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1. Yo, Luz Clemencia DE PAEZ, en mi condicién de apoderada de la sociedad solicitante de la
patente de la referencia, de conformidad-con la sustitucién de poder otorgada a mi por el doctor
Emilioc FERRERO, me refiero al oficio No. 5891 notificado por fijacion en fista del 01 de abril de
2011.

2. Mediante oficio No. 5891 se puso en conocimiento del solicitante el informe que contiene las
observaciones hechas por su Despacho sobre la presente solicitud de patente. Las
observaciones realizadas en el oficio son las siguientes:

2.1 Reivindicaciones

Menciona el Examinador que la reivindicacion 1 no es concisa por cuanto incluye
términos como “enantiémeros”, “sal”, “hidratos” o “solvatos” y los cuales no son especificados
en el pliego reivindicatorio. Se sugiere definir con exactitud los compuestos a los cuales se
refieren.

De otro lado, se ha objetado la materia de las reivindicaciones 24 a 27 por cuanto se
relaciona con usos.,
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2.2 Nivel inventivo

Considera el Examinador que el documento D1: US2003016275 afecta el nivel inventivo
de la presente solicitud.

De acuerdo con los argumentos expuestos, la persona medianamente versada en la
materia llegaria de manera obvia a la presente invencién modificando el compuesto conocido

en D1 para obtener compuestos con actividad sobre Ia enzima PDE-4.

3. Respuesta a las objeciones

Con el objeto de atender las objeciones arriba mencionadas, se desea poner de
presente las siguientes modificaciones, aclaraciones y argumentos:

3.1 Modificacién de una solicitud en tramite

De acuerdo con el articulo 34 de la Decision 486 de la Comisién de la Comunidad
Andina, donde se establece que 1a modificacion de una solicitud es posible en cualquier
momento del trdmite mientras no implique una ampliacion de la solicitud inicial, me permito
presentar un nuevo pliego reivindicatorio conformado por 23 reivindicaciones.

Asi, siguiendo fas amables sugerencias del Examinador, se ha eliminado de las
reivindicaciones 1 a 18 la frase “asi como sus sales, diastereémeros, enantiomeros, racematos,
hidratos 0 solvatos farmacolégicamente tolerables” y en su lugar, se ha incluido el siguiente
parrafo:

“asi como sus sales de adicién de acidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosforico, acido clorhidrico, acido sulfurico, acido tartarico y acido citrico™.

Esta modificacion esta soportada en la descripcion, pagina 45, lineas 14 a 22.

De ofro lado y con el animo de definir mejor los intermediarios de las reivindicaciones
19 y 20, se ha procedido a incluir las férmulas de éstos en dichas reivindicaciones.

Finalmente, se han eliminado las reivindicaciones relacionadas con usos.
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Estas modificaciones permiten entonces presentar un pliego mas claro y conciso y de
conformidad con las disposiciones de la Decision 486. Adicionalmente, este pliego

reivindicatorio permite superar las objeciones comunicadas por el Examinador.

3.2 Argumentos a favor del nivel inventivo de la solicitud

De acuerdo con el articulo 18 de la Decisidn 486:

Articulo 18.- Se considerard que una invencién tiene nive! inventivo, si para una
persona del oficio normalmente versada en la materia técnica correspondiente, esa
invencién no hubiese resultado obvia ni se hubiese derivado de manera evidente del
estado de la técnica.

Siguiendo las directrices de la Decision 486 y, especificamente del articulo 18, se
considera que una invencién es inventiva cuando no resulta evidente a la vista de las
ensefianzas de la técnica anterior, para una persona medianamente versada en ta materia.

De acuerdo con el Tribunal de Justicia de la Comunidad Andina: “Lo obvio es aquello
que salta a la vista de_manera clara y directa; lo que se encuentra o pone delante de los ojos,
muy claro o que no tiene dificultad. Lo evidente consiste en la cerleza clara y manifiesta de la
que no se puede dudar; cierto, claro, patente y sin la menor duda (véase proceso 13-1P-2010).

Por consiguiente, para que una anterioridad pueda afectar el nivel inventivo de una
solicitud de patente, debe comprender ensefianzas claras y directas (obvias) para que la
persona medianamente versada en la materia pueda considerarlas y aplicarias para un fin
determinado.

Lo anterior es corroborado por el Tribunal de Justicia de ia Comunidad Andina cuando
establece: “En este orden de ideas, se puede concluir gue una invencion goza de nivel inventivo
cuando a los ojos de un experto medio en el asunto de que se trate, se necesita algo mas que
la simple aplicacion de los conocimientos técnicos en la materia para llegar a ella, es decir, que
de conformidad con el estado de !a técnica el invento ng es consecuencia clara y directa de
dicho estado” (véase proceso 13-1P-2010) .

Para el presente caso, el Examinador ha citado el documento D1 afirmando que afecta
el nivel inventivo de la presente solicitud.

Sin embargo, respetuosamente nos apartamos de la opinién del Examinador, por lo
que consideramos que la presente solicitud no resulta en ningln caso obvia a la luz del
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documento D1 y que ademas, los compuestos reivindicados ofrecen un efecto técnico superior
inesperado sobre el arte previo, tal como se detalla a continuacion:

En primer lugar deseamos llamar la atencién del Examinador sobre el hecho de que el
documento D1 fue incorrectamente citado, por lo que no corresponde al No. de solicitud
US2003016275 sino al No. US2003016295. Los argumentos aqui presentados hacen entonces
referencia a dicho Gitimo documento.

Ahora bien, los compuestos de la presente solicitud y los compuestos del documento
D1 difieren en la ausencia de un sustituyente piperazino en la cuarta posiciéon {entre los dos
atomos de nitrégeno de la tienopirimidina) y la ausencia del doble enlace en la posicién-6,7 de
la dihidrotienopirimidina. Por el contrario, los compuestos de D1 son tienopirimidinas con un
enlace doble en la posicion-8,7.

De ofro lado, se presenta junto con este memorial una prueba comparativa que
demuestra que la ausencia del enlace doble en la posicion-6,7 de las dihidrotienopirimidinas de
la presente solicitud resultan en valores |IC50 menores en un factor entre 5 y 20, comparados
con los compuestos especificamente reivindicados. Consecuentemente, las 6,7-
dihidrotiencpirimidinas (que no comprenden el enlace doble en la posicién-6,7) tal como se
reivindican en la presente solicitud muestran un valor IC50 menor comparado con el valor
obtenido para las tienopirimidinas que comprenden dicho enlace doble en la posicion-6,7.
Consecuentemente, los compuestos de conformidad con la presenie invencidén muestran un
potencial mayor para inhibir la enzima PDE-4 {ver comparaciones de dihidrotienopirimidinas de
la presente solicitud y sus respectivas tienopirimidinas que incluyen la determinacién de los
valores IC50 respectivos).

Adicionalmente, se adjuntan cinco documentos del estado de la técnica que
demuestran que los inhibidores de PDE-4 efectivos son (tiles para la terapia de enfermedades
respiratorias (tales como COPD y asma), cancer (por ejemplo de colon), enfermedades
gastrointestinales (tal como la enfermedad de Crohn y colitis uicerativa} y enfermedades neuro-
degenerativas (tal como esclerosis multiple, Alzheimer y de cognicion).

Tres de los documentos del arte previo muestran claramente que las 6,7-
tienopirimidinas de la presente invencion (las cuales resultan mas efectivas como inhibidores de
PDE-4 comparado con las tienopirimidinas del documento D1), son particularmente apropiadas
para tratar todas las enfermedades mencionadas en la presente solicitud.
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Consecuentemente, dado que el documento D1 no sugiere las diferencias técnicas
que caracterizan los compuestos de la presente solicitud y mucho menos sugiere que dichas
diferencias técnicas generan un efecto técnico superior sobre los documentos del arte previo,
se considera que la presente invencion resuita inventiva sobre el documento D1.

Por lo tanto, la objecion formulada a este respecio se ve superada.

5. Puesto que se han atendido a cabalidad las observaciones hechas por su Despacho sabre la
presente solicitud de patente, atentamente solicito que se continte su tramitacion.

6. ANEXOS

» Nuevo pliego reivindicatorio conformado por 23 reivindicaciones

+ Formulario de medificaciones en solicitud pendiente

» Recibo por concepto de presentacion de 13 reivindicaciones adicionales a la décima por
valor de $351.000 '

» Copia auténtica la sustitucion del poder otorgado por el Doctor EMILIO FERREROQ, a mi
favor, para lo cual solicito me sea reconocida personeria y asi continuar con el tramite
de este asunto en favor de la sociedad solicitante

¢ Anexo 1: Prueba comparativa

e Anexo 2. Banner K. et al. PDE4 INHIBITION: A NOVEL APPROACH FOR THE
TREATMENT OF INFLAMMATORY BOWEL DISEASE

e Anexo 3: Huang Z. et al. THE NEXT GENERATION OF PDE4 INHIBITORS

¢« Anexo 4: Murata K. et al. CYCLIC AMP SPECIFIC PHOSPHODIESTERASE ACTIVITY
AND COLON CANCER CELL MOTILITY

¢ Anexo 5: Spina D. THE POTENTIAL OF PDE4 INHIBITORS IN ASTHMA OR COPD

e Anexo 6: Vignola A. PDE4 INHIBITORS IN COPD-A MORE SELECTIVE APPROACH
TO TREATMENT

Senor Director,

Li0 Clonnsna.s Sob&ea
LUZ CLEMENCIA DE PAEZ
C.C. 35.456.344 de Usaquén

T.P.A. No. 23.555

.COLO-09255-841-085-5
oA JMS\IMSHID-195324\WPCL9255
No. M-2011-195324\UMS
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Ill dustria y COITI ercio Espacio reservado para el adhesivo de radicacion
SUPERINTENDENCIA

FORMULARIO UNICO DE CORRECCIONES Y MODIFICACIONES

O SOLICITUD DE:

9

D Correccion de Error Material IZI Modificacion a una solicitud
Nombre: BOEHRINGER INGELHEIM
INTERNATIONAL GMBH
| Sociedad constituida y existente bajo las leyes de
SOLICITANTE  |Afemania. IDENTIFICACION
Direccién: Binger Strasse 173,
55216 Ingelhaim am Rhein, cc. O NT [
Alemania C.E. 0 Otro O
Demicilio: Ingelheim am Rhein, Numero:
Alemania
Teléfono: 546 09 70 Fax: 2494070
E-mail: clientes@cavelier.com
Nombre: LUZ CLEMENCIA DE PAEZ IDENTIFICACION
Direccion: - Carrera 42, No. 72-35
REPRESENTANTE | Teléfono: 347 36 11 C.c NIT L]
O APODERADO  |Fax: 2118650 C.E. ] Otro I
E-mail: clientes@cavelier.com Cual
Domicilio: - Bogotd, Colombia, Nimero  35.456.344 T.P.23.555

Namero de expediente: 07.109.913

@ Descripcion de la correccion o modificacién solicitada:

Presento nuevo capitulo reivindicatorio compuesto por 23 reivindicaciones con el fin de superar las

objeciones hechas por Su Despacho a la presente solicitud de patente y pido respetuosamente que

el examen de patentabilidad sea realizado sobre estas nuevas reivindicaciones presentadas.

Comprobante de pago No. 11-61493 Fecha: 24 de junio de 2011
Comprobante de pago No. 11-61494 Fecha: 24 de junio de 2011

Comprobante de pago No. 11-61495 Fecha: 24 de junio de 2011
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Comprobante de pago de la tasa por $118.000, por r_:oncepto de modificaciones.

[xi L

Comprobante de pago por 13 reivindicaciones adicionales después de la décima
reivindicacion por $351.000.00.

Poderes, si fuere el caso

[x] L]

Copia auténtica de la sustitucién que del poder otorgado por la Sociedad Solicitante hizo el

Doctor EMILIO FERRERO a mi favor, para lo cual solicito me sea reconocida personeria y
asi continuar con el tramite de la presente solicitud en favor del Solicitante.

] ’ T~
NOMBRE: LUZ CLEMENCIA DE PAEZ FIRMA; téf,,,z (féﬂ"tﬁmfa é&oé‘zﬁgg
C.C. 35.456.344 de Usaquén T.P.A. 23.555

JMS
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Sefiores
SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
E. s. D.

Poderdante : BOEHRINGER INGELHEIM INTERNATIONAL GMBH

Poder conferido el : 12/12/1995

Yo, EMILIO FERRERO, cbrando comc apoderado principal del
poderdante arriba mencionado, medianté el ©presente éscrito
sustituyo el poder a mi otorgado a la doctora LUZ CLEMENCIA DE
PAEZ, identificada con cédula de ciudadania No. 35.456.344 vy
Tarjeta Profesional N°23.555, con todas las facultades gque me

fueron conferidas.

Hago la anterior sustitucidn conforme al articulo 66 del

Cédigo de Procedimiento Civil.

Seficra Jefe,
"o,

+

. H - — .

EMILIO  FERRERO

&»

*

T.P.A. N°.31.923
C.C. N° 438.019 de Usaquén

Acepto:

Loz Urs,e,o Jdib2

LUZ CLEMENCIA DE PAEZ

T.P.A. N° 23.555

C.C. No. 35.456.344 de Usaguén

NIT 860.041.367-3
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REIVINDICACIONES

1. Compuestos de la formula 1,

en los que

X 0, 8, SO 0 SO,

R' H, alquilo C44-, alquenilo C,, alquinilo C,g, arilo Cg.qo © aril Cq.qg-alquileno Cyg,

heteroarilo Cs.4g-alquileno Cyg;

R? H o un radical eventualmente mono- o polisustituido seleccionadoc del grupo
compuesto por alquilo C44, alquenilo C,g, alquinilo C,e, un cicloalquilo Cj.49 mono-
o0 biciclico eventualmente puenteado una o varias veces, arilo Cg.4p, Un anillo Cz.4o
heterociclico aromatico o no aromatico, un anillo biciclico y un arilo Cgqo
condensado con un heterociclo Cs.qg;

o} NR'R? significan juntos un anillo heterociclico que esta eventuaimente sustituido
con uno o varios radicales seleccionados de alquilo Cy.4, alquenito C,s, alquinilo
C..s, alcanol Cyglineal o ramificado y oxo;

R? un radical mono- o polisustituido seleccionado del grupo compuesto por un anillo
Ce1o heterociclico, cicloalquilo C,z, aril Cgqo-alquileno Cig, heteroaril
Cs.0-alquileno Cig, un anillo biciclico condensado que eventualmente puede
contener 1-4 heteroatomos seleccionados, de modo independiente entre si, de N,
0, S,

o R? significa fenilo eventualmente sustituido;

0 R?significa un grupo COR®’, COCH;R*®, CONHR*® 0 SO,R**;
en donde
R*"  H, alquilo Cys, alquenilo C,., alquinilo C,5 0 arilo Cgqg;

R*®  alquilo C.4 alquenilo Cus, alquinilo C,s, cicloalquilo Cs; o un radical
seleccionado del grupo compuesto por arilo Cgqg, un anillo Csiqg
heterociclico y un anillo biciclico que eventualmente esta sustituido con uno
o varios radicales seleccionados del grupo compuesto por alquilo Cig,
alquenilo G, alquinilo Cae, haldégeno, NR**'R*#2 arilo Cg.qp y un anillo
Ca.1p heterociclico;

en donde
R H, alquilo Cy.4, alquenilo C,¢ 0 alquinilo Cyg;

R*®2  H, alquilo C1, alquenilo Cy 0 alquinilo Cog;

R*  H, alquilo Cy4, alquenilo Cs., alquinilo Cp4 U 0x0;

R®  H, alquilo Cy4, alquenilo Cz.4 o alquinilo Cou;



RB
R?
RB

H, alquilo C44, alquenito C,4 0 alquinilo Coy;
H, alquilo C14, alquenilo C,.4, alquinilo C,4, arilo Cg.19 u OH;

H, alquilo C14, alquenilo C,.4, alquinilo Co, arilo Ce.qg u OH;

o R y R® forman juntos oxo;

asi como sus sales de adicidn de acidos farmacologicamente tolerables con un acido

organico o inorganico seleccionado del grupo que consiste de acido succinico, acido

bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, &cido fosfdrico, acido clerhidrico, acido sulfdrico, acido tartarico y acido citrico.

