crecimiento tumoral, tal como la formacién de una capsula
fibrosa alrededor del tumor (Kyriazis y Kyriaziz, 1980), que pueden inhibir el
crecimiento tumoral, acelerar la necrosis y disminuir la actividad metastasica del

implante (de Vare y cols., 1980).

Adicionalmente, la temperatura de la glandula mamaria ricamente
vascularizada puede ser muy similar a la temperatura corporal del animal, en
comparacién con |a temperatura de los tumores gue crecen en el espacio

subcutaneo, la cual es potencialmente mas baja.

Finalmente, la gldndula mamaria ofrece un ambiente ¢on una actividad
inmune particular denominada “inmunaprivilegio”. Se ha reportado que una baja

actividad del sistema de defensa en esta glandula puede favorecer el
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crecimiento de tumores en el ratdn y en la especie humana (Stewart y Hepner,
1897). El tejido subcutaneo esta frecuentemente expuesto al ataque de
agentes externos, no es un tejido inmunoprivilegiado y estd equipado con

abundantes macréfagos tisulares.

Aunque a la fecha no se puede precisar un mecanismo particular, los
dos microambientes expetimentales difieren en su capacidad de permitir el
crecimiento de los implantes realizados con las células neoplasicas TM400.
Algunos reportes previos también han demostrado el crecimiento preferencial
de los tumores mamarios en el ambiente ortotépico (Miller, 1981a, Miller y cols.,
1981b, Price, 1996), asi comao el de otros tipos de tumores ne mamarios

(McLemoare y cols., 1988, Hall y Thompson, 1987).

Eficacia del tratamiento con el sistema HSV-tk/GCV en |los tumores orto y
heterotopicos. En los tumores artotdpicos transducidos con el vector HSV-tk,
se observd una supresidon del crecimiento tumaral durante el periodo de
tratamiento con GCV y resultd en un maximo de supresion de 33.1% en el dia 8
en comparacion con los tumores transducidos con el gen Lac Z. Poco tiempo
después de haberse completado el tratamiento con GCV, los tumores
comenzaran a crecer aceleradamente y para el dia 20 post-transduccién, los
tumores alcanzaban el tamafo de I9s tratados con el vector control y no se
observaba un beneficic terapéutico. Los hallazgos histopatologicos en este

grupo experimental también reflejaron masas tumcrales de crecimiento
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expansiva con rica vascularizacién y areas de necrosis central, acordes con |la

observacion del crecimienta de la neoplasia.

En contraste, la supresidn del crecimiento en los tumores heterotdpicos
transducidos con el adenovirus HSV-tk inicialmente fue menor a la observada
en el grupo control. Sin embargo, 6 dias después de iniciarse el tratamiento con
GCV, el crecimiento de estos tumares fue cercano a un 60% del crecimiento
observado en los tumores transducidos con el adenovirus p-gal y este
crecimiento fue casi nulg entre los dias 8 y 12 en el grupo de tratamiento.
Aunque la supresidon del crecimiento fue sostenida hasta el dia 12,
posteriormente las curvas de crecimiento tumoral en los dos grupos se vuelven
casi paralelas y de esta manera, se sostiene un efecto significativamente
diferente entre los grupos hasta €l final del periodo de observacién. Los
hallazgos histopatologicos mostraron focos de necrosis en la periferia de los
tumores tratados e infiltracion de células inflamatorias, un patrdn no observado

en el modelo ortotdpico.

La diferencia de eficacia del tratamiento entre los dos modelos era un
evento esperado. Sin embargo, se anticipaba que la rica vascularizacion de los
fumores implantados en la glandula mamaria faciltaria el acceso y la
distribucion del GCV al interior del tumor y que se observaria una mejor
respuesta terapéutica. Ya que se observd una respuesta diferente, es factible

mencionar que otros mecanismos pudieron afectar la respuesta terapéutica.
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Se han propuests tres mecanismos de accion terapeutica para el
sistema HSV-tk/GCV que incluyen la inhibicion de la divisidon celular por
hlogueo de la sintesis de ADN, el efecto testigo y la estimulacion del sistema
inmune en centra del tumor. Puede haber diferentes explicaciones basadas en
estos tres mecanismos. Aunque la vascularizacion de los tumores heterotépicos
puede haber sido mas limitada, la encapsulacién puede aumentar e| efecto
testigo debide a un aislamiento y palenciacion relativos de la actividad del
sistema. La inmunopatenciacidn pudo haber jugado algun papel, pero los datos
de los estudios de linfacitos citotéxicos sugieren que por lo menos esta
respuesta no ocurrio en ninguna de los dos madelos experimentales y los
analisis histopatologicos revelaron poca actividad de las células del sistema
inmune, particularmente en los tumores implantados en la glandula mamaria,

en los que ganglios linfaticos invadidos no se cbservan activados.

Algunos estudios realizados en modelos ortotdpicas y heterotdpicos para
probar la eficacia de agentes quimioterapéuticos han demostrada diferencias
dependientes del sitic de implantacion. Por ejemplo, se ha reportado una
respuesta disminuida de la ciclofosfamida en tumores murinos subcutaneos en
comparacién con |la respuesta de las metastasis pulmonares experimentales
{Smith y cols., 1885). También hay un reporte de una respuesta menor can
acido flavono-acetico en tumores subcutaneos de adenocarcinoma de coldn en
comparacién con la respuesta observada en animales con ascitis tumoral
intraperitoneal (modelo ortotdpico) (Bibby y cols., 1988). Adicionalmente, los

modelos heterotopicos han sido utilizados también como modelos de
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enfermedad metastasica para probar los efectos de |a terapia génica (Caruso y
cols., 1993, Chen y cols., 1995, Lechanteur y cals., 1997, etc.). Las metastasis
tienden a set més agresivas y responden menos a la terapia que los tumores
primarigs. Sin embargo, los datos de esta tesis y los de otras autores (de Vore
y cols., 1980) demuestran que la agresividad no es un sinénimo de localizacién
heterotépica. Estas observaciones sugieren que la adaptacidn del tumor o la
progresidn para iniciar la fase de invasidn son mas impartantes para contribuir

a la agresividad del cancer.

Estudios de supervivencia. Aunque se determind una diferencia en el
crecimiento de los tumores tratados en el modelo heterotdpico durante el
periodo viable de cbservacidn, €l analisis de la curva de Kaplan-Meier muestra
que la terapia no ofrecié ninguna ventaja para la sobrevida del grupo de
tratamiento y solo refleja una mayor supervivencia para el modelo heteratdpico,
probablemente debida a un crecimiento menos acelerado de la masa tumoral.
Es posible que el paralelismo de las curvas de crecimiento en el modelo
heterotépico se haya perdido después del periodo de observacién, como lo
sugiere la tendencia de crecimiento en el grupo de tratamiento en los dos
ultimos puntos de la observacion y esto explique la pérdida del beneficio

terapeutico en este parametro.

El desarrollo de esta tesis permite plantear que la eleccion del modelo
tumoral tiene efectos sutiles sobre el andlisis final de la eficacia de un agente

de terapia genica a nivel observacional. Laos resultados obtenidos sugieren que
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debe incrementarse la investigacién en e area, la cual deberia aplicarse a las
diferentes estrategias experimentales antineoplasicas en este tipo de terapia, a
los diferentes tipos de vectares y a los diferentes tipos de genes terapéuticos.
También se sugiere que los estudios preclinicos deben hacer algun énfasis

sobre el tipo de modelo a escoger, principalmente en los casos en que la

investigacion pretenda pasar a la fase clinica.
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CAPITULO VII

CONGCLUSION

El presente trabajo demuestra que hay diferencias de eficacia
terapéutica para el sistema HSV-tk/GCV mediado por terapia génica en
tumores mamarios ortotdpicas y heterotdpicos generados con la linea celular
TM40D. Los analisis histopatolagicos revelan tumores de estructura diferente,
con patrones de necrosis distintos y la presencia de células inflamatorias en los
tumores tratados del modelo heterotépico y poca actividad celular en los
centros germinativos de tumores ortotdpicos tratados. El ensayo de linfocitos
citotéxicos para analizar el efecto inmunologico, no revela diferencias en
ninguno de los modelos. La sabrevida tampaco se incrementa en los animales

tratados can el sistema HSV-tk/GCV en los dos modelos analizados.

Los resultados obtenidos, principalmente en las curvas del analisis del
crecimiento de la neoplasia, revelan la importancia de utilizar modelos de
implantacidn tumoral apropiados para examinar la eficacia potencial de las
modalidades de terapia génica para el ¢ancer. Aungue existe un buen numerg

de evidencias sobre la diferencia de efecto con agentes quimioterapéuticos en
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diversos modelos de implantacién tumoral y metastasis, las observaciones
realizadas en este trabajo implican que esfas diferencias también pueden
observarse con los agenies de terapia génica anticancerosa, pues la eficacia

puede depender de varios factores presentes en el microambiente tumoral.
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ABSTRACT

The microenvironment effects on tumor responsiveness to gene therapy were analyzed by
comparing TM40D mammary tumar cells implanted into syngeneic mice subcutancously
(heterotopic model) or into the mammary gland (orthotopic model). These sites, although
morphologically and embryologically similar, are physiologically different. Animals were
separated into 3 groups: 1) a treatment group (HSV-t&/GCV), 2) an adenoviral control group and
3) a sham operated group. Tumor growth was measured and tumors histologicallly analyzed to
determing the effects of treatment in the two microenvironments. Although both models, resulted
in transient tumor growth suppression (33.1%, orthotopic and 39.4%, heterotopic) tumor growth
rate and responsiveness to therapy were significantly different. Histologically, the two models
displayed different patterns of tumor necrosis, vascularity and immune response. These data

indicate that turaor microenvironment may impact the efficacy of gene therapy.
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INTRODUCTION

Delivery of genes through viral vectors that generate tumor toxicity is being explored for
the treatment of primary and disseminated tumors. Among the strategics for cancer gene therapy,
the Herpes simplex virus thymidine kinase gene (HSV-rk) followed by ganciclovir (GCV) has
been successul in the treatment of tumors tn animal models that are refractory to conventional
modalities in humans (1, 2). This strategy is based on the conversion of the nucleoside analog
GCV into its active intermediate, GCV monophosphate, in cells transfected by HSV-tk The
phosphorilated prodrug leads to tumor cell death by halting the synthesis of DNA (3). In addition,
untransfected tumnor cells can also be affected by exported activated GCV (bystander effect) (4)
or through the stimulation of the immune system in responsc to transfected tumor cells (5, 6).
Since therapeutic effectiveness relies on several mechanisms, it may be uniquely susceptible to
perturbations in the tumor microenvironment.

Several animal models have been employed to evaluate the effectiveness of HSV-&/GCV
therapy. Subcutaneous implantation of prostate (7) and mesothelioma (8) are examples of
heterotopic models. Surgical implantation of glioblastoma into brain (9) and chemical (10) oc
transgenic (11) induction of mammary cancer are examples of orthotopic models. The chaice of
maodel utilized is often based on availability and convenience and both heterotopic and erthotopic
models have successfully supported the initiation of ¢linical trials. However, the
mictoenvironment of the preclinical model may significantly affect prognostic value of the
clinical outcome.

Among the microenvironmental factors that may influence the therapeutic outcome are
stromal architecture, local tissue response, pattems of vascularization, and immune-surveillance,
The purpose of this study was to compare the efficacy of the HSV-tA+GCV strategy in

orthotopic and heterotopic microenvironments using a mammary tumor model.
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MATERIALS AND METHODS.

Tumor cells: The mouse mamumary tumor cell line TM40D was derived from transplantation of
the FSK mammary cell lines into mammary fat pads of syngeneic female BALB/c mice (12).
Cells were maintained in a-MEM medium (Life Technologies. Gaithersburg, MD) supplemented
with 10% bovine calf serum at 37°C in a 5% CO; air atmosphere. Cells for injection into mice
were harvested frum monolayer cultures by treatment with 0.25% trypsin (Life Technologies.

Gaithersburg, MD), washed once and suspended in PBS bufTer for injectjon.

Adenoviral vectors. The AdV-RSV-k contains the HSV-1 thymidine kinase gene (HSV-1k)

driven by the Rous sarcoma virus (RSV) long terminal repeat in an adenovirus type 5 backbone
(2). The control vector (AdV-CMV-f3-gal) has the same backbone, but contains the E. coli Jac-Z
gene driven by the human cytomegalovirus immediate-carly promoter (HCMVIE). Vectors were

produced and quantified in the Baylor College of Medicine Gene Vector Laboratory as described

(13).

Orthotopic and Heteratopic tumar implantation. Five to six week old BAL B/c females (Harlan
Spraguc Dawley, Inc. Indianapolis, ItV) were used to create the orthotopic and heterotopic
tumors. For orthotopic tumors (0=78), mice were placed under general anesthesia with
pentobarbital (Nembutal®, Abbott Laboratories. Chicago, IL) at 50 mg/kg. A right abdominal
paramedial incision followed by an inguinal incision was perforined to expose the lefi fat pad
No. 4 (mammary gland). The mammary gland was injected with 5x 10* TM40D cells using an
injection volume of 20 yl as described (14). Heterotopic tumors (n=38) were injected

subcutaneously in the right flank with §x 10* cells in 50 ul.
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Vector delivery and GCV treatment. AAV-RSV-tk, AdV-CMV -B-gal or phosphate buffered
saline were delivered by intra-tumor injection (20 ul) with an average tumor volume of 40 mm’.
Animals received GCV intraperitoneally at 20 mg/kg b.i.d. for 6 days using an injection volume

of 100 pl.

Data analysis. The size of each tumor was calculated every four days as the average of the
largest and smallest diameters. The animals were sacrificed when any length reached 2.5 cm or
if the animals were visibly ill. The mean diameter of the tumor was compared with its value at
the tirne of vector delivery to determine its relative growth ratio. Student’s T-test was used for
statistical analyses of treated versus control groups. Tumor density, vascularity,

necrosis/apopotosis, and immuwe response were assessed while blinded to the treatment protocol.