2. Compuestos de la formula 1, de acuerdo con la reivindicacion 1, en donde

significan

X
R1
RZ

0O, §, SO 0 SOy,

H, alquilo C,.g, arilo Cg.10, aril Ce.1g-alquileno Cy.¢, heteroaril Cs 4-alquileno Cy,

H o alquilo Cis que puede estar sustituido eventualmente con uno o varios

radicales seleccionados del grupo compuesto por haloalquilo Cis CN, OR?!,

NR?*'R?2, COOR?', CONR2'R?*?, cicloalquilo C,; eventualmente sustituido con

alquilo Ci4 o con oxo, heterociclo aromatico o0 no aromatico eventualmente

sustituido con alquilo C44, con oxo, con OH o con halégeno, arilo Cs.qe

eventualmente sustituido con alquilo Cy.4 0 con oxo y arilo Cg.19 cOndensado con un

heterociclo Csg, en donde este sistema de anillos condensado puede estar

sustituido eventualmente con alguilo C44 © con oxo,

en donde

R*'  H o alquilo Cy; que eventualmente esta sustituido con un cicloalquilo Cs.7,
heterociclo Cj.14 0 arilo Cg.1g eventualmente sustituidos,

R**  Ho alquilo Cig;

R? un radical seleccionado de cicloalquilo Cs eventualmente puenteado una o

varias veces o un cicloalquilo Cs.qp que eventualmente puede estar condensado

con un anillo arilo Cg.44 que eventualmente puede estar sustituide con uno o varios

radicales seleccionados del grupo compuesto por alquilo Cis, OH, CH,ORZ?3,

COOR?®, COR?*}, CONR*R?** 0O-alquilo Cis O-aralquilo Cr.s. NR¥R** y

NHCOR?®,

en donde

R** H o un heterociclc o un alquilo Cis, que eventualmente puede estar
sustituido con un radica! seleccionado de cicloalquilo Cs;, heterociclo Cj.qg
y arilo Cg4g, €n donde este radical puede estar eventualmente sustituido
con uno o varios radicales del grupo alquilo Cy, haldgeno, OH y O-alquilo
Cisi
en donde

R*  Hoalquilo Cis;



R*®*  un radical seleccionado del grupo compuesto por cicloalquilo Cs7, un anillo

Cs.10 heterociclico y alquilo C5, que puede estar eventualmente sustituido

con OH;
R? es un grupo de la formula 1a,
*/Y
1a
Y es alquileno C.¢, eventualmente sustituido con uno o dos R’

en donde R*’estan seleccionados, de modo independiente entre si, de aiquilo
Cis, COOH, CONH, OR*' y COOR?*"; o R*7 forma junto con uno o dos
atomos de carbono de Y un anillo carbociclico con 3 atomos de carbono,
R? arilo Cg.1o, que puede estar eventualmente sustituido con uno o varios radicales
seleccionados, de modo independiente entre si, del grupo compuesto por alquilo
C1.6, haloalquilo Cy, alquenilo C,¢, alquinilo C,5, CN, halégeno, OR*®, COOR??,
COR*™ , NHCOMe, CONR?*R?*,un radical alquileno C14 sustituido con NR*'R*?
NR2.1R2.2 ’
R? airlo Cg 10, que eventualmente puede estar sustituido con uno o varios radicales
seleccionados, de modo independiente entre si, del grupo compuesto por aril Cg.1o-
alquileno Cig, heteroaril Cs.qg-alquileno Cqg, cicloalquilo Cs7, un cicloalquil Ci4-
alquileno Cy4, ariio Cgqg ¥ un anillo Cy4 heterociclico, en donde estos radicales
pueden estar eventualmente sustitutidos ¢con uno o varios radicales seleccionados
de alquilo C1, haloalquilo C1s, COOR?®, CN, haldgeno, OR?*®, NHCOR?®, oxo, un
heterociclo Ca.49, un cicloalquil C47-alquiieno Cy4, un heterociclo Cs.qg-alquileno C4
y un NR*'R?? -alquileno C ,
en donde
R?®  H, alquilo Cy., arilo Cse, un radical NR>'R%%-alquileno Ci.4;
R*'®  NHR*'™' o un anillo Ca.q heterociclico que eventualmente puede estar
sustituido con alquilo Cy4;
R*'*' Y cicloalquilo Ca, alquenilo C,s, alquinilo Co, alquilo Cq.g 0 alquil
Ci6-0-alquito Cy4
R? significa alquilo Ce.10, €n €l que estd condensado un heterociclo Cs.1p aromatico
0 no aromatico;
R? significa un anillo Cs.40 heterociclico aromatico o no aromético que puede estar
eventualmente sustituido con uno o varios radicales seleccionados del grupo
compuesto por halégeno, OH, oxo-, CN, alquilo Cig alcanol Cy, aril
Ce.1g-alguileno Cy, heteroaril Cs.qe-alquileno Cis, COR*", cicloalguil Ca.7-alquileno
C1.4 ¥ heterociclo Cs.qg-alquileno Ci4;

en donde



R%'"  un radical seleccionado de! grupo compuesto por heterociclo Cs.(g-alquileno
Ci4, cicloalquilo Ci; y un anillo Caq heterociclico aromatico o no
aromatico,
que eventualmente puede estar sustituido con alquilo Ci5, que a su vez
puede estar eventualmente sustituido con OH, CH;OH, OMe, NH,, un
heterociclo Cs.10 0 NHCOO-'Bu;

R? un radical seleccionado del grupo compuesto por alquenilo Cos 0 un anillo

biciclico que puede estar eventualmente sustituido con metilo;

NR'R? un anillo heterociclico que eventualmente puede estar sustituido con uno o

varios radicales seleccionados del grupo alquilo C4.4, OH y alcanol Cy;

un radical seleccionado del grupo compuesto por un anillo Cs.qq heterociclico, un

cicloalquilo Ca7, un sistema de anillos biciclicos, condensados, aromaticos o no

aromaticos que contiene 1 a 4 heterodtomos seleccionados de S, N, O, aril Cg.40-
alquileno Cy.s, heteroaril Csqp-alquileno Ci5 y CH,-benzo[1, 3]dioxdlilo, que
eventualmente puede estar sustituido con uno o varios radicales seleccionados de

OH, halégeno, alquilo Ci, O-alquilo Cq, haloalquilo Cigy CO-R*',

R? fenilo que eventualmente puede estar sustituido con uno o varios radicales

seleccionados del grupo compuesto por alquilo Cy.g, alquenilo C.s, alquinilo Cog,

haloalquilo Ci., alquilen Cis-NR*'R*? CN, COOR?*', CONR*'R*? NRR3?

NHCOR®', CF; OR®', halégeno, NHCOR>', NO, SO,NR*'R*? ¥ alquilen

C1-6--NHCOR®";

en donde

R*' H, alquilo Cig alquenilo Cog o alguinilo Cag heterociclo Csyp mono- o
biciclico eventualmente puenteado o radical heterociclo Ci.ip-alguileno Cq;

R32 H, alquilo Cyl, algueniio C,.5 0 alquinilo C.;

* O

R*?*  un radical seleccionado de! grupo compuesto por un anillo C,.gheterociclico

R® un grupo de la férmula 1b

1b,

en los que

que puede estar eventualmente sustituido con uno o varios radicales
seleccionados del grupo compuesto por alquilo Cyg, 0xa, COR**!, COR?**2,
alquilen Cig-R**?, CH,CO-pirrolidina y un anillo Cg.qoheterociclico, en
donde un atomo de azufre contenido en el anillo heterociclico puede estar
presente eventualmente como éxido o didxido;

en donde
R*31 alquilo Cyg;
R*?2  NH,, NH(alguilo C1), N(alquilo C1¢)z;

o) R*3 anillo biciclico o anillo espiro heterociclico:



o] R®un grupo de la férmula 1c;
* 0
N-A
R 1c;
en los que
A enlace o alquilo Cy5, que puede estar eventualmente sustituido con oxo o
NMe,.

R**  Hoalquilo Cyg;
R un radical seleccionado del grupo compuesto por
alquilo Cys, que puede estar eventualmente sustituido con uno o varios
radicales seleccionados de cicloalquilo Cs.7, arilo Ce.q¢ y un heterociclo Cs.yg,
en donde este radical puede estar eventualmente sustituido con un radical
seleccionado del grupo OH, oxo, alquile Ci¢, O-alquilo C.4, haloalquilo Cyg,
o un radical seleccionado de un anillo heterociclico Cs.4p ¥ un anillo biciclico
que puede estar eventualmente sustituido con uno o varios radicales
seleccionados, de modo independiente entre si, del grupo compuesto por
oxo, alquilo Cy, OH, arilo Cgio, un anillo Ci4¢ heterociclico, alquilen
Ci5-R*%', O-alquilen Cy5--R**'y NH-alquilen C,.¢-R*3,
R*>"  un radical seleccionado del grupo compuesto por arilo Ce.1o, anillo
Cs.10 hetercciclico que eventualmente puede estar sustituido con
alquilo Cy;
0 R?significa un grupo de la férmula 1d;

" : 0
RB,G
Y
N—D
H

D alquinilo C,.; un radical cicloalquilo Cs.q9 biciclico eventualmente puenteado

en los que

que puede estar eventualmente sustituido con de uno o varios radicales
seleccionados de alquilo Cq.¢, haldgeno, OH, haloalquilo Cy¢ y O-alquilo Cy.,
R3¢ piridinilo;

o R? significa un radical seleccionado del grupo de COR®’, COCH,R*?, CONHR?®,
SO,R*® y un heterociclo condensado con un radical arilo Ce.10 que eventualmente
puede estar sustituido con metilo,

' H
@ N)/_ R8

0

o R*un grupo de la férmula 1e;

1e;

R3>7  H, alquilo Cis, arilo Ce1o;



R*®  radical seleccionado del grupo de alquilo C,s, cicloalquilo Cs7 0 un radical

seleccionado del grupo compuesto por arilo Cg.19, anillo heterociclico Cs.q9 y
un anillo biciclico que eventualmente puede estar sustituido con uno o
varios radicales seleccionados del grupo compuesto por alquilo Cis,
halégeno, NR*®*'R*%2_ arilo Cs.4o y un anillo heterociclico C.1o]
R*®1 H o alquilo Ci.g;
R*%2 Hoalguilo Cig

R* H, alquilo Cy4 U 0x0;

R® H o alquilo Cy:

R®  Hoalquilo Ciu;

R’ H, alquilo Cy, arilo Cg10 u OH:

R®  H, alquilo Cy, arilo Cg.10 U OH;

o R" y R® forman juntos oxo;

asl como sus sales de adicion de 4cidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, &cido fosforico, acido clorhidrico, acido sulfurico, acido tartarico y acido citrico.

3. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 6 2,
en donde significan

X 0, S, SO0 80;;

R! H, metilo, etilo o propilo;

R? H o alquilo Cisque eventualmente puede estar sustituido con uno o varios
radicales seleccionados del grupo compuesto por CF3, CN, OH, NMe;, OMe,
COOH y CONMe;,,

o R? alquilo Cy5, que eventualmente puede estar sustituido con uno o varios radicales

seleccionados de ciclopropilo, ciclopentilo, ciclohexilo, fenilo, pirrolidinilo,

imidazolidinilo, pirazolilo, imidazolilo y piridinilo, que eventualmente puede estar
sustituido con metilo u oxo;

o R? cicloalquilo Ca;, que eventualmente puede estar sustituido con un radical
seleccionado del grupo compuesto por metilo, OR?*®, CH,OR*), COOH,
CONR?**R** CONH-'Bu, O-bencilo, NR**R?** y NHCOR??,
en donde

iy
R**  H o metilo, )

R**  H o metilo;
R?5  CH,C(CHs)s, CHC(CHa)(CH-OH), ciclopentilo, tetrahidrofuranilo, pirrolilo,
pirazolilo, imidazolilo o isoxazolilo;

1



R? significa un grupo de la formula 1a,
*/Y
_ 1a

Y alquileno C,4, eventualmente sustituido con uno o dos R’

R?>"  de modo independiente entre si, alquilo Ci4, COOH, CONH,; o R*” forma
junto con uno ¢ dos atomos de carbono de Y un anillo carbociclico con 3
atomos de carbono,

R? arilo Cs.19, que eventualmente puede estar sustituido con uno o varios radicales

seleccionados, de modo independiente entre si, del grupo compuesto por metilo,

terc-butilo, CN, F, Cl, Br, OH, OMe, OEt, O-fenilo, COOH, COOMe, COR?*'°,

NHCOMe y alquileno C,4 sustituido con morfolina,

en donde

R*'®  NH, NHMe, NH-Pr, NH-ciclopropilo, NHCH,CH,OMe o un anillo Cj.1
heterociclico no aromatico que puede contener uno, dos o ftres
heteroatomos seleccionados del grupo oxigeno y nitrégeno;

R? arilo Cgq, que eventualmente puede estar sustituido con un radical

seleccionado del grupo compuesto por fenilo y un anillo Ca4p heterociclico, que

eventualmente puede estar sustituido con uno o varics radicales del grupo
compuesto por metilo, tert-butilo, COOH, COOMe, CN, F, Cl, Br, OH, OMe, OEty

NHCOMe, oxo;

R? un anillo Cs.qe heterociclico no aromatico eventualmente sustituido con un

radical seleccionado del grupo compuesto por bencilo y COR*'";

en donde significan

R*" un radical seleccionado del grupo compuesto por ciclopentilo,
tetrahidrofuranilo, furano, piridilo, pirrolilo, pirazolilo, imidazolilo, que
eventuaimente puede estar sustituido con uno o dos grupos metilo, o0 con
uno o varios radicales del grupo CH>C(CH3)s, C(CH3)2(CH,CH), CH.OMe,
C(CH3);NH, y C(CH3),;NHCOO-Bu;

R? un radical seleccionado del grupo compuesto por alquenilo C.g, indanilo, 1, 2,

3, 4-tetrahidro-naftalilo y 8-metil-8-aza-biciclo[3.2.1]octano;

NR'R? un radical seleccionado del grupo compuesto por pirrolidinilo, piperidinilo,

piperazinilo y morfolinilo, que eventualmente puede estar sustituido con metilo;

un radical seleccionado del grupo compuesto por piridinilo, pirimidina, bencilo y

CHz-Benzo[1, 3]dioxolilo;

R® fenilo, que eventualmente puede estar sustituido con uno, dos o tres radicales

seleccionados del grupo compuesto por metilo, CH,NH,, CN, COOH, CONH,, CF3,

OH, F, Cl, Br, OMe, NHCOMe, NR>'COR%*2, CONR*'R*?, NO, SONMe; y

CH;NHCOMe;



en donde _

R*' H, alquilo Cis 0 un heterociclo Cs4 mono- o biciclico eventualimente
puenteado;

R*?  H o alquilo Cig;

R® un grupo de la formula 1b

* 0

R3*?  un radical seleccionado del grupo compuesto por piperidinilo, piperazinilo,

1b;
en donde significan

azepanilo, que eventualmente puede estar sustituido con uno o varios
radicales seleccionados, de modo independiente entre si, del grupo
compuesto por metilo, oxo, COCHs, CONH,;, CH:Net;, CH,CH;NMe,,
CH,CO-pirrolidina, piridinilo, isotiazolidinil-1,1-didxido y
tiazolidinil-1,1-dicxido;

o R* significa un radical de la férmula

* ’1‘ [IQ
N N
% 0
; H . 0
R®significa un grupo de la férmula 1c¢;

. 0
R3.5
N—A

R

)
N

O
-

0

34

1c;
en los que
A enlace o alquilo Cy4, que puede estar eventualmente sustituido con oxo o
NMe,;

R**  H o metilo;

R*®  un radical seleccionado del grupo compuesto por pirrolidinilo, piperidinilo,
piperazinilo, morfolinilo, ciclohexilo, imidazcelilo, pirazolilo, fenilo, piridinilo,
bencimidazolilo, imidazolidin-2-ona, pirrolidin-2-ona,  pirrolidin-3-ona,
tetrahidro-tiofen-1, 1-diéxido y 1-aza-biciclo[2.2.2]octano, que eventualmente
puede estar sustituido con uno o varios radicales seleccionados, de modo
independiente entre si, del grupo compuesto por metilo, etilo, OH, fenilo,
piridinilo,  pirazolilo,  pirrolidinilo,  (CH2)s-R**',  O-(CH,),-R**' 'y
NH-(CH,)o-R>5™; '

en donde
0 0,162



R4
RS
RS
RT
RB

R**' un radical seleccionado del grupo compuesto por fenilo, pirrolidinilo,
piperidiniio e imidazolidin-2-ona, que eventualmente puede estar
sustituido con metilo;

R?significa un grupo de la férmula 1d;

* 0
‘ EI /< R36
/
=D

N
H 1d;
en los que
D alquinilo Coy;
R*®  piridinilo;
R? significa un grupo COR*’, COCH,R*®, CONHR®, SO,R*® 0 un grupo de la
férmula 1e;
i\@H
N
}—RM
o 1e;
en los que

R H, metilo, fenilo;

R*®  un radical seleccionado del grupo compuesto por iso-propilo, ciclopropilo,
ciclopentilo, ciclohexilo, pirrolidinilo, pirrolidin-2-ona, furanilo vy
azabiciclo{2.2.2]octanile o un radical seleccionado del grupo compuesto por
piperidinilo, pirazolilo, imidiazolilo, isoxazolilo, piridinilo, fenilo, bencilo, que
eventualmente puede estar sustituido con uno ¢ varios radicales
seleccionados del grupo compuesto por metilo, cloro, NHz, NMe,, fenilo y
morfolinilo;

H, metilo u oxo;

H o metilo;

H o metilo;

H, metilo u OH; con preferencia H ¢ metilo;

H, metilo u OH; con preferencia H o metilo;

o R y R® forman juntos oxo;

asi como sus sales de adicion de acidos farmacoldgicamente folerables con un acido

organico o inorganico seleccionado del grupo que consiste de acido succinico, acido

bromhidrico, acido acético, acido fumérico, acido maléico, acido metanosulfénico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfdrico, acido tartarico y acido citrico.

4. Compuestos de la formula 1, de acuerdo con una de las reivindicaciones 1 a 3,

en donde significa

R1

H;
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asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de acido succlinico, 4cido
bromhidrico, acido acetico, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosférico, acido clorhidrico, acido sulflrico, acido tartarico y acido citrico.

5. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 4,
en donde significa
X SO;

asi como sus sales de adicidon de acidos farmacolégicamente tolerables con un &cido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfdnico, acido

iactico, acido fosférico, acido clorhidrico, acido sulfurico, acido tartarico y acido citrico.

6. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 5,
en donde significan
RS R® R’, R® H;

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un &cido
orgénico o inorganico seleccionado del grupo que consiste de acido succinico, &cido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfirico, acido tartarico y acido citrico.

7. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 6,
en donde significa
R' H;

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico ¢ inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosférico, acido clorhidrico, acido sulfarico, acido tartarico y acido citrico.

8. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 7,
en donde significan
R? arilo Cg.4q, que eventualmente puede estar sustituido con uno o varios radicales
seleccionados, de modo independiente entre si, del grupo compuesto por alquilo
Cis, haloalguilo Cy4, alquenilo C,, alquinilo Cos, CN, haldgeno, OR?*®, COOR?%,
COR*™, NR*®R*® NHCOR?®, SR*®, SOR??, SO,R*® y SO,NR**R**
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o R? arilo Cs.10, que eventualmente puede estar sustituido con uno o varios radicales

seleccionados del grupo compuesto por aril Cgq-alquilena Cy4, heteroaril Csqo-
alquileno Ci, arilo Cg4p vy un anillo Cj.4p heterociclico, que eventualmente puede
estar sustituido con un radical seleccionado del grupo compuesto por alquilo Cy,
haloalquilo C1s, COOR?8, CN, halégeno, OR*® , NHCOR?®, oxo, un cicloalquil Cs.-
alquileno Ci4, un heterociclo-alquileno Cq4y un NR*'R?2-alquileno Ci.,
en donde
R?*®  H, alquilo Cys, alquenilo C,g, alquinilo Cas un NR*'R?2-alquileno Ci4 0
arilo Cg.10;
R*?  H, alquilo Cy., alquenilo C,¢ 0 alquinifo Cpg;
R0 NHR%"™' alquilen C,4-O-alquilo Cia, © un anillo Ca.qo heterociclico, que
eventualmente puede estar sustituido con alquilo Cy;
R*1%1 H, alquilo Cy, alquenilo Cy., alquinilo C, 0 cicloalquilo Ca7;
R? significa alquilo Cs.1e, €n el que esta condensado un heterociclo Cy.1o aromatico
0 no aromatico;,
R? arilo Cgs que eventualmente puede estar sustituido con un radical
seleccionado del grupo compuesto por arilo Ces.40 ¥ un anillo Cz.4¢ heterociclico, que
eventualmente puede estar sustituido con uno o varios radicales del grupo alquilo
Ci.6, alquenilo Cag, alguinilo Co, haloalquilo Cy, CN, halégeno, OR*®, COOR?®,
COR?"™ NR?R*°, NHCOR?®, SR?%, SOR?8, SO,R?%, SO,NR**R?? y oxo;

asi como sus sales de adicién de acidos farmacolégicamente tolerables con un acido

organico o inerganico seleccionado del grupo que consiste de acido succinico, acido

bromhidrico, acido acético, acido fumarico, Acido maléico, acido metanosulfonico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfirico, acido tartarico y acido citrico.

9, Compuestos de la formula 1, de acuerdo con una de las reivindicaciones 1 a 8,

en donde significan

RZ

arilo Cs.10, que eventualmente puede estar sustituido con uno ¢ varios radicales

seleccionados del grupo compuesto por alquilo C,, CN, halogeno, OR?S,

COOR?*?, COR*"° y NHCOMe

R*®  alquilo Cy4 0 arilo Ce.10:

R%1% NHR?"™' morfolinilo, metil-piperazinilo;

R*'™ W, ciclopropilo o alquilo Cis que eventualmente puede estar

sustituido con uno o varios radicales seleccionados de O-alquilo
Ci4, OH o arilo Ce.1o;

R? arilo Cgi, que eventualmente puede estar sustituiido con un radical

seleccionado del grupo compuesto por fenilo y un anillo Cz4¢ heterociclico, que
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eventualmente puede estar sustituido con alquilo C,4, COOR?®, CN, halégeno,
OR%*®, NHCOMe y oxo;

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico ¢ inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, 4cido metanosulfénico, acido
lactico, acido fosforico, acido clorhidrico, &cido sulfdrico, acido tartarico y acido citrico.

10. Compuestos de la férmula 1, de acuerdo con-una de las reivindicaciones 1a 7,
en donde significan
R? un radical seleccionado del grupo compuesto por alquilo C,g, alquenilo Cog ¥y
alquinilo C,g que puede estar eventualmente sustituido con un radical
seleccionado del grupo compuesto por haloalguilo Cis, CN, OR*', NR*'R*?,
NHCOR?*', SR*', SOR?', SO,R?*', SO;NR*'R*?, COOR*' y CONR*'R*? que
eventualmente puede estar sustituido con un radical seleccionado del grupo
compuesto por cicloalquilo Cjz,, arilo Csqe ¥ un anillo Cyqo heterociclico que
eventualmente puede estar sustituido, a su vez, con uno ¢ varios radicales
seleccionados del grupo de alquilo Cq4, alquenilo Cog, alquinilo C,6 u oxo0;
en donde significan
R*'  H, alquilo Cy4, alquenilo Co 0 alquinilo Cag;

R%2  H, alquilo Cy., alquenilo Cy¢ ¢ alquinilo Cog;

asi como sus sales de adicién de acidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de &cido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosuifénico, acido
lactico, acido fosférico, dcido clorhidrico, acido sulfarico, acido tartarico y acido citrico.

11. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 7
y 10, en donde significan
R? alquile Cy4, que eventualmente puede estar sustituido con un radical seleccionado
del grupo compuesto por haloalquilo Ci4, CN, OR*', NR?*'R?*?, COOR?*' y
CONR?*'R*? o que eventualmente puede estar sustituido con un radical
seleccionado del grupo compuesto por cicloalquilo Cy, arilo Cs.qo y un anillo Ca
soheterociclico aromatico que puede estar eventualmente sustituido, a su vez, con
metilo u 0xo;
en los que
R*"  Hoalquilo Ci;
R?*?  Ho alquilo Cy;
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asi como sus sales de adicién de acidos farmacolégicamente tolerables con un &cido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, acido fosfarico, &cido clorhidrico, acido sulfarico, acido tartarico y acido citrico.

12. Compuestos de la formula 1, de acuerdo ¢on una de las reivindicaciones 1 a 9,
en donde significan
R? arilo Cg.q0, que eventualmente puede estar sustituido en posicion meta con uno o
varios radicales seleccionados, de modo independiente entre si, del grupo
compuesto por aiquilo Ci4, CN, halégeno, OR>*®, COOR?*®, COR?"® y NHCOMe
en donde
R%8  alquilo Cy4 0 arilo Ceag;
R%'%  NHRZ'"' morfolinilo, metil-piperazinilo;

R%'" H, ciclopropilo o alquilo C4, en donde el alquilo Cy4 puede estar
eventualmente sustituido con uno o varios radicales seleccionados
del grupo O-alquilo Cy.4, OH y arilo Cg.10;

R?  NH(R*'™), ciclohexilo

0 NR'R? un anillo Cs¢ heterociclico seleccionado del grupo compuesto por pirrolidina
y piperazina, que eventualmente puede estar sustituido con uno o varios radicales
seleccionados del grupo compuesto por alquilo Cq4, OH y Cy4-alcanol

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de &cido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfarico, acido tartarico y acido citrico.

13. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1a 9
y 12, en donde significan
R? fenilo, que eventualmente puede estar sustituido con uno o varios radicales
seleccionados del grupo compuesto por alquilo Cqg, alquenilo Cus, alquinilo Co,
haloalquilo Ci., alquilen Cie-NR*'R*2, CN, halogeno, OR®', COOR3!,
CONR*'R*?, NR*'R*2, NHCOR®', NO,, SR*', SOR*', SO,R*!, SO,NR*'R*? y
alquilen C.s-NHCOR>':
en los que
R*'"  H, alquilo Ci, alquenilo Cys 0 alquinilo Cy;
R*2  H, alquilo Cy, alquenilo Cyg 0 alquinilo Cy;

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico ¢ inorganico seleccionado del grupo que consiste de acido succinico, acido
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bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosfdrico, acido clorhidrico, acide sulfurico, acido tartarico y acido citrico.

14. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 9
y 12 a 13, en donde significan
R? fenilo que puede estar eventualmente sustituido en posicién para con un radical
seleccionado del grupo compuesto por alquilo Cig, alguenilo C,, alquinilo Cas,
haloalquilo Cy.4, alquiien C.&NR*'R*? CN, halégeno, OR®*', COOR®’,
CONR>'R*? NR¥'R%®2, NHCOR*!, NO,, SR*", SOR*', SO,R*!, SONR*'R*? y
alquilen C15-NHCOR®',
en los gue
R*'  H, alquilo C, alquenilo C, 0 alquinilo Cog;
R*?  H, alquilo Cys, alquenilo C,5 0 alquinilo Cyg;

asi como sus sales de adicion de acidos farmacologicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido aceético, acido fumarico, acido maléico, acido metanosulfénico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfdrico, acido tartarico y acido citrico.

15. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 9
y 12 a 14, en donde R*es un grupo de la férmula 1b

* O

R**  un anillo Cj.1 heterociclico que eventualmente puede estar sustituido con uno o

1b;
en los que

varios radicales seleccionados del grupo compuesto por alquilo Cyg, 0xo, COR*¥,
COR**?, alquilen Ci5-R>*% CH,CO-pirrolidina y un anillo Ca.4 heterociclico, en
donde puede haber un atomo de azufre contenido en el anillo C;.4¢ heterociclico
también como éxido o didxido;
en donde
R3**' alquilo Cyg;
R**2 NH,, NH(alquilo Cy) o N(alquilo Cig)y;

o] R*2 un anillo biciclico o un anillo espiro heterociclico:

asi como sus sales de adicion de acidos farmacolégicamente tolerables con un acido
organico o inorganico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosforico, acido clorhidrico, acido sulfirico, acido tartarico y acido citrico.
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16. Compuestos de la formula 1, de acuerdo con una de las reivindicaciones 1 a 9

y 12 a 15, en donde R%es un grupo de la formula 1¢;

. 0
R3‘5
N—A

F

R34 1c:
en los que
A enlace o alquilo Cis que puede estar eventualmente sustituido con oxo o
NMe,;
R*  Hoalguilo Cig;
R**  un radical seleccionado del grupo compuesto por

alquilo C4.5, que eventualmente puede estar sustituido con un radical seleccionado
del grupoc compuesto por cicloalquilo Cs, arilo Cg49 ¥ un heterociclo Cs 1, que
también puede estar eventualmente sustituide con uno o varios radicales
seleccionados del grupo de halégeno, OH, oxo, algquilo Cy5, O-alquilo Cig,
haloalquilo Cig, un anillo Cs4y heterociclico y un anillo biciclico, en donde estos
radicales pueden estar en cada caso eventualmente sustituidos con uno o varios
radicales seleccionados del grupo compuesto por oxo, alguilo Gy, OH, arilo Cg.4q,
un radical heterociclico, alquilen C.-R*®', O-alquilen C.4-R**' y NH-alquilen
C1-6-R351,

en donde

R**' un radical seleccionado del grupo compuesto por arilo Cgqo v anillo Csqg

heterociclico que eventualmente puede estar sustituido con alquilo Cig;

asi como sus sales de adicién de acidos farmacolégicamente tolerables con un acido

arganico o inorganico seleccionado del grupo que consiste de acido succinico, acido

bromhidrico, acido aceético, acido fumarico, acido maléico, acido metanosuifénico, acido

lactico, acido fosférico, acido clorhidrico, Acido sulflrico, acido tartarico y acido citrico.

17. Compuestos de la férmula 1 de acuerdo con una de Ias reivindicaciones 1a 9y

12 a 16, en donde
R*es un grupo de la férmula 1d;

en donde significan

D
RS.B

alquinilo Co;
piridinilo;
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asi como sus sales de adicién de acidos farmacoldgicamente tolerables con un &cido
orgdnico o inorganico seleccionado del grupo que consiste de &cido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfénico, acido
lactico, acido fosforico, acido clorhidrico, acido sulfurico, acido tartarico y acido citrico.

18. Compuestos de la férmula 1, de acuerdo con una de las reivindicaciones 1 a 9
y 12 a 17, en donde significa
R®un grupo de la férmula 1e;
0

* PR
3.8

ll\l R
R

en donde significan

R3*”  H, haldgeno, alquilo Ci, alquenilo C,.s;alquinilo Cas 0 haloalquilo Cig;

R*®  H, OH, haldégeno o un radical seleccionado del grupo compuesto por alquilo Cy,
alguenilo C,¢;alquinilo C., haloalquilo Cy5, O-alquilo Cy, arilo Ce.10, Un anillo Cs.q0
heterociclico y un anillo biciclico, que eventualmente puede estar sustituido con
uno o varios radicales seleccionados del grupo de halégeno, alquilo Cig, OH,
haloalquilo Cy.s y O-alquilo Ci.s,

asi como sus sales de adicién de acidos farmacolégicamente tolerables con un &cido
organico o inorgénico seleccionado del grupo que consiste de acido succinico, acido
bromhidrico, acido acético, acido fumarico, acido maléico, acido metanosulfonico, acido

lactico, acido fosférico, acido clorhidrico, acido sulfarico, acido tartarico y acido citrico.
19. Productos intermediarios seleccionados del grupo compuesto por:

- compuestos de acuerdo con la férmula VIIIL1

N, _Cl

(Lﬁ/
-S /N
VIILA

LN
R1 R2

- compuestos de acuerdo con la férmula IV.1 y VA

(\N,Ra (\N/Ra
| N\YN\AR"' N N\Am
S =N g =N
R YA y ¢ VA
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- compuestos de acuerdo con la formula 1.1

~R3
N

| N\YN\)\M
g~

R R2 11

- compuestos de acuerdo con la férmula V.2, V1.2, VII.2 y VIII.2
]

NQ)\ ~ O’QA /@jlhr“m

™ w °
oy o1 ™
| S
5 =N g N\ N\)
e r2 | Y
Mo - re S =N
R1” R2 VilL2
.2 vi.2 ViL.2 y R ~Npg

2] OH
o IN-'-R10
e I mé
2 N N
NGl g
i g s (o l T
s 2N 3 7~
LN, R1”™ Rz R Rz
V.3 VIL3 y ViIL3

- compuestos de acuerdo con la férmula V.4, VII.4 y IX.4

\/’NH | \)N’@ R
N N N N
9 QI;(

LN

N Cl
Y
g~ N s

N.
R17NR2 r17M Rz R1” Rz

V.4 ViL4 y X4

- compuestos de acuerdo con la férmula V.5, VI.5, VIL.5, VIIL.5 y IX.5

N)LN’R“’ JOL (\N:giﬂn
" Sk Shi 8
4 OF Y T <"
S N | NYN\/' s 2N s | ,)N/ s i =N
m R s 4 VI.S m” e r17MRe )