RESULTS/DISCUSSION
Comparisan of tumor growth following orthotopic and heterotopic implantation.
Orthotopic tumors grew 1.24 times faster than their heterotopic counterparts. Growth
rates for the tumors in both locations were constant over the period studied (Fig. 1 A).
Orthotopic tumors exhibited increased tumor cellularity compared to heterotopic tumors
(Figure ZA and B). In orthotopic turnors, focal necrosis accompanied by hemorrhage was
observed suggesting focal ischemia, likely from rapid tumor growth (Figure 2A). The
surrounding viable tumor was dense and lacked significant inflammatory cell infiltrate. Even
though occasional mammary lymph nodes had been engulfed by the expanding tumor, little
response was mounted as evidenced by the minimal number of germinal centers present (Figure

2C). This tumors stimulated vascular growth. Moderate sized (50-100 pm) vessels were seen at
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the tumor margin (Figure 2C) with numerous capillaries percolating throughout the tumor.

In contrast, subcutaneous tumors demonstrated more extensive necrosis around the tumor
periphery. Numerous infiltrating lymphocytes and clusters of plasma cells were present at the
viable tumnor maryin (Figure 2B and D), Furthermore, the tumor was less dense throughout and
had fewer moderate sized vessels at its periphery. These data indicate that vascular access, the
mechanism of necrosis, and immune response are different at the two locations,

Microenvironment is also likely to impact other parameters that are important for the
biologic response to therapy. Even in systemic therapeutic approaches, such as chemotherapy,
differences carrelated to the site of tumor implantation have been demonstrated. For example,
decreased response to cyclophosphamide was found in murine tumors growing in the subcutis in
comparison with the response of lung metastases (15). Simularly, treatment of disseminated
colon adenocarcinoma was found to be more responsive than subcutaneous implants when
treated with flavone acetic acid (16). Gene therapy differs from chemotherapy on the possibility
to deliver the therapeutic agent directly into the turmor mass, exerting a more local elfect.
Considering this difference, the selection of the appropriate tumor model may be even more
important for accurate correlation with therapeutic outcomes. Hence, in developing preclinical

medels for gene therapy it is not only important to consider the cell type, but also the in-vivo site.

Efficacy of HSV-tk+GCV therapy on orthotopic and heterotopic tumors.

Treatment of orthotopic tumors with HSV-tk and GCV resulted in a significant reduction
of tumor growth rate (33.1% at day 8). After completing of the GCV infusion. tumor growth
resumed and by day 20 the treated tumor size approximated that of controls. Thus, no long term
therapeutic benefit was realized (Fig. 1B). In the heterotopic model, inhibition of tumor growth

was not observed until after the GCV delivery was completed (day 8). In this model, maximal
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suppression of growth rate (39.4%) was achieved by day 12 and although tumor growth
vontinued, tumor size remained significantly less than controls for the duration of the
experiments, Although survival following therapy in the heterotopic model was greater (TDsg 39)
than in the orthotopic model (TDsq 29), neither reached a difference that was significant from
their model specific cuntrols (data not showr).

The basis for the difference in therapeutic responsiveness in these two sites is likely
related to the mode of therapy. Three mechanisms have been proposed for the action of HSV-
ti/GCYV therapy: 1) direct inhibition of DNA synthesis, 2) bystander effect and 3) immune
stimulation. Several parameters of the microenvironment are likely to affect the efficacy of these
mechanisms. For example, the site of implantation affected tumor architecture, vascularization
and growth rate. In turn, tumor architecture may impact vector distribution and the bystander
effect. Vascularization affects drug delivery and host immune response. Growth rate directly
affects the DNA. synthesis and thus the cytotoxicity of the nucleotide analog. In this report, we
demonstrated differences in tumor growth, morphology, immune response and effect of HSV-
tk/GCY therapy in orthotopic and heterotopic mammary tumors models. Our results highlight
the importance of utilizing an apprepriate site-specific cancer models to examine the efficacy of

gene therapy modalities.
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FIGURE LEGENDS:

Figure 1. Relative tumor growth rate in unireated TM40D tumors and during HSV-
(k/GCY treatment in the orthotopic and heterotopic models. A) Cowparison of TM40D
tumor growth at orthotopic and heterotopic sites: The graph represents tumor growth seven days
after implantation (vector delivery day). Orthotopic tumors (diamonds), showed a significantly
faster growth rate thag their counterparts (squares). B) Effect of HSV-t&/GCV treatment in the
orthotopic model: Tumor growth suppression was evident and statistically significant (p<0.05)
far 16 days after vector delivery. Beyond that time period , the difference between treated and
control tumor size was no longer significant. C) Effects of the HSV-t&/GCV treatment in the
heterotopic model: Tumor growth suppression was not evident until 8 days after treatment..
Thereafter (days 12-24) tumor size is significantly reduced (p<0.05) compared to that of the
controls.

Figure 2. Comparison of Necrosis, Vascularity and Immune Response in Orthotopic and
Heterotopic Tumors.

Focal regions of necrosis were more common in orthotopic tumors (A), while in heterotopic
(subcutaneous) locations (B), the tumors displayed more extensive peripheral necrosis
accompanied by a lymphocytic and plasma cell infiltrate (D). Although occasional mammary
lymph nodes were engulfed by tumor in the orthoptopic model (C), lymphocyte activation was
not evident (note the infrequent compact germunal centers). A, B and C magnification 60X, D -
250 X. White arrows indicate the border of necrosis, GC-germinal centers, PC-plasma cells, Ly-

lyrmphocytes.
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Distribution, persistency, toxicity, and lack of replication of
an El1A-deficient adenoviral vector after intracardiac
delivery in the cotton rat

Auguste Rojas-Martinez,"?? Philip R. Wyde,* Charles A. Montgomery,>® Shu-Hsia Chen,’
Savio L.C. Woo,”® and Estyardo Aguilar-Curdova®*??®

'Department of Human Genetics; zGeue Vector Laboratory; “Texas Children’s Cancer Center; *Department
7] Microbiclogy and Immunology, SDepartment of Patliology; *Center )‘or Comparative Medicine;
Departiment of Cell Hiology; “Howard Hughes Medical {nstitute; and *Department of Pediatrics,

Baylar College of Medicine, Houston, Texas 77030,

Aclenoviral vectors were inoculated via intracardiac injection inta S- to | 0-week-old catton rats (Sigrnodon hispidus) to evalyate the
effects of systemic delivery. Collon rats were chosen as 4 model because they are semipermissive 1o the replication of human
adenoviruses. The vectur used was AdV.RIV-tk, a replication-deficient adengvitus with a herpes simplex virus thymiidine kinase
gene inserted in the El region. Vector doses were 3 X 10" 3 X 10", and 3 % 10'" viral particles per animal with and without
ganciclovir at 10 mg/kg twice a day. Animals were sacrificed and necropsied at 24 hours, 7 days, and 14 days postinocul ation.
(ross and microscopic pathologic observations in dased groups were compared with an unmanipulated contral group. From each
animal, 1Q difierent organ systems were analyzed for histopathology and vectar distribution. The only significant micrascopic
lesions aliserved were epicardial inflammation and splenic hemosiderosis. Vectar sequences persisted throughout the 14-day assay
with prejxnderance in the hear, lung, and lymphoid organs. Infecticus virions were detected for 24 hours, and these virions were
unly detected at the site of injection of twa animals in the highest dose group. No viral replication was detected. Therefore, systemic
delivery of upto 3 X 10" viral particleskg was well tolerated in this semipermissive hast madel and did not result in any significant

pathology:.

Key wards: Cottan ral; replication-deficient adenovirus; systemic delivery; herpes simplex virus thymidine kinase.

he increascd use of wdenaoviral vectors in clinical that scen in humans.! ® Unfortunately, there is currently

gene therapy highlights the importance of many
aspects concerning the interaction of the recombinant
vector with the host, Amaong thesc. distribution, persis-
tence, pathogenicity, and viral replication are primary
concerns that need to be addressed before intentianal or
incidental systemic inoculation in humans. Since some of
1he toxicity caused by adenoviral vectors may he a result
of residual viral protein expression, analysis in a host
which permits the expression of viral protcins may be
necessary 10 fully appreciate potential toxicities, Cotton
vuts (Sigmiodon lispidus) provide a unigque anima! model
(hat can support the replication of human adenaviruses
(AdVs) and develop a pathological picture similar to
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only ont commercial source uf cottan rats in the US.
(Virion Systems, Rockville, Md); thus, the availability of
this model for the assessment of the gene therapy
applications of adenoviral vectors has been limited.

Adenoviral vectars for cucrent clinical studies have all
been E1A dclcted, with hackhones bascd on human
AdVs of serotype 2 or §. For this study, a recombinant of
serotype 5 with the herpes simplex virus H!ymidme kinase
(HSV-tk) gene m-;crled n the E1A region (AdV.RSV-
tk) was selected.” Cells that express the HSV-tk gene
after vector transduction become sensitive to the cyto-
taxic effect of ganciclovir (GCV).* In the absence of
GCV. AdV.RSV-tk will have only backbune edects and
will represent a more generic version af adenoviral
vectors. In addition, this vector was chosen because it
has been approved fur several human clinical trials
Recombinant DNA Advisory Committee, National In-
stitutes of Health #9412-098, #9601-144, #9602-147.
and #Y602-148) with the potential for inadvertent sys-
temic distribution.
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This study analyzed the distribution, reglication, and
pathogenicity ot AdV.RSV-tk after intracardiac delivery
in cotton rats, Despite its common name, the cotton rut
belongs to the Cricctidae family and is more closely
related 10 humsters than rats, These animals do nut have
cvasily accessible peripheral vasculuature: therctore. intra-
cardinc injection was chosen as a route fur sysiemic
distribution in this study. A recent study” on the effects
of intramuscular (.m.) and intranasal (in.) delivery to
cotton rats using 10° plague-torming units (PFUs) per
animal detected no vecior sequences after 3 and 21 days.
respectively. Detection after Ln. delivery was limited to
the regional lymph nodes and lungs. The delivery of
wild-type AdV (n. resulted in a peak virus load at 3-5
days pustinoculation. with no viedl recovery after 14
duys. Theretore. it appeired that the duration of adeuo-
viral infections 1n cotton rats was limied to <14 days.
and also that a dose al 107 PFUs was well wlerated after
i.m. and i.n. delivery. The vector used in these studics
had « virul particles (vip.) to infections unit titer rutio
of = 30. Based an thase data, a dosc of 3 X 10% vp.
was estimated 1o be a no<feet dase. and 3 x (0" v.p.
was considered a potentially toxic dose for this study.
The time points chosen were day | pasunoculation as
the most likely time ta find vector sequences, day 7
as the end of GCV treatment. and day 14 as the end of
the likely period for finding remaining vector sequences,

MATERIALS AND METHODS

Vector delivery and lissue preparation

The vector used for these studies was AJY.RSV-tK.” which
was produced at the Bavior College of Medwine Gene Vector
Laboratory (Huustan, Texas) as previously described. This
vedtar iy ised anan ETA-deleted backbane of o Tiuman AdY
tpe 3 contuining & Rous sarcoma virus (RSV) promoter
which drives the expressian of an HIV-h gene.""! lufectious
titers were analvzed by limiting dilution analysis on the 293
human cmbrvesnic kiduey ll ling.'" The functionality ul the
vectar ot wits tested by i vinn transduction of GOV sensitivity
ta Hela cells.

A total of 42 5- to 1U-week-ald cotton rats of either sex were
randamly distributed inta one contral and 13 treatatent groups
of three animals each. Imtracardiac delivery of [H) ulL each wans
performed by percutancous injection iato the upper lett quiad-
rant of the thorax using o tuberculin syringe with & 3(-giuuge
neadle. Cardiac localrzation of the needle was determingd by
bleod aspiration prior o vectur injection.

Of the wotal animals. 3 received phosphute-buffered saline,
15 reeeived 3 X W vap. af the vector. 9 reccived 3 X 107 vp.,
and 15 received 3 X WM vp. At 24 haurs postingectian, the
control group and three animals from each dose group were
sacrificed and necropsied. Hulf of the rematning animals fram
vich dose group reccived GOV by intraperitoneal injection of
1) mg/ke twice a Uay far 6 days. At the ead of treayment (day
7). three animals frum each group were sucrificed gad necrap-
sicd. One animad at 3 X 107 v.p. and another a3 % 10° vp.
without GOV died for reasons unrclated to treatment. The
remanming animals were sacrificed and necropsicd on day 14
At nceropsy. ssumples were tahen from blood. ponads. mesen-
teric nukdes. spleen. hidaevs, Jiver, brain, thvemus. lungs. and
heart. in that order. The arder was chosen, starting with those

orguny |cast likely to contain vector sequences and continuing
through those organs mast likely to contain sequences, (o
minimize the potential for cross-contamination of the samples
prior o palymerase chain reaction (PCR) analysis. Part of
cach tissue was fixed in 10 bufferced farmalin for histopatho-
lugie examination. sud o portion was quick-frozen for DNA
anulvsis.

Histopathology

Gross and microscopic observatians in dosed groups were
compared with thase in the coatral group. Histopathologic
axsessment was performed in a single-blinded fashion an
paraffincembedded sections of kidaey. heart, lung, striated
muscle. liver, spleen. thymus. mesentcric lvmph node, brain,
umcl gunads that were all stained with hematgxylin-eosin.

DNA analysis

DNA isolation was pertormed by the overnight digestion of
=~ |00 mg of tissuc with 0 88 mg/mL proteinase K in TES buffer
G mM tristhydroxymethyl Janiinunicthane HCL(pH 20), (00
mM ethylenediamineteiraacetic acid, und 0,59% sodivm dode-
eyl sulfatc (SDS1) at S6°C, followed by treatment with DINAzol
reagent according o the manutacturer’s instructions (Life
Technulogies. Gaithersburg, Md). Purificd DNA way resus-
pended in 1 x TES buffer at 2§ ng/uL. PCR amplification was
performed us previously described.

The primers [or PCR amplification were directed toward the
RSV-tk/HSV-(k junction ol the vector insert sequence (primer
RSV 3718: ACGCCATTTGACCATTCACC; primer HSV
244 CAGTTGCGTOGOTGGTGGTTTTC). The identity of
the 319-buse pair product was cunfirmed by an internal olige-
probe (AGCGCGTATGGCTTCGTACCCCGGC).