V.5 r17 Rz VIS Vs y X5
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- compuestos de acuerdo con la férmula V.6, VIL.G, VIIL.6 v IX.6

J (\NQ N g\n’

l/‘N
N, Ch N N\) o
Y 1Y SOl $
g~z 5N s~ ' N\\.I/N
R1IN§R2 R1’N\R2 rR1” R2 S 2N X6
V.6 VIS VilL.6 y Ri7TR

- compuestos de acuerdo con la formula V.7, VILY, VIIL7, X1.7 y XII.7

0
NYCI . @ o~ ,@ “ O
(SI:GN } v (;C;N,Qvu.? (1": QO (SI’E(\) (S:@:}/N
d’ NYO T ',1\?0 s N/HN . VI G/HIR G/HVR’
7< < d, X1.7

y X7

- compuestos de acuerdo con la formula 1.8 y 11.8

R |/\N

N
N N\)L
N N : = 4
" e oy T
=N 3 #
s i
o] N.
R‘i’N\RZ R R2
.8 y 1.8

- compuestos de acuerdo con la férmula 1.9 y [11.9

A3
N‘YC!I (\N
' N Na N\)i
287N | N R4
@ o N o?% d
AN )
1 R2 R‘J’N“Rz
1.9 y L9

- compuestos de acuerdo con la férmula V.10, V.10, VIIlL10 y X.10

o
lj,/ Ne_C N O "
DY (T 9
HN g N g~ NYN
\(j L) X.10
. HN HN
Vo ] HN
0%o N7 VIIL1O )

N
H N
/i\ V.10 OA‘R“ y N

.
s

$
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- compuestos de acuerdo con la férmula 11.11 y V.11

R3 ‘Ra
N (\N
O

N No N
Y (Y
s~ s NN
O O
N N
o%R12 L\Ro
(.11 y V.11
- compuestos de acuerdo con la férmula I11.112 y V.12
JR3
N a N
| Y N, N(\
s 2N (1:\( R4
g N 0
HN
NRR™ ") AR
.12 y \AY:

- compuestos de acuerdo con la formula 11113, 11113 y IV.13 y V.13

OR“ o ’©/ (\N/@

11 N
N/@ R Y NYN“/I NN
)\‘7[“ V.13 l

N
Nﬁ/N\) X I‘Q s g N
(If“ (j'\;Y ! N
g - N N Hy
OH 13 a ti1e N y VA3

- compuestos de acuerdo con la formula VII.14, VII1.14, IX.14 y X.14

R3
3 0 (o HO ¢
N My N N, N
B; I“ﬁ/&m o (\N,RS l er \)Am 1 Y \>J
s~

M. N 3 5 2N

7 I \Y \AR" ! !

2N R1” “R2 T
R1’N‘R2 8 ) R R2
VIiLi4 RI7TRZ y14 X.14 y ¥ 14

en donde R', R% R% R% R® R® R’, R® y X tienen los significados definidos en las
reivindicaciones 1 a 18,

y en donde R', R?, R?, R*, R®, R®, R”, R® y X tienen los significados antes definidos y en
donde R%, R", R", R" son, en cada caso de modo independiente entre si, un radical
seleccionado del grupo compuesto por H, haldgeno, alquilo C.s, haloalquilo Cy, arilo Cs.
10, cicloalguilo Ca7, heterociclo Ca.qg aromatico o no aromatico, aril Cg.qp-alquileno Cig,
cicloalquil Cs.;-alquileno Cy¢ y heterociclo Cs.qg-alquilena Cis, que eventualmente puede
estar sustituido con uno o varios radicales seleccionados del grupo compuesto por OH,

oxo, alquilo C, fenilcicloalquilo Cs7, heterociclo Cs.; y halégeno,
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y en donde R™ est4 seleccionado del grupo compuesto por OH, halégeno, O-alquilo Ci.g,
alquilo C4, fenilo y cicloalquilo Cs.7 y heterociclo Cj..

20. Productos intermediarios seleccionados del grupoc compuesto por:

- compuestos de acuerdo con la férmula 1.1

|/\N,R3
A
l =N

S

r1” " Ra 1.1

- compuestos de acuerdo con la formula V1.2, VIL.2 y VIII.2

0 Eq-Rm
3
NYN N
N N
s | 2N 1 S ~
sl
Ri’N‘RZ N
R1” Rz
ViL3 y Vil 3

- compuestos de acuerdo con la férmula VL4 y IX.4

N N
N N
(T S
S /N [ N
R1 ’N"‘Rz R‘I/N\RZ
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- compuestos de acuerdo con la formula Vi.5, VIL5, VIIL.S y IX.5

jL " 0
1/\)1 f’"‘:R (\N‘J\Ru
(N No N R N N
i S
lN\YN s\ L X
S 7" V1.5 ri R R1"N‘R2
R1’N‘R2 VILS VLS y

- compuestos de acuerdo con la formula VIL6, VIII.6 y IX.6

-~

l
s~N o VILT |

o]
NH,
< o

- compuestos de acuerdo con la formula 1.8 y 11.8
LR3
R N
N Q 3 N‘YQM
Y R4 P

s 2N I!S
O N
R pa R17 TR2
1.8 y 1.8

- compuestos de acuerdo con la formula [1.9 y II1.9

NYCJ (\N»R?'
%N NYN\){
257 | R4

0 \O .5 /N
AN 07 %o
R1 R2 a1 re

.8 y g

net (SIfN vinz A e N
e P oY o
Q

e o
N @NI@ Nf© i YNQ (s]f( s
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- compuestos de acuerdo con la férmula X.10

R:
N .

N, N
| R

AL X10

0

N
O)\ R’

- compuestos de acuerdo con la formula 111,11 y V.11

N N
L -~
s | :"l‘/ s L
he he
N N
P N
0" R R
11111 y V.11

- compuestos de acuerdo con la formula 1,12 y V.12
LR
N Cl N
(Y A
5 2N <f:]£%jj/ R4
g~ o
He NR‘R“ HN 990
NR'R
1M.12 y VAZ

- compuestos de acuerdo con la férmula 11.13, 111113, V.13 y V.13

] . ~
(" N’@R g Ol e

N N i
K\I/N\) N "(\/‘ Y was s
. LN (319”/ ,ﬂu’ﬂ NH,
Rl R o 13 N y Va3

- compuestos de acuerdo con la formula VIL.14, VII.14, IX.14 y X.14
~R3 ~R3
3 o o HO (\N

N Q % RS [ N‘YNVJR‘* N‘YNQJR*
7 T Ré O ) N(\N AN s | _N
g~ 7 ;\‘Nr R4 Mg N
N s f R1” “R2
Vil 14 RITTRZ w44 1X.14 y X.14
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en donde R', R?% R% R* R® R® R, R® y X tienen los significados definidos en las
reivindicaciones 1 a 18,

y en donde R', R, R% R* R% R% R’, R®y X tienen los significados antes definidos y en
donde R°, R R", R'" son, en cada caso de modo independiente entre si, un radical
seleccionado del grupo compuesto por H, halégeno, alquilo C4.5, haloalquilo Cy, arilo Cs.
10, Cicloalguilo Cs.7, heterociclo Cs.i aromatico o no aromatico, aril Cg.p-alquileno Ci,
cicloalguil Cz7-alquileno Cig vy heterociclo Cj.qg-alquileno Cq5, que eventualmente puede
estar sustituido con uno ¢ varios radicales seleccionados del grupo compuesto por OH,
oxo, alguilo C4g, fenilcicloalquilo C, .7, heterociclo C,.7 y haldégeno,

y en donde R" est4 seleccionado del grupo compuesto por OH, haldgeno, O-alquilo C,
alquilo C,.4, fenilo y cicloaiquilo Ca.7 y heterocicio Cs;.

21. Compuestos de acuerdo con una de las reivindicaciones 1 a 18 como

medicamentos.

22. Formulaciones farmacéuticas caracterizadas por el contenido de uno o varios

compuestos de la férmula 1 de acuerdo con una de las reivindicaciones 1 a 18.
23. Formulacion farmacéutica aplicable por inhalacion, caracterizada por un

contenido de un compuesto de férmula 1 de acuerdo con una de las reivindicaciones 1 a
18.

ID. 195327/WPCL9255



ANEXO 1

Comparative Experiments:

1. Experimental Part:

The Scintilation Proximity (SPA) Assay (GE Healthcare, Nr. TRKQ7090) is based on the
detection of the different affinities of the cyclic 3°-5"-adenosine monophosphate (cAMP, low
affinity) and the linear 5°-adenosine monophosphate (AMP, high affinity) to yttrium-silicate-
scintilator beads. The cAMP-specific phosphodiesterase (PDE) PDE4B cleaves the 3'-
phosphodiester bond of the tritium-labelled-?H]cAMP to the [°H]5°-AMP. This [*H]5"-AMP
associates with the scintillator beads because of their higher affinity and causes scintillations
(light flashes) which can be measured in a Wallac Microbeta Scintilation Counter.

10 ut of a [*HjcAMP-Lasung (0.05 pCi in H;0, 10 — 30 Ci/mmol) are added to 89 pl of a
PDE4B-enzym-solution {0.15 ng) in assay buffer (50 mM Tris HCI pH 7.5; 8.3 mM MgCly;
1,7mM EGTA; 0.25 mg / ml BSA) and this mixture is incubated at 30°C for one hour

a) without the compound to be tested (in the presence of 1% DMSQ) and

b) in the presence of the compound to be tested (DTP or corresponding TP) in a concentration
of 125 uM, 25 uM, 5uM, 1uM, 200 nM, 40 nM, 8 nM, 1,6 oM, 0,32 nM, 0,064 nM, 0,0128
nM (dilution series in Ser-steps beginning from 125 pM until 0.0128 nM, in the presence of
1% DMSO).

After this incubation the reaction is stopped by the addition of 50 ul of bead-solution (500 mg
beads / 35 ml H,O, 18 mM zinc sulfate). In the following 45 minutes the beads have the
opportunity to form a sediment, After that the scintillations are measured in the scintilation
counter. If the tested compound is able to inhibit the enzymatic activity of the PDE4B-
enzyme, less ["TH]AMP depending on the concentration of the tested compound is produced
and less scintillations are measurable. These results are expressed as 1C50-values

(= compound concentration at which the enzyme activity is inhibited to a half maximal
value).



2. Results:

Table 1:
structure of PDE4B | structure of the PDE4B ratio
Dihydrothieno- 1Cs- corresponding ICsp-value | ICsy TP/
pyrimidine (=DTP) value of ) thienopyrimidine of the 1Cs, DTP
the DTP | (=TP) corres-
[nM] ponding
TP [uM]
0,0007 % 0,0079 11
S\ sp
N N.. N
A sonde
(\N o) s
B o o
o8
/@ 0,011 /@ 0,0590 5
N l/\ N
N\ @ / | N\ N\/I
~N
(SI(N ) X
N O
1-15,0’0
0,014 0,0700 5

cl




structure of PDE4B | structure of the PDE4B ratio
Dihydrothieno- I1Cso- corresponding 1Csg-value | ICsq TP/
pyrimidine (=DTP) value of | thienopyrimidine of the ICs, DTP
the DTP | (=TP) corres-
[nM] ponding
TP [uM]
/@/B’ 0,02 /@/3’ 0,2240 11
S )
N\\"/N\) ™ N\W/N\/I
I N
S =N 5
N N
1 L,
/@CI 0,0135 Z 7 ~\>/N ~ 0,2443 18
S Paiast
N\ N\) N a
O e
[ = :
N\L
0,054 NN 0,3420 6
Sgge

H,C
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PDE4 inhibition: a novel approach for
the treatment of inflammatory bowel

disease

Katharine H. Banner and Michael A. Trevethiclk

Pfizer Global Research and Development, Discovery Biology, Allergy and Respiratory Group, Ramsgate Road, Sandwich,

Kent CT13 9NJ, UK

Inflammation is a hallmark of inflammatory bowel dis-
ease (IBD), and elevation of cAMP levels can inhibit the
pro-inflammatory and tissue-destructive properties of
leukocytes. Phosphodiesterase 4 (PDE4) is the predomi-
nant enzyme that metabolizes cAMP in inflammatory
cells, and the anti-inflammatory and immunemodula-
tory potential of PDE4 inhibitors in human leukocytes,
endothelium and epithelium is well documented.
Aithough PDE4 inhibitors have been investigated as
treatments for several inflammatory diseases, this has
focused mainly on asthma_ and chronic_obstructive
disease {COPD]. Historically, their clinical utility has

been limited by nausea and emesis. However, the PDE4
inhibitors cHlomilast and roflumilast . have recently
shown efficacy in asthma and COPD, with a reduced
propensity to cause nausea and emesis. In this review,
we summarize for the first time the evidence that PDE4
inhibitors might have therapeutic benefit in IBD, and
discuss mechanisms of action beyond the inhibition of
inflammatory cells.

The role of phosphodiesterase (PDE)} enzymes is to regu-
late intracelluiar levels of the ¢yclic nucleotides cAMP and
c¢GMP by catalyzing their breakdown to inactive 5'AMP
and 5'GMF, respectively. There are 11 families of PDE
enzymes (PDE1-PDE1l), which are identified by sub-
strate specificity, kinetic characteristics and amino acid
sequence [1,2]. Type 4 PDE enzymes selactively hydrolyze
cAMP (K, = 0.2-4.0 pM) and have a very low affinity for
cGMP (K, > 1000 pM) [3]. Four gene products of PDE4
{PDE4A-FPDEA4D)} exist, with multiple splice variants [4].
There is increasing evidence to indicate that the expres-
sion of PDE4 in specific compartments within cells tightly
regulates cyclic nucleotide levels in the vicinity of effector
proteins, thus implicating PDE4 in regulating cellular
function. PDE4A, PDE4B and PDE4D are particularly
abundant in many types of inflammatory and immune
cells, including T cells and B cells, monocytes, macrophages,
neutrophils and eosinophils. PDE4C is localized mainly to
the testis, skeletal muscle, brain (with PDE4A, PDE4B and
PDE4D), epithelium and human foetal lung [5,6].

Correspanding author: i{atharine H. Banner (kathy_bunner@sandwich.pizer.cor).
Available online 2 July 2004

Inflammatory bowvel disease

Inflammatory bowel discase (IBD) is a chronic, relapsing
disease that can affect all parts of the gastrointestinal (GI)
txact and is characterised by inflammation and Gssue
remodelling [7-9]. Key clinical features of the disease
include abdominal pain, weight loss, diarrhoea and rectal
bleeding [8]. IBD is thought to be a consequence of
inappropriate and ongoing activation of the mucosal
immune system that is driven by the presence of normal
gut flora. It is likely that this abnormal response is
facilitated by defects in the barrier function of the gut
epithelium and the mucosal immune system.

The two main forms of idiopathic IBD, Crohn’s disease
(CD} and ulcerative colitis (UC), can be distinguished by
the portion of GI tract that is affected and pathology. CD
can affect any region of the GI tract whereas UC affects
only the colon and rectum. The inflammatory process in -
UC is confined to the inner lining of the gut (mucosa and
submucosa) and is characterised by crypt abscesses and
ulcerations. Unlike UC, the inflammation in CD extends
throughout the bowel wall (transmural) and is character-
ised by the presence of granulomas and fistulae [7]. Both
T helper 1 (Th1) cells and Th2 cells induce chronic
intestinal inflammation .in vivo. Most Thl models of
chronic intestinal inflammation, such as trinitrobenzene
sulfonic acid-induced colitis have transmural inflam-
mation, as observed in patients with CD, whereas some
of the Th2 models (e.g. T-cell receptor e-mutant mice) are
characterised by a more superficial colonic inflammation
that is more similar to UC {10]. ,

Existing therapies are predominantly aminosalicylates
and steroids. Although these provide therapeutic benefit
and an improved quality of life for many patients, they are
associated with a significant side-effect profile and a sig-
nificant proportion of patients are either steroid resistant
(~15-20%) or steroid dependent (~25-30%) [L1], In addi-
tion, new therapies are needed for IBD because: (i) existing
therapies fail toinduce and maintain remission in ~30% of
patients; (i) maintenance therapies have limited efficacy;
and (iii) ultimately, a high proportion of patients (50% in
CD and 20% in UC) require surgery [8,11,12]. The only
therapy that has been introduced recently is the tumour
necrosis factor a (TNF-a) antibody infliximab (Remicade®)
for the treatment of steroid-refractory patients with
CD. Although effective, ‘biologicals’ have disadvantages
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compared with small molecules, including restriction to
non-oral routes of administration, immunogenicity and
high cost [12].

Evidence that PDE4 inhibitors suppress inflammatory-
cell activation . :
IBD is characterised by the recruitment of a range of
inflammatory cell types to the gut, including T cells,
macrophages and neutrophils. Furthermore, several cyto-
kines, including interleukin 6 (IL-6), granulocyte—macro-
phage colony-stimulating factor, TNF-o and I1-8, and
eicosanoids have been detected in the inflamed intestine
[13). In particular, TNF-a and interferon +y (IFN-y), the
latter of which can induce cytotoxicity [14], are implicated
in the initiation and exacerbation of disease in humans
and mouse models of IBD, and CD is characterised by
hypersecretion of TNF-o and I¥FN-y by T cells in the
intestinal lamina propria [15). TNF-a has many pro-
inflammatory effects, including stimulating the expression
of adhesion molecules on endethelial cells [16], elaboration
of matrix metalloproteinases (MMPs) that contribute to
tissue damage [17] and induction of major histocompat-
ibility complex class II antigen expregsion on colonic
epithelium [18]. TNF-a also stimulates the secretion of
I1-8 [19] and monocyte chemotactic protein 3 {20} from
epithelial cells, both of which act as chemoattractants for
other inflammatory cells. In addition, TNF-o can also
stimulate T cells and natural lkiller (NK) cells to produce
IFN-v. Further support for a key role of TNF-a in IBD
comes from the clinical efficacy of infliximab in stergid-
refractory and fistulizing CD patients |21,22]. Simitarly,
antibodies to either TNF-a or IFN-y prevent colitis and
ameliorate inflammation in mouse models of IBD (23],
PDE4A, PDE4B and PDE4D are the predominant
cAMP-hydrolyzing PDEs in most inflammatory cells and,
in general, intracellular elevations in cAMP are associated
with broad anti-inflammatory effects (1,6]. For example,
PDE4 inhibitors are poteat suppressors of many cytokines
(Figure 1), including TNF-« release from macrophages [24],
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monocytes {6] and T cells [25], which indicates that they
could be effective in IBD but by a mechanism that is
different from that of infliximab. In addition to inhibiting
the activation of circulating inflammatory cells, PDE4
inhibitors inhibit the release of TNF-a and IFN-vy from
T cells in the lamina propria [25). In addition to their
ability te suppress the release of pre-inflammatory
mediaters, evidence also indicates that PDE4 inhibitors
stimulate the release of anti-inflammatory mediators such
as [L-10 and prostaglandin B, [26,27)], which are key anti-
inflammatory regulators in the gut. PDE4 inhibitors also
inhibit the increase in expression of cell adhesion mol-
ecuiles induced by IL-15 [28) and TNF-u [16], and interfere
with platelet-activating factor (PA¥)- and IL-8-directed
T-cell chemotaxis [29]. The PDE4 inhibitor cilomilast
also inhibits fibroblast-mediated collagen-gel degradation
induced by TNF-x and neutrophil elastase by suppressing
the release of MMP-1 and MMP-9 and reducing the con-
version of MMP-1 to its active form {30]. Given that MMPs
are associated with tissue destruction in IBD, this addi-
tional mechanism of action of PDE4 inhibitors might also
contribute to their potential therapentic value in IBD.

PDE4 inhibitors are effective in animal models

PDE4 inhibitors prevent (Table 1) and reverse (Table 2)
GI inflammation and disease symptorms in several animal
models. Although few studies have directly compared a
PDIE4 inhibitor with either a steroid or salicylates, where
examined, the efficacy of a PDE4 inhibitor is equivalent to
a steroid and superior to salicylates [31-34). In preventa-
tive models, drug treatment is initiated either just before
or concomitantly with disense induction, whereas in thera-
peutic models, drug treatment is instigated post-induction.
A commonly used end-point in these studies is a ‘clinical
score’ of colitis (Table 1), In addition, a reduction in colon
length is & characteristic feature observed in many models
of colitis and in human disease, and is considered to be
a good surrogate marker of inflammation that can be
confirmed histologically [35].
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Figure 1. Potentlal onti4nflammatory and Immunsmodulutory effcets of phosphadiesterasa 4 (PDE4) inhibltors, PRE4 inhibltors arc potent sUpprossars af 8 wide ranpe of
eytokines from several Inflammatory cell types [6,24,25), In additlon to thelr ebility to suppress the release of pro-Inflammetery medistors, PDE4 Inhibitors can etimulate
the releass of interlaukin 10 {iL-10) frem monocytas (26} This cytokine Is 3 key antl-Inflammatory regulator in the gut, Abbreviations: GM-CSF, granulotyte-macrophage
eolony-stimulating factar; IFN-y, intarferon v; L4, leukolrlene 84 TNF-q, tumour necrasis factor «.
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Table 1. PDE4 inhibitors prevent colitis in animal models®

TRENDS In Pharmacologicsl Sciences Vol,25 No.8 August 2004

Compound Model End-points® Refs
Improvement Reversed Reduction in Improved
in cI[’nical reduction in medlator lavels histological
score colon tength score
Rolipram {10 mg kg™* i.p, DSS colitis Yes Yes TNF-a {caloric) . Yes (35]
o.d. far 11 days) {mouse)
Mesapram {10 mp kg™ p.o. DSS colitis Yes Yes NSE an TNF-a and Yes [31]
o.d. for 11 days} [mouss) {FN-y
Rolipram {5 mg kg™ i.p. OSS colitis it Yes WMPQC {colonic) © Yes 138)
b.i.d. for 5 days) {mouse}
Rolipram {1 mg kg~* p.o., Indomethacla Yes Yes M| NI €
single dose) {rat)

*Abbrevialions: b.kd., twice dally: DSS, dextran sodiurm sulfate; IFN-v, intarferon y; Lp., Intraperitoncel: MPQ, myelaperoxidase; NI, not investlgated; NSE, no signlficant effect;
o.d., once daily; p.o., oral; PDE4, phosphodlestorase 4: TNF-a, tumour necrosls fector a.

"Clinlcal acore is & symplomatic grading of elemeats related to human digease that often
grading of colitis severity that is narmally scored according to the extent and soverily

*K.H. Barner and M.A, Trevethick, unpublished,

A widely used animal model of IBD is the dextran
sodium sulfate (DSS) model of colitis, and drugs that are
used clinically for IBD such as salicylates and anti-TNF-a
antibodies demonstrate good efficacy in this model [36,37].

DSS colitis is characterised histopathologically by mucosal -

infiltration of inflammatory cells, focal crypt damage,
epithelial injury and ulceration. The pathelogy is similar

Intludes body welght loss, stog! tonsistency and faecal hlood, Histological score is a

of Inflammatory chanpes In mucosal architecture and morpharnetry.

to CD in terms of the transmural extent of the infam-
mation and aphthous erosions, but no fissures and
granulomas are seen. The pathogenesis of this model of
colitis is believed to be caused by a direct toxic effect of DSS
on the epithelium followed by cytokine production from
macrophages as a consequence of phagocytosis of DSS. The
effect of mesopram, a selective PDE4 inhibitor that is

Table 2. PDE4 Inhibitors reverse established colitis in animal models®

Compound and dosing Madel End-points® Refs
schedule post-induction
of colitis® Improvement in Reversed Reduction In levels of Other
clinical score reduction cytokines or cell numbar
in.colon
length
Rollpram {3.76-7.5 mg DSS (rat} All. decressed NI L8, (colonlc) reduced by No change in [33]
kg™' p.o. b.i.d.) ’ bleeding all treatments | histotagical
Arofylling (T5-30 mg kg™! MPO {colonic) reduced only  score
p.o. b.i.d.} by arofylline
Prednisolone (7.5 mg k™'
i.m. o.d. on days 8-12} .
Rolipram (10 mg kg™ i.p. DSS {mouse) Yes Yes NE NSE on fas)
o.d. an days 8-15) histolaglcal
s¢ore

Masopram (10 mg kg™~" I.p. DSS {mouse) Yes Yes IFtN-y {colonic) NSE on [31]
0.d. on days 8-14} histological

. , score
OPCE536 (1 mg kg™ p.o. DSS (rat) Both agents NL Ny Bath agents [68]
o.d.) reduced incidence reduced the
SAP (50mgkg™' p.o. -of diarrhoea and - ares of
b.l.g. an days 15-43) bloody stools Intestinal

inflammation

Rolipram (10 mg kg™' p.o. THNBS {rat) NI NI Colonlc PGE;, LTB,, MPO, Only rolipram [34]
o.d.} TNF-a and TGF-1f reduced reduced tlssue
Methylprednisolone by bath treatments collagen
(5 mg kg~ L.m. 0.d. on
days 7-14}
OPCB535 {1 mg kg™ p.o. TNBS (rat) Bath agents NI Only OPCB535 reduced Only OPCB535 [32]
o.d) reduced Incidence neutrophils reduced
SAP (50 mg kg™ p.o. of diarrhoea intestinal
b.id. on days 2-8) Inflammation

“Abbrevlations: b.l.d,, twice dally; DSS, dextran sadium sulphate; IFN-y, Intorferan v; 1.m., intremuscular; Lp., Intraperitoncal; LTBy, leukotriene B MPO, myeleperoxidase; NI,

not investigated; NSE, no significent sffest; a.d., once daily; PDE4, phosphodlesterase &; PGE;, prostaglandin E;; p.o., oral; SAP, selazosultapyridine; TGF-1p, transforrnlng
growth factor 1p; TNBS, trinltrobenzene sulfonis acld; TNFw, tumour ngcrosls factor a.

“Compounds were adminlstered separately.
“Clinical score is a symptomatle grading of elements related to human disease that often Includes bady weight loss, stoo! consistency 2nd fageal blood, Histoleplcal seore 1s &
grading of colitis severlty that Is normaily seared according to the extent and severity of inflammatory changes In mucosal architecture gnd morphometry,
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currently in clinical development as an anti-inflammatory
treatment for multiple sclerosis, has been evaluated in the
DSS model [31]. In this study, mesopram (10 mg kg™) was
an effective treatment for established DS8-induced eolitis
and also prevented colitis induetion in a dose-dependent
manner (2-50 mg kg~ 1). Specifically, in both the preven-
tative and the therapeutic models, mesopram significantly
reduced the clinical score and decreased colon shortening.
In additicn, in the preventative model, a reduction in
histological grading of colitis severity was observed and, in
the therapeutic model, mesopram significantly reduced
ex vivo colonic production of IFN-y. Using the same model
of colitis, treatment with rolipram (10 mgkg™) in both
preventative and therapeutic models improved the clinical
score and either prevented or reversed the reduchion in
colon length, respectively [35). Rolipram improved the
histological score in the preventative model but there was
only a trend towards improvement in the therapeutic
model. In addition, rolipram reduced colonic TNF-« in the
preventative setting, A separate study has also demon-
strated that rolipram (5 mg kg ™! twice daily) administered
concomitantly with DSS for 5 days significantly reduces
the severity of colonic histopathology and myeloperoxidase
levels [38). -

The indomethacin-induced ulceration model in rodents
is another model of gut ulceration with similarities to
human CD {39). This model is characterised by a trans-
mural inflammation with discentinuous focal uleeration.
We have shown that a single oral dess of rolipram
(1-10mgkg™!) 1h before administering indomethacin
subcutaneously ¢an prevent ulceration and reduction in
colon length, improve the histological grading of colitis,
and reduce disease symptomsin a dose-dependent manner
(K.H. Banner and M.A. Trevethick, unpublished).

Given that tissue remodelling is an important feature of
IED, it is of note that the PDE4 inhibitor roflumilast
significantly inhibits airway remedelling in a murine
model of chronie asthma, as shown by a reduction in sub-
epithelial collagenization and thickening of airway epi-
theliuvm {40]. If these effects translate to the gut epithelium,
it might contribute to a therapeutic benefit in IBD.

In summary, PDE4 inhibitors can suppress the release
of inflammatory mediators from several inflammatary cell
types implicated in JBD and prevent and ameliorate gut
inflammation in animal models of IBD. Thisindicates that
PDE4 inhibitors might represent novel treatments for IBD.

Clinical experience with PDE4 inhibitors

Several PDE4 inhibitors are being evaluated in the clinic
and have shown promising efficacy for the treatment of
asthma and COPD [6). The most advanced of these is
cilomilast, which has been developed by GlaxoSmithKline
(hittp:/fwww.gsk.com/) and received an approvable letter
for the treatment of COPD from the Food and Drug
Admipistration (FDA) in October 2003 (hitp:/www.
researchiriangle, org/news/nx/oct272003a.html).  Recent
clinical studies demonsirate that treatment of COPD
patients with cilomilast (15 mg twice daily for 10 weeks)
significantly reduced the numbers of CD8" T cells, macro-
phages and neutrophils in bronchial biopsies [41). This is
the first demonstration that inhibition of PDE4 reduces
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the number of inflammatory cells in human airway tissue.
Selective and potent inhibitors of PDE4 have not yet been
evaluated in clinical frials for the treatment of IBD.
Pentoxifylline (400 mg, 4 times dajly), a weal, nonselsec-
tive PDE inhibitor has been evaluated, but was ineffective
in a clinical trial of patients with corticosteroid-dependent,
chronic, active CD [42]. Given that pentoxifylline is alse a
weak inhibitor of TNF-« release from human peripheral
bloed mononuclear cells (ICg, for inhibition of TNF-a
synthesis by these cells is 70 uM) (241 and TNF-o was

. not measured in this study, it is not known whether this

dose of pentoxifylline is sufficient to reduce TNF- in the
inflamed gut. ;

Another relatively weak PDE4 inhibitor, CC1088
(see Chemical names; ICg, for PDE4 inhibition = 15 pM;
IG5 for TNF-z inhibition =21 uM) completed 2
Phase I-Phase II, double-blind, placebo-controlled trial
to evaluate safety and efficacy in patients with mode-
rate to severe CD ([43; hitp:/fir.celgene.com/phoenix,
ghtml?e=111960&p=irol-newsArticle&ID=368043).
Six out of 11 patients who received either 800 mg or
1200 mg of CC1088 responded positively, as defined by a
decrease of =70 points in the CD Activity Index at week
12, compared with three of the 7 patients on placebo who
were evaluated. This trend is notable because the patients
in the placebo arm had significantly less disease activity on
entry to the trial.

Lastly, an Otsuka (http:/fwww.otsuka.com/) compound,
OPC6535, which is reported to be a more potent inhibitor
of FDE4 (ICsp = 0.07 pM for inhibition of superoxide
release from human neutrophils) than pentoxifylline and
(CC1088, entered = randomised, double-blind, placebo-
controlled, parallel arm, safety and efficacy trial investi-
gating cnce-daily oral treatment in active UC. QPC6535
showed promise in the treatment of UC, particularly
in patients with greater disease severity, with or with-
put concurrent S-mminosalicylate use (S.B. Hanauer,
unpublished;  http:/www.ddw.org/media/newsReleases/
IBDTherapies.pdf), We are unaware of information on
the PDE selectivity of the two ‘novel’ PDE4 inhibitors
OPC653% and CC1088.

Is the anti-inflammatory action of PDE4 inhibitors the
only mechanism that explains their ability to inhibit
ulceration?

The effects of PDE4 inhibitors on both the inflammatory
and the immunomodulatory function of leukocytes in vitro
and in vivo are likely to explain their efficacy in clinical and
preclinical models of inflammation. Increases in cAMP
also lead to the relaxation of smooth muscle.