Amplibcation of the ¢Kaay geac was used as an internal
cantral of DNA quality using primers thut have boen previ-
ously  deseribed  (primer KL: TATTALTAAGGCCTGCT
GAAAATGACTGAAT: primer K7 TTACCTCTATTGUL
OGATCATATTCGTCCA, product sige: 138 hase pairs).”
Primers and probes were purchased  from Genasys (The
Woudlunds, Tex),

Duplex PCR amplification was performed on 150 ug of
gunamic DNA (~50.000 ¢ell cquivalents) in a 15 pL. ecaction
mix coutgining 2.3 mM MgCl.. 50 mM KCl, 10 mM tris(Chy
dronymethiyljumimomcthane RCT (pH 8.3). 0.33 uM of cach
primer. 33 M of vach deoxynuelentide Iriphophute {USB.
Cleveland. Ohio). and | U of Tag polvmerase (Fisher Sewn-
tific. Pittsburgh, Pcnn) Forty rosads of amplification weee
performed in a PTC-100"™ machine (MJ Ruscurch, Waler
umn. Mass) with & 94°C denaturation step (30 seconds), a §5°C
anncaling step (30 seconds). and a 72°C extension (J minute).
Euch reaction (7 ul) was clectraphoresed in 2¢ agarose
(Bio-Rad Luburaturies. Hergules, Calif) and visualized by
cthidium bromide staining. Gels were blatied gvemmight onto
0.2-wm Nytran mcembrancs (Schlcicher and Schuell. Keene.
NH) with 0.4 N NaOH. Next. Xl pmal of the aliguprabe were
3 end-tubled in a 50-ul volume reaction with 3 U of T4
poiynucleotide kinase (USB) and 115 uCi [y- “Pladencsine
triphosphate (Amersham. Arlington Heights. 1), Prchybad-
izations were perfurmed a 65°C in 15 mL of hybridizason
bufter (0.5 M Nu HPO, (pH 7.2). | mM ethvlenediaminetet-
raacetic acid. 77 SDS. and 100 gg/mL of fragmented satmou
DNA) tor 30 munutes. Hybridizations were complketed by
adding the prabe ta the prebybridization salution and incubat-
ing overmighe a1 63°C. Filters were washed twar iimes for 2
minutes al room leniperature with wash sobution (40 mM
N HPO, and 1 SDS). and autoradiography was completed
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Table 1. Vector Sequence Distribution
Mesentenc
Day Doss GCV n Blood Bran Gonads Heat Kidney Liver Lungs nodes Spleen  Thymus
1 3 x 10° No 3 —_ — — 1 —_ - — - 1 1
3 x 10° No 3 1 — — 3 — 1 3 1 1 3
3x10" No 3 — 1 1 2 — 3 — 1 2
7 3 x10° No 3 1 — 1 1 — — 2 1 2 -
3 x 10* Yes 3 2 — — — — — 1 2 1 —
3 = 10° No 2 - — — 2 — — 2 — 1 1
3 x 10 Yes 3 — — - 3 - 1 3 — 1 3
3x10" No 3 2 — — 3 — 2 2 — 2 2
3x10 Yes 3 - - - 3 — 1 3 2 1 3
14 3 x10° No 2 — —_ — — 1 — 1 1 — -
3x10* Yes 3 — —_ 1 — — 1 3 2 — 3
3x10"° No 3 — —_ — 2 1 1 3 1 2
3x10'° Yes 3 — — — 3 — 1 3 1 2

Numbers indicate the number of tissue samples that were positive from the number of samples tested (n).

overnight on X-Omat AR films (Kodak, Rochester, NY) w
-70°C."*

Plaque assays

Sections of frozen tissues thit were found positive for vector
sequences by PCR were thawed. pround. and suspended in |
mL of phosphate-buffered saline. Onc-tenth of the suspension
(100 uL) was plagued on a confluent monolaver of 293 human
embryonic Kidney cells in i 24-well plate. These eclisre stably
transfected with the adenoviral EL region: thus, they are able
1o form plaques from El-delcted vectors and wild-wype virus,”
The detection limit varied according to the organ tested and
ranged from 100 10 1000 PFUs/organ (04 X fraction of the
organ tested).

RESULTS
Vector distribution and persistence

Distribution results are summarized in Table 1. The
distribution of the vector was assessed by PCR amplifi-
cation of the junction sequence of the RSV promoter
and the HSV-tk gene followed by hybridization using an
end-labeled oligonucleotide probe for the HSV-tK re-
gion. The sensitivity of this methodology was found to be
1-10 vector particles in the context of 150 ng of cotton
rat cellular DNA (Fig 1).

The vector was most often detected in thoracic organs
(Table 1; lungs, 29 of 37; heart, 23 of 37; and thymus, 22
of 37) followed by other lymphoid organs (spleen. 14 of
37; and mesenteric lymph nodes, 11 of 37), liver (8 of
37), blood (6 of 37), gonads (3 of 37), kidney (2 of 37),
and brain (1 of 37). There was no significant difference
in vector distribution correlated with GCV treatment
(51 of 150 tissue samples versus 42 of 130 tissue samples,
with and without GCV, respectively). The majority of
positive blood samples (5 of 6) were found at day 7, with
no positives detected at day 14. No other time-correlated
differences were observed. Of the tissues from animals
that received 3 % 10%v.p., 21% (30 of 140) were positive
for vector sequences compared with 38% (30 of 80) and
39% (59 of 150) of tissues from 3 X 10" and 3 % 10"
v.p., respectively.
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Gross and histopathology

No gross lesions were observed at the time of nec-
ropsy. Histopathologic findings are summarized in Table
2 (only organs with treatment-related abnormalities or a
high incidence of background lesions are included).

Treatment-related lesions were observed in the epi-
cardium of the heart and in the spleen. The epicardium
was thickened and contained focal 1o diffuse infiltrations
of plasma cells, lvmphocytes, macrophages, and occa-
sional polymorphonuclear leukocytes (Fig 2). Epicarditis
was limited to the top two vector doses. No epicardial
lesions were observed at 3 X 10% v.p. In the spleen. an
increased number of hemosiderin-laden. macrophages
was observed in the red pulp of treated animals at 7 days,
but this number returned to normal levels atday 14. A
slight difterence in these lesions was observed between
the lower dose groups without GCV (0 of 5) and those
with GOV, (4 of 6).\The effects of GCV were not
apparent at the 3 x 10" v.p. dose, where both groups
had an equal incidence of the lesions,

Buckground microscopic lesions were observed in the
Kidney and heart of control and experimental animals.

_AdV.RSVAK
§2L%% %

-~
=3
-

Figure 1. Vector detection sensitivity assay. DNA was extracted
from a control cotton rat and quantified by ultraviolet adsorption at
260 nm. AdV.RSV-tk particle concentration was determined Dy
ultraviolet adsorption using a conversion factor of 1.1 % 10
particles per optical density of a 1:20 dilution. The PCR reactions
were all performed in the context of 150 ng of cotton rat DNA and
were analyzed by Southern blot. CR, cotton rat DNA alone; 10" to
10° the calculated number of vector particles in the context of
cotton rat DNA: 0, no DNA or vector.



Table 2. Histopathology Results of Adenoviral Vector Toxicity Study in Cotton Rats

24-Hour necropsy
Contro! 3 x 10° 3x10° 3Ix g0
AdV AdV Adv
Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sey

Lesions
Kidney
Nephropathy 3/3(1.3) 3/3(1.0) 3/3(1.7) 2319
Hemosiderin pigment, tubules
Heart
Degenerative cardiomyopathy 2/3(1.9) 2/3(2.0) 343 (1.7) 1301.0)
Chronic inflammation, epicardium 073 0/3 073 13120
Acute inflammation, epicardium
Acute inflammation, myocardium 0/3 0/3 1/3 (3.0) 03
Spleen

Acute inflammation, red pulp
Hemosiderin pigment, red pulp

The /renal lesions consisted of tubular degeneration.
tubular regencration. tubular dilatation, protein casts
within tubular lumina, mineralization. and infiltration of
mononuclear cells in the interstitium. This nephropathy
was similar to that described previously in the rat and
mousc.'™'" The incidence and degree of severity for
nephropathy was similar forall expérimental and control
groups; thus, it was not deemed to be treatment-related.
Spontaneous lesions in-the heart were limited to the
myocardium_and consisted of myofiber degencration,
mineralization, and-infiltration of macrophages and lym-
phocytes. This degenerative cardiomyopathy was similar
to that described with vitamin E deficiency'” and has
been observed before in the cotton rat colony at our
institution (data not shown). The cotton rat appears 10
be more sensitive to vitamin E deficiency than mice and
rats.'™ Again; there was no significant difference in the
incidence or degree of severity of this lesion between
experimental and control groups. Consequently. it was
determined that this lesion was not associated with the
treatment. Occasional degencrative or inflammatory le-
sions were observed in the lung. liver. spleen. and
thymus but were not correlated with treatment. No
microscopic lesions were observed in striated muscle,
lvmph nodes. gonads. or brain.

Assavs for intectious adenaviral vectors

All of the tissues that were found positive by PCR
were analyzed for PFUs to detect the persistence of
infectious particles or replication-competent recombi-
nants. PFUSs were only detected in samples from the site
of injection of two animals at the highest dose. and were
only seen at the first ime point. In the two PEU-positive
animals. 40 and 120 PFUs were detected from undiluted
samples.

DISCUSSION

In this study. the distribution and toxicity after the
systemic delivery of adenoviral vectors were analyzed in
a semipermissive host. The only significant microscopic
lestons observed in a time-course analysis of three vector
doses (3 x 1073 x 10% and 3 x 10" v.p. per animal)
were in the epicardium of the heart and in the spleen.
The inflammatory changes in the outer portion of the
heart appear to be related 10 the vector und may be
specific to the intracardiac route of administration.
Other routes of administration may not have the same
effect. Splenic hemosiderosis may have resulted from
ahemalytic erisis. viseeral hemorrhage, or a defect in
iron metabolism. Since this lesion decreased by day 14
of the experiment, the most likely explanation is that
the vector catised minimal -hemolysis, and that the
resulting hemosiderin was cleared by the macrophage
system within a week, Thus, systemic delivery of up to
3 % 10" v.p./kg of AdV.RSV-tk was not significantly
toxic in this animal model, even with concomitant
administration of GCV.
~ In contrast to high liver presence after tail vei
injections in mice and other animal models, vector
sequences were primarily detected in thoracic organs |
ncar the site of injection in this study. Although this was
surprising. a similar result as observed in another report

ROIAS-MARTINEZ. WYDE, MONTGOMERY, ET AL: TOXICITY STUDY OF INTRACARDIAC ADENOVIRAL Dmvm

of systemic delivery to cotton rats.” In that study, vectors
were delivered i.m. or intravenously. Even though ex
pression from the vectors was found to be high in the |
liver, v.p. were mostly detected in lung and spleen tissue.
The implication of this result is that there may be a '
differential between vector DNA presence and the Jevel
ol expression for the vector. Therefore, distribution may
be influcnced by whether it is associated with the veetor
product or vector particles, In another report, Yeictal
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Table 2. (Continued)
7-Day necropsy 14-Day necropsy
3 x 10% 3 x10° 3 x 10" 3% 10° 3 x 10° 3 x 10'° 3 x 10° 3 x 10" 3 x 108 3 % 10"
AdV Agy AdV AdV AdV Adv AdV AgV Agv AdV
w/o GCV w/o GCV w/o GCV w/GCV w/GCV w/GCV w/o GCV w/o GCV w/GCV w/GCV

Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev

23 (1.0) 22 (1.9) 3/3(1.3)

3/3 (2.0) 3/3 (2.0) 2/3(1.0) 1/2(1.0) 3/3(1.7) 3/3(1.3) 3/3(1.3)
2/3 (1.5) 0/3 0/3 0/2 1/3(1.0) 1/3(2.0) 1/3(1.0)
1/3(1.0) 2/2(1.5) 3/3(1.3) 2/3(1.0) 2/3(1.0) 3/3(1.7) 1/2 (1.0) 3/3 (2.0) 3/3(1.3) 2/3 (1.5)
o3 172 2.0) 2/3(3.0) 0/ 3/3(2.7) 3/3(2.0) 02 1/3 (2.0) 0/3 2/3(1.5)
0/2 03 0/3 1/3 (2.0)

02 073 1/3(4.0) 0/3
03 02 3/3(2.0) 2/3 (2.0) 2/3(2.5) 2/3(2.0) 02 (o} 0/3 1/3 (2.0)

Inc = Incidence of lasion.
Avg Sev = Average degree of severity of lesion.

Severity code (in parentheses) 0 = ne fesion; 1 = minimal; 2 = mild: 3 = moderate; 4 = marked.

delivered adenoviral vectors 1o cotton rats via an i.n.
route. In that study, the vector was only detected in the
lung; it was not detected in any other organs, including
liver. The results from these two reports and the distri-
bution pattern observed here may be characteristic of
the cotton rat model. Another hypothesis is that the
distribution abserved may reflect a rapid adsorption of
the vector near the site of injection, especially in the
lungs, leading to minimal distribution to the liver. Alter-
natively, the distribution observed may reflect poor
systemic dissemination by intracardiac delivery, perhaps
due to cardiac muscle uptake. 1t is unlikely that the latter
possibility is the sole explanation, since the second most
prominent site for vector sequences was lymphoid or-
gans; in addition, there was an apparent peak of vector
presence in the blood at day 7, suggesting some systemic
distribution. Since primary vector distribution may be
limited by vector sequestration from cells that are prox-
imal to the site of injection, selection of the site of
injection may be critical to the design of clinical proto-
cols. A comparative analysis of delivery sites will be
required to address this question.