The role of the vasculature and disturbances of blood
flow are thought to be important pathogenic mechanisms
in IBD. Vascular changes do occur in the mucosa and
submucosa in both CD and UC [44], although it was
assumed that these changes were secondary to the
inflammatory processes occurring. Angiographic studies
in CD and UC have demonstrated eignificant abnormal-
ities in the vasa recta that correlate with disease extent
and severity. In particular, advanced IBD is associated
with decreased vascular density and diminished blood
flow. Measuring intestinal blood flow by several techniques
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shows that there is an increase in vascular perfusion in
early stages of disease, whereas reduced blood flow is seen
as the disease progresses [44]. Fresh impetus for the
‘vascular hypothesis’ was provided by Waltefield and col-
leagues, who suggested that vascular injury and arteritis
were early events that occurred in parts of the gut with an
apparently normal mucosa [45]. Arterial occlusion and
infarction in multiple sites follows and mucosal damage
occurs as a consequence of changes in blood flow. Further
exacerbation of the disease process occurs as a conse-
quence of inflammatory cell infiliration. Subsequent studies
by other investigators support this hypothesis [46],
Preclinical models of IBD show that decreases in blood
flow oceur eerly following administration of ulcerogenic
stimuli [47], thus predisposing to mucosal ulceration and

subseguent inflammation. Abnormal patterns of contrac- -

tility have been observed in human IBD [48], and spasm
of the colonic muscularis mucosae was believed to be
important in the pathogenesis of UC, which is treatable
with smooth-muscle relaxants [49]. Preclinical models
show that hyper-contractility of the gut, which is induced
by agents such as indomethacin, can lead to mucosal
ulceration by decreasing the mucosal blood flaw [50].

Many mechanisms have the potential to alter blood flow
to the intestine (Figure 2). In addition to leukocytes, PDE4
also occurs in animal and human gut [51,62], and inhi-
bition of PDE4 in vilro causes relaxation and inbibition of
spontaneous contractions of gut smooth muscle. Therefore,
inhibition of PDE4 in the gut is expected to decrease
contractility of gut smooth muscle, thus lessening com-
pression of the vasculature and helping to maintain
mucosal blood flow. Such a concept is postulated to be
the major mechanism whereby Bz-adrengceptor agonists
inhibit indomethacin-induced ulceration of the small
intestine in rats [53].

TRENDS in Pharmacological Sciences  Vol.25 No.8 August 2004

PDE4 inhibitors as a treatment for IBD
Currently, nausea and emesis appear to be the major side-
effects that might limit the therapeutic index of non-PDE4
isoform-selective inhibitors such as cilomilast and Toflu-
milast [6]. In animal studies, vasculitis, a pathological
inflammation of the blood vessel wall and surrounding
tissue, has also been noted: [54). Whether vasculitis is
an issue clinically for PDE4 inhibitors remains to be
determined [6). T

Itis not known which isoform of PDE4 is responsible for
inducing emesis and vasculitis, but PDE4D is claimed to he
associated with emesis in animal models [56). In addition,
there is evidence to indicate that the induction of emesis
involves both CNS and gut components [56]. Thus, the
development of orally administered PDE4 inhibitors faces
challenges but the emerging clinical properties of roflu-
milast and cilomilast should clarify these concerns. Unless
nausea and emesis are mediated by a specific PDE4
isoform that is different from the isoform that controls
inflammation and blood flow, emesis is likely to reduce the
potential of these agents in treating IBD. Although the
mechanism is unknown, if it is related to the circulating
levels of PDE4 inhibitors, then there are potential stra-
tegies to overcome this side-effect in gut diseases. One
strategy is to target their action to the gut per se by
developing oral inhibitors of PDE4 that are either not
absorbed into the portal circulation or that undergo
extensive first-pass metabolism. This concept is not new.
For exaraple, the corticosteroid budesonide is indicated for
the treatment of IBD. Budesonide undergoes significant
first-pass metabolism in the liver following oral adminis-
tration and is associated with fewer side-effects than
conventional, orally bicavailable steroids such as predni-
solone. However, further long-term analysis is required, to
determine the efficacy of this treatment in IBD} (57].
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Figure 2. Abnormalities in Inflammatory bowel disense [IBD) and the potentlal beneficlzl effects of phosphodiesterase 4 (PRE4) inhibltors, Tissue ulceration can be caugsed
by seversl potentlel mechanlsms, Inflammatlen per se ¢on leed to tissue destruction and alter the contrsctiiity of vescular and gut smooth mustle, which act together to
decrcase mucosal blood flow and, uitimately, to the loss of gut luminai permeability, This leads to an influx of luminal contents and provides a posiiive drive to Incroase
inflammption, decreace mucosal biood flow and enhance tissue destruction. Meny mechanisms have the potentiel to alter blood flow to the intestine. These include:
{1} blockage of mucasal blaod vessels by mierothrombi 45); (il) reduction of vasodilstor responcas of blood vessels thot can be induced by pro-inflammetory mediaters
such as roactive oxygen speckes [44]); (i) constriction of vascular and gut smoath musele Induced by pro-inflammatory mediators [44); and (v} compression of b.lood
vessels by abnormal contraetility of gut emooth musele induced, for axample, by Inflammatory medlators. Apart from {1} evidence Indicates thet PDE4 inhibltors Inhibit the
mechanlsms thal can elter Intestinal blood flow. Elevstions of cAMP levels potentfally Inhibit the retease of pro-Inflammatory medlators, relax gut and vasculsr smooth
muscle and, thus, provide 8 bread-spectrum action to Inhibil tssue destruction. Abbreviatlon: PGE;, prostagtandin Eg,
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Concluding remarks

The profile of PDE4 inhibitors in vitro and ir vivo indicates
that these agents might be novel, powerful anti-inflam-
matory agents for IBD because they reduce the pro-
inflammatory properties of leukocytes and maintain
mucosal blood flow. This profile also has the advantage
of a spectrizm of bioiogical activities that is not found in
current medications. Although there are potential con-
cerns assoclated with orally administered PDE4 inhibi-
tors, the profiles of cilomilast and roflumilast should
do much to address these. In addition, if PDE4-mediated
side-effects are associated with systemic exposure, then
compounds that are either not ahsorbed into the portal
circulation or that undergo extensive first-pass metabol-
ism might have an improved safety profile.
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The next generation of PDE4 inhibitors
Zheng Huang*, Yves Ducharme, Dwight Macdonald and Annette Robichaud

A number of highly patent PDE4 inhibitors are belng developed for
the treatment of asthma, chronic obstructive palimonary disease,
rheumnatoid arthritls, multiple sclerosls and Crohn's disease.

Cilomilast (Ariflo™, SB 207488, SmithKline Beecham), the most
advanced member of the class in Phase |l clinical tials, was
reparted to have a limited therapeutic window, Other Inhibltors
with improved profiles in-preciinical models are entering into (or
are in) clinlcal trials. The recent developments in understanding
PDE4 catalysis, inhibitor binding and their emetic response should
facllitate the design of the next generation of PDE4 inhibitors.
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Abbreviations

CNS central nervous system

COPD  chronic obstructive pulmonary disease
LPS lipopolysaccharlde

PDE phosphodiastersse

Introduction
Of the 11 familics of phosphodiesterase (PDE) responsible for
the hydrolysis of cAMP and cGMP [1,2], the cAMP-specific
PDE4s are encoded by four genes (A-D) [3°*). PDEds are par-
ticularly abundanc in inflammatory and immune cclls and in
airway smooth muscles, where inhibition of PDE4 blocks cell
trafficking, cell proliferation and attenuates the production of
inflammatory mediators, cytokines and reactive oxygen
species [4,5°*]. PDE4 inhibitors are generally anti-inflamma-
tory and branchodilatory in 2nimal models [4,5°*,6]. A number
of them are being evaluated in the clinic and they have shown
romising clipical efficacy fo ma [7*.8*), chronic obstrue-
tive pulmonary disease {COPD) [6,9**] and atopic dermatitis

[10). However, PDE4 inhibitors also produce the characteris-
tic dose-imiting side effects of nausea and emesis that have
hampered their clinical developmene [11-13]. Cilomilast (1,
Figure 1), which recently completed Phase TH clinical crals,
also suffered from a limited therapeutical index because of
navsea and emesis {9°°]. To complement recent reviews on
PDE4 biology [3**,14,15}, PDE4 inhibitors [16**,17*] and
their therapeutical potential [4,5°*,18,19*}, this article focuses
on rccent devetopments (2000-2001) in undersanding PDE4
catalysis, inhibitor binding and their emetic response. In addi-
tion, it highlights several PDE4 inhibitors that were reported
to have improved pre<clinical profiles during this period.

Complexity and specificity of PDE4-mediated
signalling .

Each of the four PDE4 genes encodes a number of splice
variants that share identical catalytic and carboxy-terminal

domains. The toral number of PDE4 gene products iden-
tified excceds 17 and their tissue-specific expression is
tightly regulated in response to hormones and other stim-

- ali [3*,14,20). Their upstream conscrved regions (GCRs)

and divergent amino termini contain signals for Jocalisa-
tion, protein—protein interaction and activity regulation,
thereby allowing the fine-tuning of ¢cAMP signalling to
discrete subcellular compartments and specific pathways
(sec also Update). For example, PDE4 expression is regu-
lated by various stimuli including histamine [21], TNFa
{20], eleetroconvulsive shock [22], presynaptic noradrener-
gic activity {23), antidepressant treatment (24] and the
activation of cAMP-dependent and mirogen-activated pro-
tein kinase signalling pathways [25-27]. In addition, PDE4
activities are modulated by PKA- and ErkZ-mediated ser-
ine phosphorylations [28-32] and phosphatidic acid
binding [33). The detection of 13 cut of 14 cAMP- and
cGMP-PDE genes evaluated in human cavernous smooth
muscle {34] and the absence of the muscarnic/cholinergic
airway responses in PDE4D~- mice [35°"] illustrate the
complexity and specificity of the cyclic nucleotide-mediat-
cd signalling and the nonredundant role for each protein,

PDE4 catalytic machinery

PDE4 enzymes are divalent cation-dependent hydrolases
{36,37}. The atomic structure of PDE4B (38™] and a
detailed binding study [39°°] have provided new insights
into its catalytic machinery, substrate specificity and
inhibitor binding and have clarified the molecular origin of
its two conformational states. The active site is formed by
hydrephobic and negatively charged emino acids residing
on several @ helices. Of the 21 residues absolutely con-
served across all 11 families of PDEs, 8 are near and 12 are
within this pocket, Two divalent.cations, in a binuclear
motif, are bound to residues conserved among all PDEs,
One of them (M,) coordinares ro His238, His274, Asp275
and Asp392, whereas the other (Mj) is loosely bound to
Asp275 and M, viz a hydroxyl in PDE4B. The metal ions
could provide an activaced hydroxyl nucleophile to hydrol-
yse the phosphodicster bond. The metal ions are also
responsible for inducing high affinity and productive
cAMP binding, probably by chelating the phosphate oxy-
gens of cAMP, which leads to an increased phosphate
clectrophilicicy. In the absence of the cofactor ions, cAMP
binds weakly and non-productively to the active site. The
¢AMP specificity in PDE4s is mainly conferred by an
aspartic acid, which is replaced by an asparagine in
cGMP-PDEs [40] {(scc also Update).

The current model of PDE4 cutalysis supports the hypath-
esis that altering the cofactor binding affinity of PDE4
might be involved in enzyme regulation [28,39**]. The
binuclear ion centre is located at the interface of three sub-
domains [38°*]. It is tempting to speculate thar the
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enzyme's metal-ion-binding affinity may be sensitive to
perturbations within chese subdomains. This hypothesis
seems to be supported by the increased MgZ+ binding
upaon Ser54 phosphorylation [28,41] and the variable Mg2+
binding affinities among PDE4 mutants [42].

Molecular origins of the two PDE4 conformers

The reversible metal ion cofactor binding results in the pres-
ence of two coexisting PDE4 conformers (apocnzyme and
holoenzyme) that bind inhibitors differentially [39**].
Because inhibitor binding to either conformer leads to inhibi-
tion of catalysis, this causes the inhibitor potency to partition
berween its apoenzyme and holoenzyme binding affinity,
The high affinity rolipram-binding site of PDE4, which was
previously thought to be distinct from its catalytic site {43,44],
is in fact the holoenzyme active site. In contrast, rolipram
binds weakly to the apoenzyme [39°*]. The metal-ion-depen-
deontand independent components of inhibitor binding to the
active site provide the opportunity of using ion-chelating
maotifs within inhibitors to improve their potency.

Emesis response of PDE4 inhibitors

Nausea and emesis remzin the major obstacles in develop-
ing PDE4 inhibitors [9**,11,12.45,46], Because all PDE4
inhibitors are emetic to a certain degree, it suggests that
cAMP elevation in emetic centes is coupled with their
emetic response. However, whether emesis is mediated via
a specific PDE4 subtype remains to be established. Several
PDE4 subtypes have been identified in arcas of the brain
that have been implicated with the emetic response
(22,23,47,48}. The recent identiftcation of an emetic, effica-
cious and competitive PDE4 inhibitor capable of covalendy
labelling its biological targets upon photoactivation could
prove to be a useful wool in the identification of both the
emesis and the beneficial targers of PDE4 inhibition [49°),

PDE#4 inhibiters could activate the emetic reflex via a
peripheral and a ceneral locus of action and multiple medi-
ators may be involved [12,50"*), The emetic action of some
inhibivors may be mediated through a potentiation of sero-
toninergic neurotransmission in the vagal nerve afferent
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The Tanabe group [66) has selected T-2585 (9), 4 0.13 nM
PDE4 inhibitor for further evaluation as an anti-asthmatic
agent. In the guinea pig, it blocks antigen-induced bron-
choconstriction (EDgg = 63 pg/ke i.v.) and histamine-induced
bronchoconstriction {EDgq =33 pglkgi.d.). T-2585 is not
emetic in ferrets and dogs at doses up w 10 mg/kg p.o. and
0.3 mg/kg i.v,, respectively.

The Yamanouchi group [67,68*) reported the efficacy and
emesis data in ferrets for YM976 (10), a 2.2 nM inhibitor
of the human leukocyte PDE4 (117 aM for cilomilast). In
carrageenan-induced pleurisy in ferrets, YM976 inhibited
the infiltration of leukocyres by S52% at 10 mg/kg p.o.
{cilomilast was not active at 3 mg/kg p.o.). YM976 was not
emetic in ferrets ac 10 mgfkg p.o., whereas cilomilast was
emetic at the same dose, YM976 also inhibited the anti-
gen-induced lung eosinophilia in ferrets with an EDgp of

1.2 mgfkg p.o.

The Zambon group [69,70] has described several series of
phthalazine derivatives. Compound 11 is slightly more
potent than cilomilast (PDE4: 1C54= 37 nM and 73 nM,
respectively) but it is not emetic in dogs at 30 mg/kg, i.v.,
whereas cilomilast is emetic at 10 mg/kg i.v.

Litele is known abour the biochemical factors that influ-
ence the therapeutic index of PDE4 inhibitors. For some
of the previously described compounds, preclinical data in
various animal models indicate that the emetic threshold is
significantly higher than the efficacious dose. Selective tar-
geting of a subpopulation of PDE4 proteins, cither via a
preferential drug distribution or subtype-selectivity, could
be responsible for their improved profile. Some com-
pounds may have subtype-selectivity that has yet to be
reported or discovered.

The nonselective inhibition of multiple PDE4s may pro-
vide an explanation for the complex physiological
responses resulting from their inhibition. One approach to
reduce the side-effect profile of PDE4 inhibirors would be
to develop subtype-selective inhibitors, taking advantage
of their functional and distribution difference. Despite the
similarity among the four PDE4 active sites [38°"), naph-
thyridine-based PDE4D-selective [71] and catachol-based
PDE4A/4B preferred inhibitors [72] have been reported.
The atomic structure of the PDE4 active site will
undoubsedly promote the further optimisation of these
selective leads with the possibility of highly subtype-selec-
tive inhibitors to emerge in the near future.

Therapeutical potentials of PDE4 inhibitors
PDE4 inhibitors are currently in clinical trials for che treat-
ment of asthma, COPD, atopic dermatitis, rheumatoid
arthritis, multiple sclerosis and Crohn’s disease. The ratig-
nale behind these therapeutic areas have been discussed in
detail in several recent reviews (5,17°,18,73-75]. Here we
highlight new evidence to suppert their potential utilities
in other indications. ’
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Cellular studies of PDE4 inhibitors indicate that their
potency is positively coupled to che race of cAMP turnover,
a phenomenon thar has been termed ‘flux-mediated sensi-
tivity' by Houslay and Milligan [15]. If the phenomenon is
cransferred ## wive, ic would support the hypothesis that
PDE4 inhibitors are more effective at targeting disorders
and pathways undergoing higher cAMP turnover. In this
situation,- PDE4 inhibitors may have an increased -thera- - -
peutic index. The potential synergism between the
activation states of adenylate cyclase and the potency of a
PDE4 inhibitor has led to the proposals that co-adminis-
trating a PDE4 inhibitor with 4 B-agonist or leukotriene
antagonist might provide additional efficacy and increase
their therapeutic index in asthma [76-78,P2]. Rolipram
attepuated syncytial virus-induced airway hyper-respon-
siveness and lung eosinophilia, suggesting PDE4
inhibitors may have potendial in treating exacerbations of
asthma triggered by viral infection {79]. PDE4 is the dom-
inant cAMP-hydralysing enzyme in 41 out of 60 human
tumour cell-lines cvaluated [80,81), supporting the poten-
tial of PDE4 inhibitors as antitumor agents, Despite the
presence of multiple PDEs in chronic lymphocytic
jeukacmia cells (CLL), PDE4 inhibition results in the
selective induction of apoptosis in CLL, while che normal
T cells are unaffected [82,83]. HIV-1 infection of CD4+
T cells also requires the expression of PDE4 [84] and
Rolipram inhibits HIV-I viral replication [85]. PDE4
inhibitors pratect the renal and mesenteric circulation and
improve the survival rate in an endotoxin-induced model
of multiplc organ dysfunction syndrome [86,87]. In addi-
tion, PDE4 inhibition reverses memory deficits assoctated
with NMDA receptor antagonism, suggesting a potentially
novel mechanism for cognitive enhancement (88,50,

Conclusion

The therapeutic potential of PDE4 inhibitocs in che clinic has
thos far been hampered by their dose-limiting side effects of
nausea and emesis. The recent advances in understanding
the molecular interactions between PDE4 and its inhibitors,
the specific functions of PDE4 isozymes and the cmetic
response of PDE4 inhibitors should open new rescarch
avenues and modify our approaches to identifying the nexc
generation of PDE4 inhibitors. The atomic structure of
PDE4 and the abilicy to dissect the cofactor-dependent and
independent binding components of inhibitors should facili-
tate the practice of structure-based design. PDEA4 inhibitors
with improved preciinical profiles are cumrently being evalu-
ated and may provide exciting opportumitics o combat
several human diseases in che near future,

Update

The substrate and inhibitor specificities of PDE4 have
recently been explored using site-directed mutagenesis
[90,91). The muscle-selective A-kinase anchoring protein
{mAKAP) assembles a PKA/PDE4D3 signaling module
[92]. The ## vitre and-inflammatory and immunemodula-
tory potential of Roflumilast and its iz vive efficacy in
airway disease models have also been reported [93,94]



AT e Tt Sy

436 Next generation therapeutics T

Acknowledgements

The authors chank Rick Fricsen, Yves Girard, Dave Percival and Brian
Kcnnedy av Moerck Frosst for comments and “suggestions during the
preparacion of the manuscript.

References and recommended reading
Papers of particular interest, published within the annual periad of review,
have been highlighted as: o

* of special interast
=+af autstending interest

1. Yuasa K, Kanoh Y, Qkumura ¥, Omarl K: Genomic organization of
the human phosphodiesterase PDE11A gene evolutlonary
relztedness with other PDEs containing. GAF domalns, Eur J
Biochem 2007, 268:168-178.

2, Sederling SH, Beavo JA: Regulation of ¢AMP and cGMP signaling:
new phosphodiesterases and new functions, Cur Opin Celf Bial
2000, 12:174-178,

3. Caontl M, Jin 5L: The molecular biology of cyclic nucleotide

e phosphodiesterases. Prog Nuclelz Acld Res Mol Biol 1999,
63:1-38.

A comprehensive review of POE4 biology.

4. Tarphy T): Phosphodiesterase isozymes: malecular targets for
nove! antlasthma agents, Am ./ Resplr Crit Care \ad 1998,
157:351-370.

5. Souness JE, Aldous D, Sargent C: Immunosuppressive and anti
ev inflammatory effects of cyclic AMP phosphodiesterase (PDE)
type 4 inhibitors. Immunephermacel 2000, 47:127-162,
A comprehensive review of PDE4 blology and the pharmacology of
PDE4 inhibitors.

6.  Bamette MS, Underwood DC: New phosphodiesterase inhibitors
as therapeutics for the treatment of chronlc lung disease. Cur
Opin Pulm Mad 2000, 6:164-169.

7. NellH; Louw C, Lelcht S, Rathgeb F, Neuhsuser M, Bardin PG:
Acute anti-inflammatory effect of the novel phosphodiesterase 4
inhibitor roflumilast on allergen challenge in asthmatics afer a
single dose. Am J Respir Crit Care Med 2000, 16 LAZ200,

Inkizl clinleal efficacy of raflumilast.

8. Timmer W, Leclerc V, Birraux G, Neuhsuser M, Hatzelmann A,

«  Bethke T. Wurst W: Safety and efficacy of the now PDE 4 inhibltor
roflumilast administered to patients with exercise-induced
asthma over 4 weeks. Am J Resplr Crit Care Med 2000, 161:A505.

Clinfcal efficacy and safely of roflumilast.

9. Torphy T), Barmette MS, Underwoad DC, Griswold DE,

«s  Christensen SB, Murdoch RO, Nieman RB, Compton CH: Ariflo (SB
207499), a second generation phosphodiesterase 4 Inhibitor for
the treatment of asthma and COPD: from concept to clinic. Puim
Pharmacol Ther 1998, 12:131-135.

This artiele summarises the preclinical 2nd some clinical data of Arifio.

10. Hanifin JM, Chan 5C, Cheng JB, Tofte S}, Hendarson WR, Kirby DS,
Weiner ES: Type 4 phosphodiesterase inhibltors. have clinical and
in vitro antl-Inflammatary effects in atopic dermatitis. J Invest
Dermalol 1986, 107:51-56.

11. Horowskl R, Sastre-y-hernandez M; Clinica! effects of neuratropic
selective cAMP phosphodiesterase inhibitor rolipram in
depressed patients: glabal evaluation of the preliminary reports.
Current. Therepeutic Res 1985, 38:23,

12. Robichaud A, Tattersall FD, Choudhury |, Rodger IW: Emesls
induced by inhibitors of type 4 cyclic nucleotide
phosphodiesterase (PDE V) in the lerret. Neuropharmacology
1998, 38:288-297, [Published erratum appears In
Nevrppharmacology 2007, 40:465-465.]

13, Bamette MS: Phosphodlesterase 4 (PDE4) inhibitors in asthma
&nd chronic obsructive pulmonary disease (COPD). Frog Drug
Res 1999, 53:193-229,

14, Houslay MD, Sullivan M, Bolger GB: The multienzyme PDES cyclic
adenosine monaphosphate-specific phosphodiesterase family:
intracellular targeting; regulation, and selective inhibition by
compounds exerting anti-inflammatary and antidepressant
actions. Adv Pharmacol 1998, 44:225-342.

15, Houstay #4D, Miligan G: Tailoring cAMP-signalling responses
through isofarm multiplivity, Trends Biochem Sc/ 1997, 22:217-224,

16. Noman P: PDE4 inhibitors: sustalned patenting activity as I€ading
+»  drugs near the markst. £xp Opin Ther Pat 2000, 10;:1415-1427.
A review of PDE4 Inhibitars and thelr development status In 1993,

17. Dal £, Glovannoni MP; Phosphodiesterase 4 inhibitors, structuratly

+  unrelated to rolipram, as promising agents for the treatment of
asthrna and other pathologies, Eur J Med Chem 2000,
35:483-480. :

This review cavers recent PDE4 inhibitors structurally urrelsted to rolipram,

18, -Dinter H: Phosphodiesterase type 4 inhibitors: potential in the
treatment of mulliple sclerosis? BioDrugs 2000, 13:87-94,

15. Glembycz MA: Phosphodiesterase 4-Inhibitors and the treatment

v of asthma: where are we now and where do we go from here?
Drugs 2000, 5§9:193-212. s

A critical review of the recent developments and potentiat of PDE4

Inkibltors, LT ’

20. Miro X, Casacuberta M, Gutlerrez-Lopez MO, de Landazui MO,
Pulgdomenech P: Phosphodiesterases 4D and 7A splice varlants
In the response of HUVEC cells to TNF-alpha{1). Biochem Biophys
Ras Commun 2000, 274:415-4271, ' s

21. Des! FJ, Ortiz JL. Cartfjo §, Marclilo E): Histamine up-egulates
phosphodiesterase 4 activity and reduces prostaglandin
E2-Inhibltory effects In human neutrephils, Inflsmm Res 2000,
49:600.609, ST . -

22, Cho CH, Cho DH, Seo MR, Juhon ¥5; Differential changes in the
expresslon of cyclic nucleotide phosphodiesterase isoforms in rat
brains by chronic treatment with electroconvulsive shock. Exp Mol
Med 2000, 32:110-114, Co

23, Farooqul SM, Zhang K, Makhay M; Jackson K, Farcoqul 303,
Cherry JA, O'Dannell IM: Noradrenergle lasions differentlally alter
the expression of two subtypes of low K cAMP-sensitive
phosphodiesterase type 4 {PDE4A and PDE4B) in rat brain. Brain
Res 2000, 867:52-61,

24, Ye Y, Jackson K, O’Donnell JM: Effects of repeated antidepressant
treatment of type 4A phosphodiasterase (PDE4A) in rat brain,
J Neurochem. 2000, 74:1267-1262, - .

25, Persanl L, Lania A, Alberti L, Romoll R, Mantovani G, Filet§ S,
Spada A, Cantl M: Induction of specific phosphodlesterase
isoforms by constitutive activation of the ¢cAMP pathway in
autonomous thyroid adenomas, f Ciin Endocrinol Metab 2000,
85:2472-2878. oo T e :

26. Oxl N, Takahashi S5Y, Hidaka H, Contl M: Short term feedback
regulation of ¢AMP in FRTL-5 thyroid cells. Role of PDE4D3
phosphodiesterase activation, J 8icf Chem 2000,
275:10831-10837. .

27. Liu H, Palmer D, Jimmo 5L, Titey DG, Dunkerley HA, Pang 3C,
Maurice DH: Expression of phosphodiestarase 40 (PDE4D) is
regulated by both the cyclic AMP-dependent proteln kinase and
mitegen-activated protein kinase signaling pathways, A potential
mechanisem allowing for the coordinated requlatlon of PDE4D
activity and expressian in cells. J Biof Chem 2000,
275:26615-26624. .

28, Setta C, Conti M: Phosphorylation and activation of a cAMP-
specific phosphodiesterase by the cAMP-dependent proteln
kinase, Involvement of serine 54 in the anzryme activation. J Bial
Chem 1996, 271;16526-16534. &~~~ "~ )

29, Ballie G5, MacKenzie S), McPhee |, Houslay MD: Sub-family
selective actions in the ability of erkZ MAP kinase to
. phosphorylate and regulate the activity of PDE4 cyclic AMP-
specific phosphodiesterases. BrJ Phammacof 2000, 131:811-818,

30. MacKenze S, Ballife GS, McPhee |, Balger GB, Houslay MD: ERK2
mitagen-activated proteln kinase binding, phosphorylation, and
regulation of the PDE4D cAMP-specific phosphodiesterases. The
involvement of COOH-terminal docking sites and NH2-terminal
UCR regions. J Biot Chem 2000, 275:16609-16617.

31. Beard MB, Olsen AE, Jones RE, Erdogan 5, Mouslay MD, Bolger GB:
UCR1 and UCR2Z domains unigue to the cAMP-specific
phosphodiesterase family form a diserete module via
electrostatic interactions. S Bief Chem 2000, 275:10349-10358.

32, LimJ, Pahike G, Conti M: Actlvation of the cAMP-specific
phosphodiesterase PDE4D3 by phosphorylation. [dentification
and functlon of an inhibitory domain, J Bio Chem 1999,
274:19677-196835, :



1 e B TR A ot

- r—

33. Grange M, Sette C, Cuomo M, Contl M, Lagarde M, Prigent AF,
Nemoz G: The cAMP-specific phosphodiesterase PDE4D3 is
regulated by phosphatidic acid binding. consequences for cAMP
slgnaling pathway and characterization of a phosphatidic acid
binding slte. J Bief Chem 2000, 275:33379-33387.

34, Kuthe A, Wiedanroth A, Magert HJ, Uckert S, Forssmann WG,
Stief CG, Jonas U: Expresslon of different phosphodiesterase
genes In human cavernous smooth muscle, J Urol 2001,
165:280-283.

35, Hansen G, Jin S, Umetsu DT, Conti M: Absence of muscarinlc

s+ chollnergic alnvay responses in mite deficlent In the cyclic
nuclectide phosphodiesterase PDEA4D. Proc Natt Acad Sci USA
2000, 87:6751-6756.

The study demonstrates that the PDE4D gene disruption compromises the:

alrway responsiveness o cholinergle stimulation desplte an apparently nor-
mal lung inflammatory Infllteation, The [oss of cholinergic responsiveness was
speclfic to the airway and was associated with a loss of slgnaling through
muscarinic receptors.

36, Kovala T, Sanwal BD, Ball EH: Recombinant expression of a type 4,
cAMP-specific phosphodiesterase: characterization and
structure-function studies of deletion mutants. Blochemistry 1997,
36:2968-2976,

37 Percival MD, Yeh B, Falgueyret JP: Zinc dependent activation of
cAMP-specific phosptiodiesterase (PDE4A}. Biochem Biophys Res
Commun 1997, 241:175-180.

38. Xu RX, Hassell AM, Vanderwall D, Lambert MH, Holmes WD,

*+  Luther MA, Rocque W, Milburn MV, Zhao Y, Ke H, Nolte RT: Atomic
structure of PDE4: insights Into phosphodiesterase mechanism
and specificity. Sclence 2000, 288:1822-1825,

The PDE4B struciure reveals the presence of two cofactor lons In a binu-

clear motll In s active slte. It provides the structural basis for Inhibitor

design,

39. Laliberte F, Han Y. Govindsrajan A, Glroux A, Liu S, Bobechka B,

»+  Larlo P, Bartleit A, Gorseth E, Gresser M, Huang Z: Conformational
differance between PDE4 apoenzyme and holoenzyme,
Blochemistry 2000, 39:6448-64.58.

This study demonsirates that the reversible cofactor Mg2+ binding results In
the presence of two coexisting PDE4 conformers (speenzyme and. holoer
zyme) that Intoract with cAMP and Inhibltors differentlally. The high alfinity
rolipram binding ske Is the holoenzyme active slte. The cofactor fons in the
holoenzyme are responsible-for eliciting the high-affinity cAMP binding and
the activation of catalytlc machinery.

40. Herman SB, Juilfs DM, Fauman EB, Juneau P, Menetsk! JP: Analysis
of a mutation in phosphodiesterase type 4 that aiters both
Inhibltor activity and nucleolide selectivity. Mol FPharmacol 2000,
57:991-999,

41, Alarez R, Sette C, Yang D, Eglen RM, Wilhelm R, Shelton ER,
Conti M: Activation.and selective Inhibition of a cyclic
AMP-specific phosphodiesterase, PDE-4D3. Mof Pharmacol 1995,
48:616-622.

43, Seldou N, Obernolte R, Huber A, Baecker PA, Wilhelm R, Alvarez R,
LI B, XiaL, Caltan Q. 5u.C et aL: Comparison of recombinant
human PDE4 isoforms: interaction with substrate and inhibitors.
Ceit Signal 1998, 10:427-440,

43. Souness JE, Rao S: Proposal far pharmacalogically distinet
conformers of PDE4 cyclic AMP phosphodiesterases. Celf Signal
1997, 9:227-236.

44, Barnette MS, Bartus JO, Burman M, Christensen SB, Clasfinski LB,
Esser KM, Prabhakar US, Rush JA, Torphy T): Association of the .
anti-inflammatory aclivity of phosphadiesterase 4 (PDE4)
inhibitors with either [nhibition of PDE4 catalytic. actlvity or
competition for [3H)rolipram binding. Biochem Pharmmacol 1986,
§1:9498-956.

45, Humpel M, Kihne G, Lehmann M, Poggel A: Pharmacokinetically
governed design of animal toxicity studies of 8 new
antidepressant drug. Arch Toxicol 1886, 9:251.

48, Heaship RJ, Evans DY: Emetic, centrat nervous.system, and
pulmonary activities of rolipram in the deg. Eur J Pharmacol 1995,
286:281-290.