Surprisingly, there were no discernible differences in
the presence and persistence of the vector between
animals with or without GCV. This may reflect the
preponderance of quiescent cells in vivo and the rela-
tively innocuous effect of HSV-tk and GCV treatment
on nondividing cells. The only exception to this lack of
dpparent GCV effect was seen at day 7 in the two lower
dose groups. Splenic hemosiderosis was not observed in
any of the animals without GCV, while 4 of 6 animals
with GCV had these lesions. This difference was no
longer cvident at day 14, possibly reflecting u temporal
toxic effect on hematologic tissues that is mostly resolved
by day 14. However, the data suggest that at the dose
levels tested here, the tk/GCV treatment is not toxic to
normal tissues,
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Vector sequences were detected in various organs for
the duration of the study. No significant correlation was
observed between the vector dose used or GCV treat-
ment and the distribution or incidence of detection. This
lack of correlation may reflect a stochastic distribution
within the organs treated as well as the limited propor-
tion of cach organ represented by the DNA used for
PCR analysis. However, this possibility would equally
affect the various organs and consequently is unlikely 10
have @n impact on the comparative results of the
study. Infectious particles were only detected from
two of nine animals and were only seen at the site of
injection at the first time point (24 hours postinjec-
tion). The two animals from which PFUs were de-
tected were from the highest dose group. The absence
of PFUs in the majority of animals and at all later time
points ) suggests that the injected infectious virions
were not maintained, and that there was no vector
replication in the in vive environment. Thus, it is
unlikely that infectious vector shedding occurs after
systemic in vivo transduction with replication-defec-
tive adenoviral vectors.

In summary, intracardiac delivery of an El-deleted
adenoviral vector at 3 % 10”10 3 x 10" v.p./kg was well
tolerated in a semipermissive host. There was a dose-
and time-related inflammatory response at the site of
injection and dose- and GCV-associated splenic hemo-
siderosis, but this hemosiderosis was resolved by day 14,
No major pathology or viral replication was observed in
any of the animals.
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Figure 2. Treatment-related cardiac lesions (x200). A shows the
normal myocardium (%) and epicardium (arrow) from a control
cotton rat. B indicates moderate thickening of the epicardium with
diffuse infiltration of lymphocytes and macrophages. C shows
diffuse thickening of the epicardium with infiltration of lymphocytes,
macrophages, and fibrin deposition (arrowheads). B and C received
3 x 10'° AdV.RSV-tk without GCV and were necropsied 7 days
postinoculation.
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In Situ Gene Therapy for Adenocarcinoma of the Prostate:
A Phase I Clinical Trial
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TIMOTHY C. THOMPSON.'* und PETER T. SCARDINO'

ABSTRACT

Four patienty with local recurrence of prostute cancer ufter definitive irradiation therapy there is no treutment
widely considered safe and effective. Alter extensive preclinical testing of prodrug gene therapy in vifro and
in vire, we conducted a phase I dose escalation climical trial of intraprostatic injection of a replication.defi-
cicnt adenovirus (ADY) containing the herpes simplex virus thymidine kinase gene (HSV-¢4) injected directly
inte the prostate, followed by intravenous administration of the prodrug ganciclovic (GCV), Our goal was o
determine safe dose levels of the vector for future trials of efficacy. Patients with a rising serum prostate-spe-
cific antigen (PSA) level and biopsy confirmation of local recurrence of prostate cancer without evidence of
metastases one or more years after definitive irradiation therapy were eligible for the trial. Aflter giving in-
formed consent, patients received Injections of increasing concentrations of ADV/HSA-tk in 1 ml inta the
prostate under ultrasound guidance. Ganciclovir was then given intravenously foc 14 days (5 mg/ky every 12
hr). Patients wecre monitored closely for evidence of toxicity and for response to therapy. Eighteen patients
were treated at 4 escalating doses: group L (n = 4) received 1 X 108 infectious wnits (1U); group 2 (a = 5) re-
ceived 1 X 10% 1U; group 3 (n = 4) received L % 10'° [U; group 4 (n = 5) received 1 X 10'! [U. Vector was
detected hy PCR of urine samples after treatment, increasing in frequency and duration (up ta 32 days) as
the dose increased. All cultures of blood and urime specimens were negative for growth of adenovirus. Miuni-
mal toxicity (grade 1-2) was encountered in four patients. One patient at the highest dose level developed
spontaneously reversible grade 4 ¢thrombocytypenia and grade 3 hepatotoxicity, Three patients achieved an
objective response, one each at the three highest dose levels, documented by a fall in secum PSA levels by
50% or more, sustained for 6 weeks to 1 year. This study is the first to demonsirate the safety of ADY/HSV-
tk plus GCV gene therapy in human prostate cancer and the first to demonstrate anticancer activity of gene
therapy in patients with prostate cancet. Further trials are underway to identify the aptimal distribution of
vector within the prostate and to explore the safety of repeat courses of gene therapy.

OVERVIEW SUMMARY nase gewe (HSV-tk) injected divecty into the prustate, fol-

lowed by intravenous administration of the prodrug ganci-

We conducted a phase 1 dose escalation clinical trial of in-  clovir (GCY). Eighteen patients were treated at 4 escalat-
traprostafic injection of a replication-deficient adenovirus  ing doses from 1 x 10® to | x 10"'. No or minimal toxicity
(ADYV) containing the herpes simplex virus thymidine ki- (grade 1-2) was cncountered in most patients. One patieat
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at the highest dose levael developed spontanecusly reversible
grude 4 thrombocytopenia and grade 3 hepatotoxicity.
Three patients achizved an objective response, one each at
the three highest dose levels, documented by 4 full in serum
PSA levels by 50% or more sustained Jfor 6 weeks to L year,
This study is the first to demonstrute the safety of
ADV/HSV-tk plus GCV gene therapy in human prostate
cancer and the first to demonstrate anticancer gctivity of
gene therapy lor palients with prostate cancer.

INTRODUCTION

EARLY STAGE PROSTATE CANCER, localized within the
prostate, may be smanaged conservatively or treated ac-
tively with radical prostatectomy or irradiation therapy. Of the
184,500 new cases expected this year, moce than 80% will be
carly stage and a third of these will be treated with definitive
irvadiation therapy (Landis er ad,, 1998). While modem radio-
therapy usually controls the local tumor, some patients will de-
velop local recurrence within the prostate that becomes evident
through a nising serum prostate-specific antigen (PSA) level and
a pasitive needle biopsy result in the absence of evidence of
metastases. For the estimated 10,000-15,000 patients with lo-
cal recurrence each year. there is no accepted, standard treat-
ment. Androgen ablation, whether early ot delayed, is pallia-
tivg and radical prostatcctomy, although sometimes curative,
carries substantial visks (Rogers ef al., 1995). Transfer ar in-
sertion of genes that (1) resuit in the activation of prodrugs to
produce cytotoxicity (Moolten, 1986; Moolten and Wells,
1990). (2) replace inactivated tumor suppressor genes (Bacchi-
etti and Graham, 1993; Wills ef al., 1994; Zhang et al., 1994),
or (3) stimulate the immune system (Vieweg ef al., 1994), of-
fers new, potentially effective therspeutic approaches to the
treatment of prostate cancer. One method of cytatoxic gene ther-
apy is viral transduction of the herpes simplex virus thymidine
kinase (HSV-wk) gene followed by systemic administration of
the qucleoside analog ganciclovir (GCV). The HSVY.tk gene
prodiuct phaosphorylates GCV, which is incorporated into DNA
during cell divisian and leads to cell death. Moreover, the num-
ber of oells killed significantly exceeds the number of cells
transcuced with the HSV-tk pene (Freeman ef of., 1992). This
phenomenor, the “bystander effect.” may be caused by the pas-
sage of toxic mewabolites across gap junctions, the uplake of
the products of apoptotic bodies, a local immune response,
and/or inhibition of endothelial cells (Freeman e1 al., 1993; Vile
er al., 1994: Elshami ¢ al.. 1996; Hamel et al., 1996; Ramesh
etal., 1996a,b). Adenuviral HSV-k/GCV gene therapy has been
reported in clinical trials of paticnts with brain tumors (Alavi
et al., 1998), mesotheliomas (Sterman er al., 1998), and ovar-
tan carcinomas (Alvarez and Curiel, 1997).

We demonstrated significant cytotoxicity induced by HSV.
1k/GCY in both mouse and human prostate cancer cells in vifro
and in mouse prostate carcinomas ia viva (Eastham er al., 1996),
HSV-th/GCV treatment-induced cytotoxicity i viva was ac-
companied by increasex] areas of necrosis, increased numbers
of apoptotic bodies, and extensive immunocyte infiltration rel-
ative to controls. [n addition, we produced significant growth
inhibition of local prostate cancer together with suppression of
spontanecus and induced metastases, in an orthotopic in vivo
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mouse model of prostate cancer when the vector was injected
directly (ir sfru) into local tumor within the prostate gland (Hall
et al.. 1997), Further, we have reported na systemic spread and
rinimal Jocal spread of the adenoviral vector within the geni-
tourinary system in our mouge model (Timme et al., 1998). To
determine the efficacy of this form of suicide yene therapy
against human prostate cancer, we iniliated a phase | dose es-
calation wial of a replication-deficient adenoviral vectar carry-
ing the HSV-¢k gene followed by the inlravenous admimstra-
don of GCV in men with loczl recurrence of prostate cancer
after uradiation therapy (IND 6636). Herein, we report the re-
sults of this wial.

MATERIALS AND METHODS

Treatment pratocol

The protocel was approved by the Baylor Institutional Re-
view Board (IRB) (H-3826) on April 3. (995 and by the Food
and Drug Administration (BB-IND 6636) on May 1, 1996. Pa-
ticats reviewed the wnformed consent document and were indi-
vidually counseled before agreeing (o participate in this study.
Counseling included a thorough discussion of altemative treat-
ments including watchful waiting, salvage radical proslatec-
tomy, crycsurgery. and androgen ablation.

Eligibility cniteria

Patients were eligible for this phas= [ clinical trial if they had
evidence of local recurrence of cancer within the prostate,
pruven by biopsy, at least 1 year after completion of wradliation
therapy. They must have had evidence of a biologically active
tumor with a rising serum PSA level on at least three occasions
at least 2 weeks apart. Patients must have had no evidence of
metastases (a mommal serum acid phosphatase, pelvic and ab-
dominal camputenzed tomography [CT| scan, and normal bone
scan). Any area causing suspicion of metastatic disease an bone
scan was cvaluated by appeopriate plain radiographs and/or
thagretic resomance imaging {MRI) studies of the area. Patients
must have had adequate buseling argan function and coagula-
tion factors. Paticats were excluded if they cver received hor-
monal therapy (andogen deprivation) or twd  Jepressed
hematopoietic function (platelet count, <100,000/cm”; hemo-
globin, <(8.5 mg/dl; absclute neutrophil count, << |000/cm’).

Vector

The vector used was an adenovirus uf serotype ADS5 that
contains the herpes simplex virus-thymidine kinase gene and a
Rous sarcoma vimnus long terminal repeat promoter in the region
of the excised EI/E2 wild-type adenoviral genes. The aden-
aviral vector was copstructed as described previausly by Chen
et al. (1994). It was produced in the Baylor College of Medi-
cine geane vector laboratory, in accordance with good many-
facturing practice (21 CFR21Q and 211). The vector was char-
acterized for purity and potency for clinical use. It was found
to be frec of adventitious contaminants, including replication-
competent adenoviruses at up 10 | X 10'” viral particles (VP3).
The infectious wnit ([U) titer was calculated at 1 X 104 [U/ml-
with a vector particle content of 2 X 10'? VPs/ml: thus, it had
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an approximate VP:IU ratio of 20:1 (Nyberg-Hoffman ¢¢ al.
1997). Once produced, it was stored at —80"C and was diluted
to the dose specificd for cach patieat cohort.

The prodrug ganciclovir (Cytovene-Syntex, Palo Altw, CA)
i5 Foad and Drug Administration (FDA) approved for treatment
of cytomegalovicus (CMV) retinitis in the imtnunocompro-
mised patient and for prevention of CMV disease in transplant
patients at risk. The planned dose used in this study was § mg/kg
every 12 br {or a total of 28 doses.

Course of treatment

The predominant focus of cancer within the prostate of each
patient was ideatified trom the digital rectal examination, Gans-
rectal sopogram, and systematic needle biopsy results. Patieats
were admitted to the hospital on the day of vectar injection. Af-
ter preparation with oral amtibiotics {(cipraflioxacin 500 mg
orally every [2 hr, 24 hr in advance), and a phosphate encma
the morning of the injection, all patients were given a single |-
mi injection of vector into the prostate gland in thc region
judged to have the greatest concentration of turmor-bearing tis-
sue. The dose of ADY/HS V- viral gene vector was increased
for each group of patients. Group | (patients 8-1 through 8-4)
reccived an injection of | X 108 I of vector: group 2 (patients
9-1 through 9-5) received | x (G [U of vector; group 3 (pa-
ticnts 10-1 through 10-4) received | X 10" [U of vector; graup
4 {patients 1 |-1 through 11-5) received | X 10" [U of vector.
See Table [ for patieot disease status at diagnosis and at study
cntry.

Parenteral ganciclovir infusions were started 24 hr after vec-
tor injection. The protocol included daily urinalysis and cul-
tuces for adenovirus in the serum, sputum, and urine, as well
as seral hematologic and hepatologic studies. Vector shedding
in ucing was determined by DNA isolation followed by poly-
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metase chain reaction (PCR) amplification with vector-specific
primers as previously described (Timme er al., [998).

Tumor propression was cvaluated by serum PSA immedi-
ately pnor w the injechion on day 0, and on days 2, 7, and 14;
at § and 12 wecks; at 6, 9, and 12 months; and every 6 months
thereafter. Digital rectal examinations and transrectal sono-
grams of the prostate were performed at 2, 6, and 12 weeks: at
6, 9, and 12 months; and every 6 months thereafer. Transrec-
tal ultrasaund-guided systematic needle biopsics of the prostate
were performed at the end of the 2-week course of ganciclovir,
at 3 months, and at 1 year. Pathology slides befare and after
treatment were interpreted by the study pathologist (T.M.W.).

Toxicity was graded according to the Cancer Therapy Eval-
uation Pragram (CTEP) comman toXicily criteria published by
the National Cancer Institute. All paticnts wha experienced
grade 3 o1 greater toxicily were immediately reported (o the In-
stitutional Review Buard and to the FDA.

RESULTS

Eighteen patients were enrolled in the protacol between Au-
gust [996 and August 1997 (sec patient profiles in Table 1).
No patient has been (03t to follow-up. Seven additional patients
were evajuated but were ineligible or declined participation:
three patients had metastases, ane patient chiose cryotherapy,
two patients did not have evidence of local cancer recurrence
by systematic biapsy {each had two biopsy 3¢ssions), and one
patient had radiation proctitis and was unable 1o talecate the
transrectal ultrasound probe. The first 11 treated patients were
hospitalized for the entire course of weatment. The next five
patients were discharged with home health carc-assisted ganci-
ciovir infusions after they met the following cnteria: (1) no ev-

TapLE 1. PATIENT DisEASE STATUS at [hHAGNOSIS AND AT STUDY ENTRY

Diagnosis Study entry

Dare Clinical  Gleason Age Clinical  Gleason
Paticat  (molyr) slage? grade PSA  (years) Date stage® grade PSA
Group !: 8-1 12190 T2 N/A N/A 72 8/28/96 T2 i 4.2
Dose 8-2 1/39 T2 3 . 76 9/25/96 T 7 17.8
I x 18 83 195 TZ 7 1.8 57 10/15/96 7 7 57
8-4 3193 T2 6 6.6 Tl 10/15/9¢ T2 6 4.2
Group 2: 9-1 91 T N/A 10.7 75 11712098 T2 7 5.3
Dose 9-2 8/92 T2 N/A 32.4 61 1171296 Tlc 7 7.9
1 x 0¥ 9-3 7193 T2 N/A 8.1 71 11712196 T2 7 10.5
94 7193 T2 3 23 70 12/5/96 T2 3 9.4
9-5 Q91 T2 /A N/A 71 12/5/96 T2 6 33
Group 3! 10-1 140 T2 6 241 76 1714197 T2 7 6.1
Dose 10-2 10/89 T2 4 17.6 62 1728197 T2 7 9.2
I x 100 10-3 892 T2 7 111 63 Y3197 T2 3 33
i0-¢4 2490 T2 5 30.3 13 43091 Tle g 10.0
Group 4 11-] 291 T3 7 15.2 I 52U T2 7 12.5
Duse 11-2 5194 T2 3 9 s7 6/2/97 T2 7 138
1 x 10" 11-3 /93 T2 6 (1.2 12 1197 T3 7 6.5
14 14 T3 8 19.3 69 /26197 T2 8 4.4
115 wi T3 6 N/A 69 14197 T2 7 139

3Stage is UICC clinical TNM stage.
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Tasrs 2. Sumsmary oF Toxicrry purinG Prass | Gene Therary CLinicar TriaL
FOR RECURRENT PROSTATE CANCER

Patient Toxicity Grade Quicome
9-1 GGT (<15 times normal) I Resolved following completion of ganciclovir
10-1 and 10-2 Shaking chills ] Resolved within 24 hr
10-4 Cellulitis 2 Resolved with intravenous antibiotics
[1-1 and 11-2 Mild ALT/AST elevation ! Resolved spontaneously following
completion of ganciclovir treatments
11-3 Fever 2 Resolved with intravenous antibiotics
I11-5 Fever, GGT, and LDH 2 Resolved with intravenous antibiotics;
elevation ganciclovir started within 48 hr
Total bilirubin, ALT/AST, o Resolved with early termination of
alkaline phosphatase ganciclovir (7 days)
clevations
Thrombocytopenia 4 Resolved; required platelet transfusions for

5 days

Abbreviations: GGT, y-Glutamyltransaminase: LDH., lactate dehydrogenase; ALT, alanine aminotransferase;

AST, aspartate aminotransferase.

wence of adenoviral veetor as determined by PCR in two con-
secutive urine samples and (2) no evidence of toxieity.

Toxicity

Na patient in group | experienced any tokicity; toxicity lev-
els for the first 17 patients were grade 2 or lower (see Table 2).
One patient experienced a temperature of 103.3°F (grade 2 tox-
icity) the night of vector injection. The patient was placed on
parenteral gentamicin, ampicillin, and Flagyl (metronidazole);
he promptly deferveseed and completed a 1-week course of oral
ciprofloxacin: All blood, urine, and nasal cultures were nega-
tive for bacterial, fungal. and viral organisms. Parenteral gan-
ciclovir was started 72 hr after vector injection, and the patient
completed the full 28-dose course without further sequelac. An-
other patient developed eellulitis (grade 2 toxicity) at an intra-
venous site that required readmission and treatment with par-
enteral antibiotics.

Standards
(vp/ml)

One patient (1 1-5) experienced grade 4 toxicity. The patient
was injected with | X 10'" U of adenoviral vector and devel-
oped a fever of 101.5°F early the following moming. He was
placed on intravenous ampicillin, gentamicin, and Flagy! for 48
hr and promptly defervesced. A 1-week course of oral
ciprofloxacin was then prescribed. All nasal, urine, and blood
cultures were negative for bacterial, viral, and fungal infection,
and all hematologic parameters were normal at this time. Par-
enteral ganciclovir infusions were started 72 hr after vector in-
jection. On the second day of ganciclovir, the patient com-
plained of myalgias and developed a low-grade fever of
100:2°F. Physical examination and laboratory tests remained
within normal limits: On the scventh day of ganciclovir infu-
sion, however, the patient was again febrile to 100.8°F and com-
plained of myalgias. Tests showed thrombocytopenia of 52,000
platelets per microliter, leukocytosis of 22,000 lecukocytes per
microliter, and abnormal liver function tests (alanine amino-
transferase [ALT), 94 mg/dl; aspartate aminotransferase [AST],

Patient Sample
(days)

MW 0 10° 10" 102 10° 10* 105 10° 0 1 2

FIG. 1.

N

- 319 bp
- 135 bp

Ethidium bromide-stained gel for visualization of polymerase chain reaction (PCR) products to determine extent of vi-

ral shedding in patient urine (patient 10-3). Patient sample days correspond to the day before vector delivery (day 0) and the first
and second days after vector delivery. 319 bp, the size of the RSV/HSV -tk amplified junction for detection of vector targets: 135
bp. size of K-ras amplificd product (internal control): N, negative control (water); vp/ml, vector particles per milliliter: MW,

molecular weight standard
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117 mg/dl: alkaline phoaphatase, 129 mg/dl: and lactate dehy-
drogenase [LDH|, {059 units per liter). The ganciclovir was
discontinued. as were all other medications (gemfibeozil). The
platelet count subsequently fell to 10,000 per microliter. Platelet
levels were supported with five platelet transfusions for what
appeared to be peripheral consumption. By day 16, the leuko-
cyte count had returned to normal, the patient's samatic &ymp-
toms had resolved, and liver function tests and platelet coumnt
had improved.

The patient never appeared toxic and had no evidence of
bleeding assaciated wich his low platelet count. A full evalua-
tion for sepsis and disseminated intravasoular coagulopathy
were negative. A CT xcan of the abdamen and pelvis revealed
no ¢vidence of abdominal or pelvic pathology, and a boae mar-
row biopsy way nurmal. Thexe findings are not typial of gan-
ciclovir toxicity.

Vector shedding

Daily viral cultures for wild-type adenovirus in serum, ear,
and nasal swabs were consistently negative in all patients,

Faur ur more consecdtive daily unne samples for each paticat
were examined for the prescnce of adenoviral vector by PCR for
the thysnidine kinase gene (see Fig. 1). Veutor detection in urine
was dose dependent. Unine tests (test sensitivity of 10 ta 100 vi-
tal particles per milliliter) were negative for the viral vector in
the lowest dose group (1 X 108 IU). At 1 X 109 [U, two of five
patients were positive on day | only (Table 3). At 1 X 10" U,
theew: of four were positive, onc until day [L. And at | X Q" JU
al five patients were positive. one until day 32,

One patient of the 18, from group 4, was able tu produce a
semen sample for analysis. The sample was positive for vector
by PCR at 14 days postinjection.

Efficacy

Serum PSA levels (normal 04 ng/ml) were obtained on the
day of study entry and on days 2, 5,7, and 14, at 6 and (2
wecks; and at 6, 9, and | 2 months following cntry inta the study.
Figure 2 plots the serum PSA levels in cach patient frum 100
days before study entry until | year afier, or until subsequent
anticancer treatment was initiated. All patients had a rising
serum PSA level before study entry. There was no immediate
rise in serum PSA in response to vector injection inw the
prostate. No changes in PSA levels were noted at the lowest
vector dose level (gmoup 1, | X (0%) (Fig. 24). At | X 109, |
patient (9-3, Fig. 2B) cxhibited a fall in PSA levels from 10.5
ng/ml at study entry to 4.6 ng/ml |2 weeks later. Subsequently,
the levels steadily rose. One patient at | X 10'C (patient 10-1)
showed a precipitous fall from 6.1 ng/ml 10 a nadir of 3.0 ng/mil
at 6 weeks. At the highest dase level (group 4) the fiest patient
([1-1) showed an immediate decline from 12.5 ng/m! to a nadic
of 4.8 at 12 weeks. The PSA remained less than 50% of the
level at entry | year later (Fig. 2D). In summary. three paticnts
(| each from groups 2, 3, and 4) had a greater than 50% de-
crease in PSA levels lasting from 6 weeks ta more than | year.

Digital rectal examination and transrectal ultrgsound were
performed on all paticnts at routine intecvals. No consistent
changes were noted in the size of the prostate aver time, OF
note was the sppearance of a cystic cavity ac the site of vector
injection detected in patient 1 1-1 at & months postinjection (Fig.
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TaBLE 3. Last Day or VecTOR-POSMIVE
Uring as Determinen 8Y PCR

Patient Post-injection day
8-1 Never positive
8-2 Never positive
83 Never positive
84 Never pasitive
9l Never puvitive
9.2 Never positive
9-3 1
94 Never positive
9-5 1

1{1-1 11

10-2 Nevee pusitive

10-3 4

104 6

11-1 14

112 9

11-3 I

114 32

L1-3 4

3A and B). Systematic needle biopsies of the prostate were per-
formed at 2 weeks, 12 weeks, and | year. No parient had com-
plete hustologic regression of cancer. [n one paticnt at the high-
est dose level (patient L1-1) the biopsy at 2 weeks showed
exlensive necrosis (Fig. 1D). However, the subisequent biopsy
at 12 weeks showed persistent cancer.

Several patients have been treated for progressive prostate
cancer subsequent to this phase [ wrial. Patients 8-3 and 8-4 had
a salvage radical prostatectomy for pathalogic T3INOMO
prostate cancer. The surgical margins were negative. Hormonal
manipulation (androgen ablation) wus initiated in three patients
far rising serum PSA level (9-4), lymph node metastases on CT
scan (10-2), and visceral metastases aa ProstaScint (Cytogen
Carporation, Princeton, NJ) acan (11-2).

DISCUSSION

This clinical trial was the result of a systematic plan to de-
velop gene therapy for prostate cancer by our research group.
Woo and colleagues modified HS Y-tk plus panciclovir for use
with an adenoviral vector with activity when injected in situ
into a variety of tumors in animal models (Chen er af., 1994).
Thompson and colleagues demonstrated activity of this foru of
HSV-tk!GCV gene therapy against mouse and human prostate
cancer cell lings én vitro (Eastham er al., 1996), Using cell lines
from the mouse prostate reconstitution (MPR) nwodel of prosiate
cancer, this group next demonstrated growth suppression of the
local wmor and prolongation of survival in an orthotopic model
system (Hall ef @i, 1997). These effects were enhanced by con-
comitant androgen ablation (Hall er af., 1999). Remarkably, a
single course of gene therapy administered in ity inta the tu-
mor in the progtate also lel o systemic activily aganst span-
taneous and induced metastases (Hall er al, 1997). There was
no systemic foxicity or evidence of toxic effects in other geni-
wurinary organs and no evidence of vectar in sperm in these
mice (Timme et al., [998).
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FIG. 2. Prostate-specific antigen (PSA) values of the study patients, beginning 100 days prior to swdy entry aad continuing
through the last evaluation. All values are in nanograms per milliliter. Downward arrows indicate dute of injection of vector. Pa-
tient data are reported by vector dase group. Ail patients received u single injection aof vector. A. Patents §-1 through ¥-4 re-
ccived | X 10* infectious umts (1U) wector. B. Patients 9-1 thraugh 9-5 received 1 X 10° U vectur,

As a result of this faverable preclimical expericnce, we ini-
tiated a phase I dose escalution trial of ADV/HSV-tk with the
intravenous administration of gancickavir. selecting men with
locul recurrence of prostate cancer after definitive iradiation
therapy for whom nu widely accepted standurd form f therapy
in available. Alternatives include salvage radical prostatectomy
orcryatherapy, which carry substanuial risks, and watchful wair-
ing or androgen ablation, which are palliative (Rogers ef wf.,
1995). The biulugical activity of prustage cancer in this setting

can be demonstrated by a consistently rising scrum PSA lcvel
and biopsy evidence of viable cancer Local rather than distant
recurrence can be venfied by bone scintigraphy. ahdamimal and
pelvic CT ar MRI imaging, and in selected cases by a maono-
clonul antibody san (PrustaScint). Since ADV/HSV-L/GCY
therapy cannot be admnistered systermicully. we wanted to in-
vestiyule the safety und efficacy of this form of gene therupy
given intralesionally in men without clinicully apparent metas-
tases. With nu previous information abaut intraprastatic injec-
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FIG. 2. Continued. C. Patients 10-1 through 10-4 received 1 x 10'% [U vectar. D, Patients 11-1 thwough 11.5 received | X

1Q'! U vector.

tions of ADV/HSV-tk, we did not want to treat men with newly
diagnosed prostate cancers, for whom several well-defined
management stratcgies are avausble (Scardino and Grayhack,
1994).

We campleted the trial in 12 months, enroiling 1% patients.
The regimen proved safe, with minimal toxicity in the first 17
of 18 planned patients (Table 2). One patien at the hughest dose

level (1 X 10'! [U) experienced grade 4 toxiciry with thron-
bucytopenia und hiepatotoxicity, possibly related to extravasas
tion of the vector intravascularly duriag the injection. These
complications resvlved and this paticat had no fucther seque-
lae. Une of these patients (11-1) developed a cystic cavity
within the prostate, evident sonographically in the area of the
intralesional injection, that persisted during 9 months of fallow-
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FIG. 3. Transrectal ultrasound and hinps_\ of p.uict'l 11-1. who had an l!h_](‘( tive response to the thI.'p) (Bl, Bladder; TZ, tran-
sition zone of the prostate; PZ, peripheral zone of the prostate.) (A) Transverse view of prostate following vector injection (ar-
rowheads outline border of prostase). (B) Transverse view of prostate 6 months after therapy shows cystic cavity (C) at the site
of vector injection (arrows. + and X symbols indicate cystic arca)

up. Since only one of five patients experienced grade 3 or 4
toxicity at 1 > 10" [U, we beliewve that dose is safe when HSV-
tk 1s given as a single injection 1o the prostate.

HSV-ik plus ganciclovir has been shown to be safe in clin-
ical trials in patients with braim tumors, ovarian cancer, and
mesothelioma. We are not aware. however, of other published
trials of gene therapy that show ewidence of activity against hu-
man prostate cancer (Scardino er al.. 1998). Three patients
(9-3, 10-1, and 11-1) had a decrease in serum PSA levels by

more than 50% for periods ranging from 45 to 330 days despite
steadily increasing PSA levels for more than 100 days before
treatment (Fig. 2). No patient received any other anticancer ther-
apy during the trial.

A decline in the serum marker PSA by more than 50% over
three consecutive measurements two or more weeks apart has
been associated with prolonged survival in several clinical tri-
als of systemic therapy for hormone refractory prostate cancer
(Kelly er al., 1996), and seems a reasonable indicator of re-
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FIG. 3.

Continued. (C) Photomicrograph of pretreatment biopsy of the left midportion of the prostate shows viable cancer (Ca).

(D) Necrotic tumor tissue (N) on biopsy of the same region 2 weeks following vector injection. Original magnification: X 100,

sponse in this trial. PSA is less valid as a marker of response
when antiandrogen therapy is first introduced, since this hor-
monal manipulation may block expression of PSA as well as
reduce tumor mass (Arai ef al., 1990). While serial transrectal
sonograms showed no consistent changes in overall prostate
size over time, even among those who responded with a de-
crease in PSA levels, ultrasound was not sensitive enough to
evaluate changes in tumor size in these patients (Egawa er al.,
1992). We also measured serial changes in the length of the tu-
mor in the systematic biopsy specimens, Again, this parameter
did not provide consistent results

Despite the apparent success of this trial, there are several

caveats. We did not eradicate prostate cancer from any patient.
Other, well-described forms of therapy can effectively remove the
local tumor in similar patients, albeit with appreciable risk of mor-
bidity (Rogers ef al., 1995). We were not able to evaluate whether
ADV/HSV-1k gene therapy had any antimetastatic effect in these
patients, and it is not clear whether ADV/HSV-&k gene therapy
will also be active against hormone-refractory prostate cancer.
Also, we did not investigate the mechanism of activity in this trial.
A direct, mechanical effect of intralesional injection of | ml seems
unlikely. In our animal studies, intralesional injection of vector
alone in a volume comparable to the size of the orthotopic tumor
was not effective in controlied trials.
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Also in this article, we do not include an evaluation of the
etticecy of gene transfer or of immunological response to HSY-
ok plus GCV therapy. We had previcusly reported these activ-
ities in prechnical studies using rz vivo mouse prostate cancer
models (Eastham ef al., 1996; Hall e al., 1997). We intend to
compare the efticacy of gene transfer in this selected subgroup
of patients with others as well as to evaluate an extended im-
munological response to this gene therapy protocol and report
these data at a later time. Therefore, to Wwhat extent any antitu-
mor effect can be atributed to the direct cytutoxicity or to ino-
munological mechanisms remaios under investigation, How-
ever, it seems unlikely that (he sustained response seen in
patient 11-1 would have been duc ta direct cytotoxicity alone.

We selected for this investigational protocol patients with lo-
cal recurrence of prostate cancer after definitive irradiation ther-
apy because no standard therapy is widely considered safe and
effective in this situation. About one-third of men treated for
clinically localized prostate cancer ¢ach year are weated with
definitive radiotherapy. In 1998, (84,500 new cascs of prustate
cancer are expected o be diagnosed (Landis et al., 1998); about
80% of these will be localized at diagnasis. More than 50,000
mien in this country are treated with definitive radiotherapy each
year. OF these, at least one-third will develop progression within
S years. and about hal( ot these will have local recurrence only
with no evidence of metastases (Kupelian er af., 1997). Thus,
we cstimate that some WKW patients per year face the dilemma
of local recurvence of cancer after definitive sadiotherapy.

Prostate cancer, among the sohd tumors, may be particularly
suitable for gene therapy. The organ is expendable after repro-
ductive needs arc met, the primary tumor is readily accessible
both for intralesional injections and for repeat biopsies, and 3
well-characterized circulating marker of responsc (PSA) is
readily available. Gene therapy appears to cause little marbid-
ity and vouid be upplied repeatedly to palliate these slow-gow-
ing cancers long enough for patients to live out their natural
lives even if the cancer is not completely eradicated. In addi-
tion, hmited. occult micrometastascs—the major cause of ureat-
ment failure—may be particularly susceptible to gene therapy
strategies that augment the immunogenicity of tumar cells and
thereby elicil systemic anti-tummor immunity (Mall es al.. 997,
1999). Intraprostaiic injections can be administered without
anesthesia in an outpatient sonography room. ganciclovir can
be administered inravenously in an outpatieat infusion center,
&nd the paticals can be monitored in the outpatient ¢linic; thus
the cxpenee of this therapeutic regimen is minimal. If this (om
of gene therapy can be shown to be effective in larger phase IT
trials, other possibilities for its use might include treatment in
conjunction with androgen ablation befare radiation thecapy,
and primary treatment for low-risk cancers in young raen or foe
high-risk cancers in aldec men or thase with serious comorbid
canditions,

While we saw some cvideace of acitivity in this phaxe [ qal,
intralesional injection at & single site is unlikely (o provide ad-
eguate contrul of many prostate cancers. Singe cancer of the
porstale is multifocal, and the location of cancer within the
prostate cannot be determined accuracely, optimal therapy will
likely require a uniform distribution of the vector throughout
the gland. Conseyuently, we have extended the clinical trial w
explore the safcty of mulliple sites of injection and repeat in-
Jections. Since the distribution of the vector urvund a line of in-
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jection is not known, we also plan to administer two different
doses of the vector alone several days before radical grosta-
tectomy o examine its distribution within the removed prustate.
In an additional tnal, we also plan to treat men with high-risk
cancers (defined by their clinical stage, Gleason grade, and
seeum PSA level) (Kalian eéal., 1998), with ADV/HSV-t/GCY
gene therapy 4-6 weeks prior (o radical prostatectomy. The dis-
tribution of necrosis and apoptosis within the cancer will be de-
termined along with « detailed analysis of the local immune re-
sponse. These studies should sllow us (0 develup an optimal
strategy for delivery of the vector within the prostate. Addi-
tional preclinical studies should also establish a rationale for
the use of ADY/HSY-tk/GCVY therapy in combination with
other gene therapy approaches designed 10 enhance and/or sus-
tain the local and possible systematic therapeutic effects.

in conclusion, gene therapy via an intraprostatic injection of
ADY/HSY-tk with the intravenous administration of the pro-
drug GCV 12 safe in patents with prostate cancer. Early evi-
dence of cfficacy suggests we should proceed with trials that
will evaluate the utility of this form of gene therapy as primary
ot adjuvant treatment for prostate cancer. While no single form
of gene therapy is likely to grove sufficiently efficacious, qur
favgrable experience with this forn of gene therapy foc prostate
<ancer may have implications for the reatment of other human
malignancies.
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Thymidine kinase (TK) gene therapy of solid
tumors: valacyclovir facilitates outpatient
treatment,

Hasenburg A, Tong XW, Rojas-Martinez A, Nyberg-
Hoffman C, Kieback CC, Kaplan AL, Kaufman RH,
Ramazy I, Aguilar-Cordova E, Kieback DG

Department of Obstetrics and Gynecology, Freiburg
University Medical Center, Germany.

BACKGROUND: In a Phase I study replication-deficient
adenovirus containing the herpes simplex virus (HSV)
thymidine kinase (TK) gene (AdV-HSV-TK) was instilled
intraperitoneally in patients with recurrent ovarian cancer.
Patients were treated with Acyclovir (ACV) or Valacyclovir
(VCV) as enzymatic substrates, The purpose of this study
was to compare serum levels of ACV and VCV. PATIENTS
AND METHODS: The antiherpetic prodrug and Topotecan
(1.0 mg/m2 over 30 minutes each day for 5 days) were
started 24 hours after vector application. Eight patients
received ACV (15 mg/kg i.v. over one hour every 8 hours for
42 doses), two patients were started on ACV for 5 days and
then switched to oral VCV (2 g every 8 hours for a total of
42 doses). Blood samples were obtained 20 minutes prior to
each drug. RESULTS: Serum levels of ACV and VCV
(converted to ACV) were comparable. CONCLUSIONS:
Suicide gene therapy with TK is under investigation in a



variety of solid tumars. Replacing ACV by VCV will offer a
cost-effective alternative and will significantly reduce
duration of hospital stay improving quality of life and
facilitating an outpatient gene therapy concept.
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HSV-tk Gene and Ganciclovir Administration
in Patients with Recurrent Malignant

Brain Tumors
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Between December 19396 and September 1998, 13 patients with sdvanced recurrent malignant
hrain tumors (8 with gliablastama multiforme, 1 with gliasarcoma, and 3 with anaplastic astrocy-
toma) were treated with a single intratumoral injection of 2 X 10%, 2 x 10"%, 2 x 10", gr 2 x 10"2
vector particles (VP) of a replication-defective adenaviral vector bearing the herpes simplex virus
thymidine kinase gene driven by the Rous sarcoma virus promoter (Adv.RSVik), followed by
ganciclovir (GCV) treatment. The VP to infectious unit ratio was 20:1. Qur primary objective was to
determine the safety af this treatment. Injection of Adv.RSVtk in doses <2 x 10"" VP, followed hy
GCV, was safely tolerated. Patients treated with tha highest dose, 2 x 10'* WP, exhibited central
nervaus system toxicity with confusion, hypanatremia, and seizures. One patient is living and stable
29.2 months after reatment. Two patients survived >2% momths before suctumbing to tumor
progression. Ten patients died within 10 months of treatment, 9 from tumor progression and 1
with sepsis and endacarditis. Neurapatholagic examination of postmortern tissue demonstrated
cavitation at the injection site, intratumoral foci of coagulativa necrosis, and variable infiltration of
the residual tumor with macrophages and lymphocytes.

Key Words: gene therapy; HSV-tk; ganciclovir; glioblastoma; astrocytoma; adenovirus; steregtaxic

technique.

INTRODUCTION

The American Cancer Sgclety estimates that 16,800 indi-
viduals will develop and 13,100 individuals will die from
primary tumors of the nervaus system in 1999, with the
majorlty of these cases being malignant gliomas (1). Al-
though there have been significant advances in neurosur-
gery, neuroradiology, radiation therapy, and medical on-
calogy. malignant brain tumaors remain resistant to all
current therapies, and survival is ofcen less than 1 year
(2-4). Even when conventional treatsments extend sure
vival. malignant brain tumors almost invariably recur

' To whom comespondence should be addressed at Department of
Neurosurgery., Baylar College af Mediclne, 6560 Fannin. Suite 944,
Houston., TX 77030. Fax: 7i3.788.3739. E.-mall: ttrask®baim tme edu.

because of surviving tumor cells that have invaded the
surrounding brain. All treatments must balance effective
tumor killing against toxicity to surrounding neural tis-
sue. The prognosis after recurrence of a malignant brain
tumor |5 particularly poor (3, 9).

Transduction of tumor cells with the herpes simplex
virus thymidine kinase (HSV-tk) gene, which activates the
nucleuside analog prodiug ganciclovir (GCV], has been
ane aof the mast effective approaches in treating experi-
mental brain tumars (6-12). This therapy selectively kills
dividing cells, an advantagcous feature in the brain where
most nurmal cells are niot actively dividing. Treatment
etticacy may be enhanced by the “bystander eftect,”
whereby surrounding nontransduced tumor cells are also
killed through a variety of mechanisms which are be-
lieved to Include transfer of toxic metabolites via gap
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junctions (13-15). induction of apoptasis (16). and act-
vation of a host immune response (17-19).

Toxiclty studies of intracerebral injection of an adeno-
viral vector, followed by GCV treatment. In cottan rats
(20). which are permissive to adenoviral infection, and In
other rodent madels (7, 10, 21) have shown no clinical or
systemic pathological sequalae. Our and other ccnters
have alsu conducted preclinical toxlcity studies in pri-
mates (21-23). Although clinical symptoms have not
been observed following Intracerebral injection of the
vector at lower doses, dose-dependent toxicity has been
observed in animals receiving higher dases of the vector
and GCV (21. 22). The goal of the present study was to
determine the safety of Adv RSVtk + GCV treatment for
recurrent advanced malignant bealn tumars in humans
and to determine the maximal safely tolerated vectar dose
for intraturnoral njection at a single site.

MarteriaLs ano MeTHODS

Permissiom Far this Phase [ clinfcal trial was granted by the Baylor Callege
uf Medicine Iristitutional Review Buard (IRB). the Foad and Drug Adric-
istratlon (FDA], and the Natiurw! [ustliutes of Health Recumibinant DNA
Advisary Cammitiee (RAC) on the basis uf the efficacy and taxicity studies
we perfarmad in anlmal ruwlels (7-10, 20. 22) and after pmductian and
tesiing of clinical grade adenaoviral veclor. Adverse events and patient
deattis were eparted (u the [RB. FDA. and RAC accarding to the recom-
mended guldelines.

Patient Selection

Adults (=3 years of 2ge) with recurrent and cllmically progressive ma-
lignant glial or metastadc tumors were elible far enrolimernt. Histological
confirmation of the diagnosis was required, ari tumors had ta be ident-
fiable an neuraimaging studies, Subjects eligible for Lthe study had received
and falled conventional treatuments. including surgery and radiation ther-
apv. A Karmalsky performiance score 260 was required. In addition. ade-
quale systemiic organ function was requiced as determined by the follow-
ing <riteria: serum creatinine of =1 $ mg/dl or creatinine ¢learance 245
ml/min/m?, platelet count >100.000/mn®, absolute neutrophil count
28.5/mm*. normal PT and aPTT. and bilirubln 2.5 mg/dl.

Spactfic exclusion criterid included acute [nfection (Including HIV in-
fection). prograssive systemic malignancy, or unacceptable anesthesia risk.
Patlents with tumors with cavitles likely 1o communicaté with elther a
subarachnotd space or the veniricular syvem were excluded. Patlents with
twwrs causing significant inass efTect or lncreases In intracrrulal pressure
and requirdng surgical debulking were niut eligitile. Pregnent patlents were
excluded. and fenale subjects of child-bearlng age were tequired tu peac-
tice birth control for the duradon of the study. Pacients were Informed that
the trsatment was experimental, and detalled informed cansent was ab.
tained at enrollment.

Priar to the gene therapy treatment. each padent underwant a complete
history and physical examination. lzboratary testing magnetic mesunance
Imaging (MR af the bralin. arul veuropsychologlcal testing. The neurc-
paychological test battery was tailored ta each patlent’s level of function-
ing. area of brain Involvement, and endurarice. with the goal being detec-
tlon of signiticant changes from the bascline examination. Tumar
hustology was reviewed by the study neuropathologist {.C.C.) to recon
fum tumar diagnosis. Pretreatment presence of serum-neutralizing ant-
bodies to wild-type adenovirus and of adenavirus in serum. urine. and
nasal mucos was determined for each patient.

Creation of the Adv.RSVtk Vector

Caonstruclion of the replication-deficlent viral vector has been described
in detail previously (10, 24). The adenovirus E1 A reglan was replaced with
the H5V tk gene under the contral of the Rous sarcor® virus (RSY) long-

terminal ropeat and grown in 293 cells. The vector was produced at the
Baylor College of Medicine Gene Vector Laboratary using Good Laborea:
fory Practices. In addition to standard quality <ontml proxedures wed in
vector production, we verified that the vector preparation did aot contain
measurable wild-type cortaminstion or EIA recombination from 293 cells
by polyrrerase chain reactlon (PCR} for the wild-type EIA sequence The
weclor preparatiun was certificd to be free of replication-competent ade:
novirusat <1 per 10 VB, Addltianally. the fallure of catton rats to sustain
productive adenavira! infections after Intracerebral delivery af the vectar
and the failure of adenaviral proliferation on Hela cells in culture estab-
lished that there was no significant replication-competent viral contam-
nation. The sensitivity of the Hela culture assay was ore wild-type ge-
nome per 75.000 vector genome equivalents

Adv.RSVtk Vectar Dose

Based on our previous toxicity tals (22), we designed a dose escalation
protacal to test the safety of faur Adv.RSVEk vectar doses: Z x 10° 2
10'9, 2 x 10", and 2 x 10'% VF. The VP to infectious unit (1U] ratio.
mgasured Using the cytopathic ¢ffect (CPE) assay (¢5). was determined (o
be 20:1. A minimum of two patients weee Injected with each dose, begin-
ning with the lowest dose, 2 x 10° VP (I X 10° [U): If no taxicity was
atserved over the next month, subsequent patients received the next
higher dose.

Injection of the Adv.RSVtk Vectar

A Leksel] stereotactic frame was applied to the patient’s skull using local
anesthesla and manitored anesthesla care. Tumar coordinates were gen-
evated after computerized wmnaography (CT) or MRI with the Leksell frame
In place. Patients were retuened to the operating roant. and an 18-gauge
stalnless steel injection wannula was directed to the taget through a
twist-drill craniostomy ar buer hale. One milliliter of vectar solution was
Injected through the cannula over § min. The cannula was left in plece for
an additional 5 min and then withdrawn. A centrzl venous catheter was
placed In most patients o facilltate subsequent Intravenous access,

Patients were monitored in the neurosurgical interslve care unit and
then transferved ta a private roorm on the neurgsurgical unit. A postoper-
ative MR[ was obtained within the first 24 b to confirm injection place-
ment and to observe If swelling or hemarrhage had occured. Standard
perioperative medications were administered. including antibioticy, dexa-
methasone, anticonvulsants, and analgesics.

Ganciclovir Treatment

Twenty-four hours after veclar injectian, intravenous GCV agminisira-
Lion was begun. using a dose of 5 mgrkg aver | hour, every 12 h, for a total
of 23 doses over 14 days. During GCV reatment. patients urkderwent dally
physical and neuralogical examtnatiuns and frequent labiaratory studles
Inluding cumiplete Llvod caurnits, electulyte levels. and ltver function
tests, Serum. wire. and nasal swab samnples were manliored for vector
shedding, and serum was tested for neutrallzing antibodles

Taoxicity follawing vector Injection and during GCV treatment was
greded using the Common Toxicity Criterla published by the Canner
Therapy Evaluation Program af the National Cancer Institute (26). Pertna-
nent Grade 3 or recurrent Grade 4 toxicity was the criterion for cessation
uf treatinent.

The GCY (Cytovere) used in this wrlal was manufactured by Syntex
Corp. (Palo Alto, CA). The drug ls approved for the treatment of cytomeg:
alavirus (CMV) retinitis In Immunocompromisd patients and for the
prevenitian of CMV discase {n transplant patients at clsk for CMV disease.

Posttreatment Assessment

Patients underwent a neuropsychological evaluation approximately 2
weseks after vector injectlon, After discharge from the haspital. patierta
were 5¢¢n a3 outpatients every 2 weeks far the first 2 months and them
monthiy for the first year. Physkal cxamination and laboratory studies
were gbtafned al each visit. A second neuropiychological evaluation was
performned at 2 monthy postinjection. MR] scans were abtained in the first
wetk alter completion of HSV-t/GCV tecsimient and every 12 weeks
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TABLE 1

Patient Pretreatment Characteristics

Age a DX Age at GT  OX.GT period Tumor Na. Pretreatment
PT (years) (years) (months) Sex path  Side Loc KFS % resect XRT  Chem
1 Jiz 348 19.3 M GBM L Fr 60 1 Y Y
2 45.2 524 746 M AA R P &0 3+1P Y ¥
3 §7.2 578 7.3 M GBM L 8) 70 2 ¥ Y
4 42.4 538 136.7 M AR R FrT g0 1 Y Y
L) €7.3 686 15.7 M GBM R Fr &0 1 Y YY
6t 410 1.8 9.8 F GBM L Fr &0 2 Y Yy
7 38.3 393 122 M GBM L P 20 2+ 1P Y+1P ¥
8 64.1 653 14.9 M GS§ B Fr 80 2 Y N
¢ 64.3 64.9 1.9 M GBM R T 60 1 Y Y
(4] 478 q8.5 107 M GBM R PQ 80 3 Y N
" 46.2 500 4456 M GEM L T 8O 2 Y Y
12 373 83 123 F GBM R P 80 1 Y Y
13 43.8 450 136 M AA L Fr 60 2 ¥ Y
Mcan Mean Mean MM 9GBM 7L 35Ffr 680% 23r 13Y 1Y
4842112 508+110 29.2 =344 2F 1GS 6R 3P 170% 62r 2N
JAA eT 5 BO% S1r
10 1 90%
16T
1PO

Note. Abbreviations used: AR, anaplastic astrocytoma; 8. bilateral; Chem, chemotherzpy; DX, diagnosis; F, female; Fr, froneal; FrT,
frontotemporal; GBM. glioblastarma multiform; GS, gliosarcorma; GT, gene therapy: KFS, Karnofsky scale; |, left: Loc, tumor location: M, male;
N, no: Q. occipital; P, parietal, PO, parietooucipital; PT. patient; DX-GT perio, time belween turmor diagnosis and GT, r, resect, resections;
R, right; T, temporal; XRT, X.radiation treatment; ¥, yes: YY, two courses of chemothearapy; =, standard deviation; *, subsequenit XRT boost
to tumor. +1P, also underwent 3 post-GT resection of XRT; T, patient diagnosed and treated (resection, radiation, and chemotherapy) for
aligodendroglioma 4 years before GBM. for which she also underwent resection. radiation (focused), and chemotherzpy.

thereafter. The MRIs were read independently by a neurorsdiologlst and
by a neurosurgeon, Tumar respanse way manltored by <ltalcal criteria and
by MRI, Palliatlve and therapeutic options were discussed and made avail-
able to patients wka deteriorated due to tumor grogression,

Neutralizing serum antibodics to adonovirus type 5 {(AVS) were deter
mined before and at 14. 23, 42, 96. and 34 days after vectar injection in
most patlens and therealter at ourpakient follow-up visics In patients with
extended survival. The assay used to measure AVS-specific neutralizing
serumm anthodies has been described (n detall previously (20 Neu(rallzlng
artibody titers were expressed as (he fag, of the recipracal of the Last
dilutian af antisenwa that inhiblted virusdnduced cytopathic effects by
100%.

Serum. urine. and nesal swabs were obtained at 1, 2. and 4 weeks atter
vector Infection and examined by plaque assay for evidenice of adenuvirus
shedding. A detalked description of the plaque asay has been published
previvusly (20). Miaimum detection in these amsays was 20 plaque-form-
ing unlty (pfu).

The presence of virl vector DNA In urire way deterrnined by PCR ard
Southemn blat hybridizatian of the FCR product. The sensitivity was 10
¥P/ml of urine. Urine was analyzed dally for vector ONA during hospital:
ization and at 2 and 6 weaks aflter vector injection, The procedure used has
been previously descabed (22).

Resuits

Thirtcen patients were encclled into the study between
December 1996 and September 1998 (Table 1). The mnean
age was 50.8 years (range 34.8 to 68.6 years). There were
11 males and 2 females. Pretreatment Karnofsky scores
ranged from 60 to 90. All patients had primary central
niervous system neoplasms. Tumor histologies were nine

glioblastoma multiformes (GAM). ane gliosarcoma. and
three anaplastic astrocytomas (AA). The mean intervals
between initial diagnosls and adenoviral treatment for
patients with a GBM or GS were 15.5 (=$D 11.6) and 14,9
months, respectively; fur patients with an AA the mean
interval between initlal dlagnosis and Adv.RSVtk treat-
ment was 74.9 (x3D 61.5) months.

All patienits had undergone previaus tumor resectlon
and had recelved conventional external beam radiation
therapy. Eleven of the 13 patients had received chemo-
therapy. and 2 patients had received additional chemo-
therapy after tumor recurrence. Three padents had re-
ceived conformal radiation boosts. with 2 of the 3
receiving the boost after tumor recurrence. Eight patients
had undergone reoperation for tumar debulking.

Tumor characteristics on imaging were typical of ad-
vanced recurrent gllomas, with complex configurations,
cystic areas, and brain invasion. Quantitative descriptions
are difficult in this setting. but the cross-sectional diame-
ter was greater than 3 cm in the majority of patients.

Clinical Course during Treatment

‘Table 2 summarizes the clinical courses of all patients
encalled. The sequence of dose escalation was as follows:
2 patients each received 2 X 10° and 2 X 10'° VP; 3
patlents received 2 x 10'! VP: and 2 patients received 2 X
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TABLE 2
Gene Therapy and Outcome

Cog Post-OX survival Post-GT survival
FT VP {2 weexs) GT Tox Postoperative adverse events (days 1-14) (manths) {months)
1T 2x%x10° — N Perigperative facal seizures, small intratumoral hemorrhage 47.6 284
2 2x10° l N Seght rash 78.2 35
1 2x10% — N 1.3 40
4 2x10% — N 162.6 259
gt 2x1Q" l N (ncreased left hemiparesis, thrombacytopenia 16.9 1.1
g 2x1g" — N Seizure day 6 40.0** 29.2*
7 Zx1g" t N Ttwombocytopenia 215 93
8 2x1Q% PR Y Lethargy, canfusior, mlld hyponatremis. fever, 16.9 20
leukocytasis, intratumoral hemorrhage day 6
g~ 2x10" Ly ¥ Adr in ventricle, lethargy, confusian, fever. hyponatremia, 10.1 26
beukocytasis, increased CSF protein, hydrocephalus
10 2x1Q" N 16.2 55
11 2 x1o" N increased right hemiparesis, iethargy 45.7 1.1
12 Z2x10" - N Thombocylopenia. increased liver encymes 143 20
12 2x1g" - N increased right hemiparesis, hyponatremia 209 T4
M 384 * 421 MS2+108
{median 20.9) (median 4.0)

Nate Abbreviations used: Cog, change n cognition from baseline at 2 weeks after Adv.RSVik injection; DX, diagnasis; GT, gene therapy:
M. mean: N. na: Tax, taxicity: VP. vector particles (20:1 VP:IU ratio): Y, yes; 1. slightly better: —, same; }. slightly warse: || . worse:
A, eampleted 4 of 28 GCV treatments; T, received 25 of 28 GCV treatments; *, unable to undergo formal testing due to neurological decling;

**, patiertt is alive at time of publicatian.

10'2 VP. After evidence of toxicity at 2 X 10'2 VP, the 4
subsequent patients were treated with 2 X 10'! VP. Eleven
of the patients completed the full 2-week course of treat-
ment with GCV. Patient 9 received 4 of the 28 GCV doses,
Patient 3 received 25 of the 28 GCV dases.

No patient who received 2 X [0% VP (N = 2) or 2 x 10'°
VP (N = 2) experienced any significant treatment-related
toxicity other than brief perioperative focal seizures in
patient | who had a known seizure disorder at the time of
enrollment. This patient also developed a small intratu-
maral hemorrhage that resolved without treatment. Pa-
tient Z developed a slight tash that may have been caused
by the GCV. The rash resolved without treatment and
without Interruption of the CCV treatment.

In the 2 X 10'" VP group (N = 7). three patients (pa-
tients 5, 11, and 13) experlenced a mild increase in pre-
existing hemiparesis during GCV treatment. Patient 13
also developed transient hyponatremia (131 meg/liter on
day 7 after vector injection), This patient had required Na
tablets for hyponatremia prior to gene therapy. Patient 12
developed thrombocytapenia (platelet count = 132,000/
mm* an day 13), and the plateler counts of two patients
(patlents 5§ and 7) with low bhaseline platelet counts
(132,000 and 144,000/mm?3, respectively) declined during
GCV treatment (101.000/mm” on day 11 and 78.000/
mm? an day 12, respectively). Platelet counts returned to
baseline following GCV treatment: platelet transfusion
was not required.

Three (patients 5, 11, and 12) of the seven patients who
received 2 X 10*! VP had rapidly deteriorating clinical
caurses (patlent 5 withdrew from the study near the com-

pletion ot GCV treatment) and died within 2 months of
gene therapy. There was no evidence of treatment-related
tuxicity in these three patients. Patlents § and 11 had
evidence af rapld tumor progression that continued dur-
ing treatment, Patient 12 developed pneumonla 5 weeks
after injection, followed by disseminated jntravascular
coagulation (DIC), adult respiratory distress synarome
(ARDS), sepsis. and multiorgan failure. She died 2 months
after vector injection: postmartem examination revealed
marantic endocarditis,

Both patients treated with 2 x 102 VP of the Adv.RSVtk
vector demonstrated clinically significant toxicity during
the treatment period. The first patlent (patient 8) had
been treated for a left frontal gliosarcoma that had re-
curred in the right frantal lobe after two previaus resec-
tions. Twenty-lour hwurs after injection of the vectar into
the right frontal tumor mass, the patient exhibited con-
fusion end lethargy. He improved and GCV was started
an day 2. Six days after vectur lnjectiun, the patient had a
generalized seizure, and a CT scan demonstrated a right
fronta] hematoma. The paticnt tmpraved after the postic-
tal period, but did not return to his neurological baseline.
He had hyponatremia (Na = 129 meq/liter on day 12),
leukocytosis, and low-grade fever (38.7°C on day L1). He
improved, completed GGV treatment, and was discharged
from the hospital. He remained stable after discharge un-
til 6 weeks after vector injection when he presented with
status epilepticus. He did not regain consciousness. A CT
scan demonstrated severe bifrontal edema suggestive ol
turnor progression, The patient’s family asked that care be
withdrawn, He died 2 months after vector injection. Post-
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mortem examination of the brain showed cavitation In
the nght frontal lobe along the injection tract, surcound-
ing ederna, and mass effect. Gross residual tumar was seen
in both frontal lobes. The residual right frontal tumor was
heavily infiltrated with lymphocytes, and foci of coapgu-
lative necrosis were present. Scattered perivascular lym-
phocytes were seen In cthe white matter of the injected
hemisphere and in the pons, and there was also patchy
denudation of the ependyma on the Injected side. No
demyelination or macrophage infiltration was seen in
associatian with the perivascular lymphacytes. There was
no evidence of brain hemlation.

The secand patient (patient 9) who was treated with 2 X
10'? VP had a recurrent right temparal GBM, He cam-
plained of a severe headache in the immediate postinjec-
tion period. and a CT scan demonstrated air within the
ventricular system. caising the possibility of vector entry
inta the cerebrospinal fluid. Twelve hours after the injec-
tiun the patient became vbitunded, was unable to folluw
commands, and developed a fever of 38.9°C. He subse-
quently recovered rapidly to his neurological baseline,
and GCV treatment was initiated. Three days postinjec-
tion the paticnt developed hyponatremia (Na = 126 meq/
liter) and obtundation. Ganciclovir treatment was
stopped. He Initially impraved sfter camrection of the
hyponatremia, but later deteriorated. A CT scan demaen-
strated hydrocephalus, and a ventriculoperitoneal shunt
was placed an day 14. CSF protein was found to be mark-
edly elevated (624 mg/dl). The patient subsequenty grad-
ually improved until tumor progressian supervened. The
patient died 2.6 manths after vector tnjection. An autopsy
was not performed.

QOne patient (patient 6) with a GBM is alive 29.2 manths
after vector injection, She is clinically stable and her left
frontal tumor has changed little over the 2-year period
{Fig. 1). Two other patients. one with a GBM (patient 1)
and orie with an AA (patient 4), survived for 28.4 and 25.9
months. respectively. A transient reduction in tumor di-
mensions was gbserved in patient 4, and both patiencs
had a posttreatment intecval of reduced steroid requice-
ments. Survlval times to date range from 1 to 29.2 months
{median 4.0, mean 9.4 * 5D 10.8 months) (Fig. 2).

Neurapathologic cxamination of six brains from pa-
tients who received 2 x 10" VP (patients 3 and 4), 2 x
10'' VP (patients 7. 10.and 12), or 2 X 10*2 VP (patient 8)
disclosed recurrent viable malignant glioma in all specl-
mens. Minimal to moderate intratumoral inflammation
and foci af coagulative necrasts were abserved in all spec-
imens. As noted earlier, minimal extratumoral inflamma-
tion was seen In the brain of patient 8. wha received the
tighest vector dose, Patient 7, who received 2 % 10'' VP,
underwent tumor debulking at 2 months and died 9
monttn after vector injection. Neurgpathwlogic exarmina-
tion of the resected tumaor at 2 manths showed heavy
macrophage and lymphocyte infiltration and areas of co-
agulative neccosis withln the GBM. No inflammation was
observed In more viable areas of the tumor. At autopsy.
considerable coagulative necrosis was found in the recur-
rent tumor but minimal |ntratumoral intlammation. No

inflammation was seen in the brain yutside of the tumaor
bed. Detailed neuropathalogic studies will be reparted
separately,

No adenavirus was detected by plaque assay in any af
the serum, urine, or nasal swab samples gbtatned after
vector injection or in any of the urine samples examnined
by PCR.

Posttreatment elevations in adenovira! antibody titers,
rclative to pretreatment levels, were detected in 10 of the
12 patients studled (Fig. 3A). [n 3 patients with extended
survival whase antibody titers were followed for more
than 100 days after vector injection (Fig. 3B), 2 patients
(patients 4 and 6) maintained significantly elevated titer
Jevels. The chird patient (patient 1) had titer levels around
baseline throughout his treatment

Neurapsychological testing was pecformed shortly be-
fore vector injection in all patients, at 2 weeks (at the
completion of GCV treatment) (n 11 of the L3 patients
(testing could not be perforined fur patients 8 and 9), and
at ¢ months pfter vectar injection in 6 of the 9 patients
allve at 2 months. Because of significant differences in the
patients’ cognitive abilities and because of the deteriorat-
ing cllnical course of maost of the patients, meaningful
neuropsychological data for the group as a whole could
not be abtained. Comparison of each patient's perfor-
mance before and at the end of GCV treatment (Table 2)
identified no ohvigus treatment-associated effect on neu-
ropsychological performance,

DiscussioN

Genetic approaches tg treating neoplasia have included
the transduction of tumor cclls with gencs or gene prod-
ucts chat activate cytotoxic prodrugs (27), upregulation of
tumor suppressor genes such as p53 (28, 29), stimulation
of immune responsce (30-32). and enhancement of cellu-
lar resporise (o other therapies such as radiatian (33, 34).

A number of viral and nonviral vectors are available tor
gerie delivery, Experimental brain tumors have been suc-
cessfully treated wath retroviral (35-39) and adenaviral (€.
10-12, 28) vectors, and clinical trials using these ap-
proaches to treat malignant brain tumors have been and
are being conducted (40-45). Adcnoviral vectors are at-
tractive for use in gene therapy because of thelr efficiency
in transducing many cell types, ease of high titer produc-
tion, eplsomal genome location, and ability to transduce
nondividing cells.

Qur Phase [ trial examined the safety of the injection of
Adv.RSVtk into a single Intratumorcal site, followed by
intravenous GCV, in patients with advanced malignant
brain tumors. Pre- or posttreatinent (umor resection was
not included as a part of this protocol although two
patients underwent postinjectiun tumnoc debulking be-
cause of tumor grawth. Multiple or repeat vectar injec-
tions were not carried out. The trial was designed in this
manner for the following reasons: (i) the simple design
offered the best opportunity to cstablish the safe/taxic
dose levels, (ii) any treatment effect would not be cor-
founded with other treatments, and (iii) the design com:
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FIG. 1. Forty-two-year-oki fermale (patient 6) with a
recurrent left frontal glioblastoma multiforme who
received 2 x 10" VP (1 x 10" 1) of the Adv. RSVik
vector, followed by intravenous GCV. (A)
Pretreatment (1 day before injection of Adv RSVIk)
(B) Two months after vector injection. (C) One year
after vector injection. (D) Two years and 2 months
after vector injection
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plemented anather Phase | trial of patients with advanced
brain tumors in which resection and multiple adenoviral
vector injections were being used (44)

We conclude that the form of gene therapy used in our
Phase 1 trial is safe when the vector dose does not exceed
2 x 10" VP (1 X 10" 1U). There was significant toxicity
in patients 8 and 9 who were treated with 2 x 10'# VP,
Factors that may have potentiated toxicity in these two
patients include older age (age 65), bilateral tumor and
hemorrhage in patient 8, and possible intraventricular
injection in patient 9.

Toxicity of ‘the nature we observed was not seen in
another Phase I brain tumor protocol using an adenoviral
vector_which is being carried out at_the University of
Pennsylvania (personal communication, Stephen L. Eck,
University. of Pennsylvania Medical Center, October
1999). In that trial, patients received two intratumoral
injections, 1 week apart. using an adenoviral vector dose
of 1 x 10" pfu. Whether the differences in toxicity ob-
served reflect dissimilarities between the vectors. the
doses administered. the patients. or the protocols is cur-
rently not known. Although the highest dose we used
[2X 10'2 VP (1 X 10"! IU as determined by CPE)] appears
similar to that used in the University of Pennsylvania
study, comparison of vector doses used in different stud-
ies is difficult. Nyberg-Hoffman and associates have dem-
onstrated that the various assays and methodologies used
to titer adenoviral vectors can produce markedly different
estimates of the number of infectious units in a vector
sample (25). In addition, toxicity following injection of
an adenoviral vector may relate not only to the infectious
dose employed, but also to the physical number of vector
particles injected. Standardization of the methods used to
determine adenoviral titers is needed in order to compare
vector doses and to better assess toxicity.

The toxicity associated with adenoviral vectors appears
to be the result of a multifactorial cellular and humoral
immune response, which may also play an important role
in the destruction of malignant neoplasms. In our Phase I

FIG. 1—Continued

study. neuropathological examination of tumor after vec-
tor injection demonstrated marked intratumoral infiltra
tion with inflammatory cells, suggesting that recruitment
of an antitumor response of the immune system may play
a role in killing tumor cells. Dewey and associates have
recently reported long-term inflammation in normal
brain in a rat tumor model in which the rats were injected
intratumorally with an adenoviral vector (46). We did not
observe such severe or widespread inflammatory changes
in normal brain tissue in any of the specimens examined.

Three patients in our study, 2 with a GBM (patients 1
and 6) and 1 with an AA (patient 4), survived >25
months, considerably beyond the expected survival for
patients with recurrent malignant gliomas. A recent sur-
vival study followed a group of 130 patients with glioblas-
toma multiforme, some of whom underwent chemother-
apy (74%) or stereotactic radiation (79) but not resection,
following tumor recurrence (3). These patients had, upon
initial diagnosis, undergone resection of the tumor and
had received external beam radiation therapy, usually
with concomitant chemotherapy. The median survival

1009 = N =13
0.75
0.50 -
1 patient alive at 29.2 mo
after gene therapy
0.25 l
0.004 J
1 4 T T ! T g "~ e e |
0 5 10 15 20 25 30

Survival in months

FIG. 2. Patient survival
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FIG. 3. Agenovirus antibody titers relative to levels immediately before gene
therapy (day 0). (A) Titers for 12 patients over the first 2 months after
Adv RSVik injection. (B) Titers for 6 patients with extanded survival after
Adv RSVIK injection.

time after tumor recurrence for these 130 patients was 23
weeks (5.75 months). None of our 3 patients received any
other treatment following Adv.RSVtk injection and GCV
for their tumor. Each had one or more favorable prognos-
tic factors for longer survival: younger age, AA in 1, and
longer pretreatment survival in 2. One patient (patient 6)
with a GBM is currently living with minimal tumor pro-
gression at 29.2 months after treatment (Fig. 1). Her age at
treatment, 41.8 years, is comparatively young. Four years
earlier she had been diagnosed with an oligodendrogli-
oma in the same location and had undergone resection
and radiotherapy. Subsequent to the diagnosis of GBM,
she underwent anather resection. chemotherapy, and fo-
cused radiation therapy but tumor progression continued.
She underwent vector injection 9.8 months after diagno-
sis of GBM. The relative contribution of favorable prog-
nostic factors and of Adv.RSVtk + CCV treatment cannot
be determined in this case.

Current development of gene therapy for malignant
brain tumors is being addressed in a number of areas:
improving vector efficiency and minimizing immuno-
logic response to the vector (47. 48), exploration of vector
constructs utilizing different deletions as well as different
promoters, and improvements in the construct or deliv-
ery of GCV or similar prodrugs that may extend the by-
stander effect and reduce GCV-mediated toxicity (14, 15,
49). In addition, the optimal delivery technique must be
determined in order to more uniformly distribute the
vector throughout the tumor. Possibilities include multi-
ple stereotactic injections, injection of postresection tu-
mor margins, and vector delivery in conjunction with
blood-brain barrier disruption. Several centers have re-
cently developed models that improve vector delivery to
brain tumors by selectively modifying the blood-brain
barrier (50, 51).

Finally, the best results may be obtained when this
treatment is combined with other modalities such as ra-
diation therapy. chemotherapy. and other gene therapy
approaches. Improved tumor killing has been observed in
several cancer models by combining HSV-tk/CCV treat-
ment with radiotherapy (52. 53).
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