47, Takahashi M, Terwiliger R, Lane C, Mezes PS, Conti M, Oumen RS:
Chronic antidepressent administration Increases ths exprassion
of cAMP-speciiic phosphadiesterase 4A and 4B Isofarms,

4 Neurosc! 1999, 19:610-618.

" ‘toriesponding POE4s, " T

‘

The next generation of PDE4 inhibitors Huang et ol 437
S . "
48, Cherry JA, Davis RL: Cyclic AMP phosphodiesterases are localized
In regions of the. mouse brain associated with reinforcement,
movement, and affect. / Comp Neurof 1989, 407:287-307,

49. Macdonald D, Perrlgr M, Liu S, Laliberte F, Rasori R, Robichaud A,

»  Masson P, Huang Z: Hunting the emesls and efficacy targets of
PDE4 inhibitors: identification of the photoaffinity probe B-(3-
azidophenyl}-6-[(4-ioda-1H-1-imidazolyl)methyllquinoline
(APIIVIQ). J Med Chem 2000, 43:3820.3823, ’

This paper reparts the identlfication of an emetic and efficacious PDE4 pho-

toprobe. Further study with. ould jead to the identlfication of the . .

50. Roblchaud A, Savole C, Stamatiow PB, Tattersal FD, Chan CC: PDEA

e+ inhibiters induce emesis In lerrets via a noradrenerglc pathway.
Neuropharmaeo! 2001, 40:262-269. [Published ematum eppears in
Neurophamacol 2001, 40:465.)

This paper provides seme Insighis Into the PDE4 Inhipllor-mediated

emesls response. '

51, Savole C, Chan CC, Rodger IW. Roblchaud A: Selectlve
potentiating effect of RS14203 on a serctoninergic pathway in
anesthetlzed rats, Can J Physfol Pharmace! 2000, 78:708-713.
_[I}’Buggslhed erratum appears in Can J Physiof Pharmacol 2001,

52, Fleckneli P: Laboratory Animai Anaesthesia, London; Academic Press
Lid; 1996:274. e

53. Fish RE: Pharmacology of Injectable Ansesthetics. Edited by
Kahn DF, White W), Benson GJ, New York: Academic Press;
1997:1-28. ’

54, Correa-5ales C, Nacif-Costho C, Reld K, Maza M: Inhibition of
adenylate cyclase in the locus coeruleus mediates the hypnatic
response to an aipha 2 agonist in the rat. J Pharmacal Exp Ther
1892, 263:1046-1049, R '

55. SmithKline Beecham, Philadelphiz, PA: SmithKlina Beetham reports
earnings per share increase of 33 per cent for third quarter 2000,
24 per cent excludlng currency. Press Release (371 Oclober 2000).

56. Sturton RG, Butt NM, Palfai SP, Tudhope SR, Abram TS, Fisher R,
Brawnlich G, £s-Sayed M: Molecular and celular profile of the
structurally novel phosphodlesterase (PDE) 4 inhibitar, BAY
19-8004. Am J Raspir Crit Care Med 2000, 161:A200,

57. Spicer D, Clark E, Bowyer N, Fizgerald MF: Efficacy of the selective
phosphodiesterase (PDE) 4 inhihitor, BAY 19-8004, in a rat model
of neutrophilic lung inflammation. Am J Respir Crit Care Med
2000, 161:A57B. ' : '

58. Fizgerald MF, Briggs BA, Edwards DF, Sturton RG: The evaluation
of a selective ptiosphodiesterase (PDE) 4 inhibitor, BAY 19-8004,
in guinea-pig antigen challenge and ferret emesis models. Am Jf
Respir Crit Care Med 2000, 161:A201,

58, Fitch N, Freeman MS, Sturton RG, Lindell D, Gundel R: The effect of
an oral phosphodiesterase (PDE) 4 Inhibltor, BAY 19-8004, in
primate asthma models. Am J Respir Crit Care iMed 2000,
161:A201,

60. -Burmouf C, Auctalr E, Avenel N, Bertin B, Bigot C, Calvet A, Chan K,
Ourand C, Fasquelle V, Feru F et al.: Synthssis, structure-activity
relationships, and. pharmacological profile of 9-amino-4-oxo-1-
phenyl-3,4.6,7-tetrahydro[1,4]diazeplno[6, %1-hi]indoles:

- discovery of potent, selectlve phosphodiesterase type 4
inhibitors. J Med Chen: 2000, 43:4850-4867.

61, Buckley G, Cooper N, Dyke HJ, Galteway F, Gowers L, Gregory IC,
Hannah DR, Haughan AF, Hellewelt PG, Kendall-HJ et al:
7-Methoxybenzofuran-4-carboxamides as POE 4 inhibitors:

a potential treatment for asthme. Sioorg Med Chem Leit 2000,
10:2137-2140,

62. Glrard Y, Blouln M, Chan C, Brideau C, Chauret N, Ducharme ¥,
Glrard M, Guay D, Hamel P, Huang Z et al: Phenyl substituted
analogs of COP-840 as phosphodiesterase-4 Inhibitors with
improved potency, oral activity and metabolic stability, Poster
PB-14, 16th international Symposium on Mediclnal Chemistry,
18-22 September 2000, Bologna, ftaly. .

63. Ducharme Y, Blouln M, Brideau C, Chan C, Chauret N, Frenette R,
Frizsen RW, Glrard Y, Hamel P, Huang Z et al.: Substituted 4-(2,2-
diphenylathyl)pyridine-N-oxides as phosphodiesterase-4
inhibitors: SAR study directed toward the improverrent of
pharmacokinetic parameters. Poster PB-12, 16th Internatlonal
Symposium on Mediclnal Chemistry, 18-22 Seplember 2000,
Bologna, laly.



e

438 Next generation therapeutics

64.
65,

€6.

67,

Brigeau C. Van Staden C, Styhler A, Rodger IW, Chan CC: The
effects of phosphodiesterase type 4 inhibitors on tumour
necrosis factor-alpha and leukotrieng B4 in a novel human whole
blood assay. BrJ Pharmagof 1999, 126:979-968.

Crespg M, Gracta J, Puig C, Vega A, Bou ), Beleta J, Domenech T,
Ryder H, Segarra V, Palaclos JM: Synthasis.and biclogical
evaluation of 2,5-dihydropyrazol. Bicorg Med Chem Lett 2000,
10:2661-2664. T oL :

Uklta T, Sugahara M, Terakawa Y, Kuroda T, Wada K, Nakata A,
Ohmachl! Y, Klkkawa H, kezawa K, Naito K: Novel, potent, and
selective phosphodiesterase-4 inhibitors as antiasthmatic agents:
synthesis and biologics) activities of a series of
1-pyridyinaphthalene derivatives. J Med Chem 1999, 42:1088-1099.

Acki M, Fukunaga M, Kitagawa M, Hayashl K, Morokata T, Ishlkawa G,
Kubo S, Yamada T: Effect of a navel anti-inflammatory compound,
Y976, on antigen-induced easinophil infiitration into the fungs in
rats, mice, and farrots. J Pharmacol £xp Ther 2000, 295:1149-1155,

. Acki M, Kobayashi M, Ishikawa J, Saita Y, Teral Y, Takayama K,

Miyata K, Yamada T: A novel phosphodiesterase type 4 Inbibitor,
YM976 (4-(3-chierophenyl)-1,7-dlethylpyrido[2,3-d]pyrimidin-
2(1H)-ong), with little emetogenlc aclivity. J Phermacol Exp Ther
2000, 295:255-260.

Characterisation of the efficacy and emesls responses of a novel PDE4
Inhibitor in ferrets.

69,

70.

.

12,

73.

74,

75,

76.

7L

78.

79.

80.

Napoletann M, Norcint G, Peltacini F, Marchinl F, Morazzont G,
Ferlenga P, Pradella L: The synthesis and biological evaluation of a
novel serfes of phthalazine PDE4 inhibitors {. Bloorg Med Chem
Lert 2000, 10:2235-2238.

Napoletano M, Norcinl G, Pellacinl F, Marchin F, Morazzonl G,
Feslenga P, Pradella L: Phthalazine PDE4 inhibitors. Part 2: the
synthesls and biological evaluation of 6-methoxy-1.4- -
disubstituted derivatives. Bicorg Med Chem Lett 2001, 11:33-37

Hersperger R, Bray-French i, Mazzonl L, Muller T: Palladium-catatyzed
cross-coupling reactlons for the synthesls of §, 8-disubstituted
1,7-naphttyridines: 8 novel class of potent and selective
phosphodiesterase type 40 Inhibitors. J Med Chern 2000, 43:675-602.

Manning CD, Burman M, Christensen S8, Cleslinskl LB, Essayan DM,
Graus M, Torphy T), Bamette MS: Suppression of human
inflammalary cell function by sublype-selective PDE4 inhibitors
correlates with inhibition of PDE4A and PDE4B, Br J Pharmacot
1999, 128:1393-1398, ‘

Hay DW: Chronic gbstructive pulmonary disease: emerging
therapies. Cur Opin Chem Biol 2000, 4:412-419.

Spina O: The potential of PDE4 Inhibitors in asthma or COPD. Curr
COgin Invest Dnugs 2000, 1:204-213.

Woida SL: PDE4 inhlbitors and chronic obsiructive pulmonary
disease. Emerging Drugs 2000, $:308-318,

Glemtycz MA: Phosphodiesterase 4 and tolerance to beta
2-adrenoceptor agonists in asthma, Trends Pharmacol 5¢i 1996,
17:331-336.

Mio M, Kirino Y, Kamel C: Desensitization of bets2-adrenoceptor
and hypersensitization to phosphodiasterase inhibitors elicited
by beta2-agoenists in guinea pig eosinophils. J Alfergy Clin
Immunot 2000, 106:8956-903.

Au BT, Telxeira MM, Collins PD, Williams TJ: Effect of PDE4
inhibitors on zymasan-induced [L-B refease from human
neutrophlls: synerglsm with prostanoids and salbutamol, Sr .
Pharmacol 1998, 123:1260-1266.

tkemura T, Schwarze J, Makela M, Kanehlro A, Joethem A, Ohmorl K,
Gelland EW: Type 4 phosphodiesterase inhfbitors attenuate
respiratary syncytial virus-induced alrway hyper-responsiveness
and [ung eosinophilia. J Pharmmacol Exp Ther 2000, 294:701-706.

Marko D, Romanakis K, Zankl H, Furstenberger G, Steinbauer B,
Eisenbrand G: Induction of apoptosls by an inhibitor of
cAMP-specific PDE in malignant murine carcinoma cells

81.

82.

83.

B4,

85.

86.

87

B4.

89.

90.

91.

92,

93.

94,

overexpressing PDE activity in comparison to their nonmalignant
counterparts, Cell Biochem Biophys 1998, 28:75-101.

Marko D, Pahlke G, Merz KM, Elsentrand G: Cyclic 3',5"nucleotide
phosphodiesterases: potential targets for anticancer therapy.
Chem Res Texicol 2000, 13:944-948.  *° T

Kim DH, Lerner A: Type 4 cyclic adenosine monophosphate
phosphodiesterasa as a therapeutic target in chrenic [ymphocytic
leukemis, Blooa 1998, 82:2484-2494, - - T

Lerner A, Kim DH, Lee R; The cAMP s!gna.léng pathway as a
therapeulic target in lymphoid malignancies. Leuk Lymphoma
2000, 37:39-51. 7

Sun Y, Lit, Lau F, Beavo JA, Claric EA: Infection of CD4+ memory
T celis by HIV-1 requires expression of phosphodiesterase 4.
S Immunot 2000, 16517551761, (. 1 T

Secchiero P, Zells D, Currell 3, Mirendola P, Capitani S, Gallo RC,
Zaull G: Pivotal role of cyclic nucleoside phosphadiesterase 4 in
tat-mediated CD4+ T cell hyperactivation and HIV type T
replication. Proc Natf Acad Sci LISA 2000, 97:14620-14625.

Tofovlc SP, Zacharia 1C, Carcllio JA, Jackson EK: Inhibition-of
cytokine release by and cardlac effects of type 4
phosphodiesterase inhibition in early, profound endotoxaemia
In viva, Clin Exp Pharmacol Physiol 2000, 27:787-792,

Thomas NJ, Carcillo JA, Herzer WA, Mi 2, Jackson EI; Ghronic typa 4
phosphodiesterase inhibitlan protects glomerular filtration rate
and ranal and mesenteric blood Now in & zymosan-induced modet
of multiple organ dysfunction syndrome treated with
norepinephrine, J Pharmaco! Exp Ther 2001, 296:168.174.

Zhang HT, Crissman AM, Dosalraj NR, Chandler LJ, O'Donnetl IM:
Inhibition of cyclic AMP phosphodiesterase (PDE4) reverses
memory deficits associated with NMDA receptor antagonism.
Mauropsychophsrmacotogy 2000, 23:198-204.

Zhang HT, O'Connell JM:. Effacts of rollpram on scopolamine-
Induced impairment of working end reference memory in the
radial-arm maze tests In rats. Psychopharmacology 2000,
150:311-316. o

Richtor W, Unciuieac L, Hermsdor! T, Kronbach T, Dettmer D;
Identification of inhibitor binding sites of the cAMP-specific
phosphodiesterase 4. Cel/ Signal 2001, 13:287-297,

Richter W, Uncivleac L, Hermsdor! T, Kronbach T, Dattmer D:
Identification of substrate specificity delerminants in human
cAMP-spacific phosphodiesterase 4A by single-point
mutagenesls. Celf Signal 2001, 13:158-167.

Dodge KL, Khouangsathiene S, Kapiloff MS, Mouton R, Hilt EV,
Houslay MD, {.angeberg LK, Scott J0: mAKAP assembles e-protein
kinasa A/PDE4 phosphodiesterase cAMP signaling module.
EMBO J 2001, 20:1921-1930. ‘ :

Hatzetmann A, Schudt C: Anti-inflammatory and'
immunomodulatory potential of the novel PDEA4 inhibitor
Roflumilast in vitro. J Pharmacol Exp Ther 2001, 287:267-278,

Bundschuh DS, Eltze M, Barslg J, Wollin L, Hatzelmana A, Beume R:
In vivo efficacy in ainway disease models of Roflumilast, a novet
orally active PDE4 inhibitor. J Pharmacof Exp Ther 2001,
297:280-290.

Patents

P1.

P2.

Flockerzi D, Gutterer B, Hatzelmatwn A, Schudt C, Beuma R, Kilian U,
Walf H: Fluoroalkony-substituted benzamides and their use as
cyclic nucleotide phosphodiesterase inhiblters, 1985, WO
95/01338. ' R ’ '

L S R
Nieman R, Rebuck AS, Torphy TJ: Treatment of pulmonary disease
g.g. asthma and chronic obstructive pulmonary disease,
comprises phospodlesterase 4 inhibitor und beta adrenergic
tronchodilator, 2000, WO 200012078.



T T T At

!%% Clinfcal & Experimental Metasiasis 18: 509604, 2001,

© 2001 Khuwer Academic Publishers, Printed in the Netherlands. 599

Cyclic AMP specific phosphodiesterase activity and colon cancer cell motility

Kohei Murata!, Toshiki Sudo®, Masao Kameyama!, Hiroe Fukuoka!, Mutsuko Mukai?,
Yuichiro Doki', Yo Sasaki!, Osamu Ishikawa!, Yukio Kimura® & Shingi Imaoka!

' Department of Surgical Oncology and 2Department of Tumor Biochemistry, Osaka Medical Center Jor Cancer and CVD,
Osaka, Japan, 3 First Institute of New Drug Research, Otsuka Pharmaceutical Co. -Ltd, Japan : . )

Received 7 May 2001; aceepted in revised form 11 June 2001

Key words: ¢AMP, colon cancer, DLD-1, phosphodiesterase, rolipram

Abstract

To investigate mechanisms for regulation of intracellular cAMP involved in cancer cell invasion, phosphodiesterase (PDE)
activity in a colon cancer celi line, DLD-1, was studied. Activities of PDE 2, 4, and 5 were detected in DLD-1 cells by
pharmacological approach. Specific and cell permeable inhibitors for those PDEs were used to determine which PDE js
responsible for cAMP turnover involved in cancer cell motility. Treatment of DLD-1 cells with rolipram and Ro-20-1724,
inhibitors for PDE 4, clevated intracellular cAMP contents three to five times of control. EHNA, an inhibitor for PDE
2, and zaprinast, an inhibitor for PDE 5, did not affect cAMP levels. To assess cellular motility, we utilized chemotaxis
assay. EHNA and zaprinast did not suppress serum-induced chemotaxis. In contrast, rolipram and Ro-20-1724, suppressed
chemotaxis in a dose dependent fashion, These suggest that PDE 4 plays a critical role in regulating intracelular cAMP

levels of colon cancer cells and is involved in cancer invasion. PDE 4 can be a novel target of anti-invasion drug.

Abbreviations: PDE — phosphodiesterase; DMSO — dimethyl sulfoxide; FBS — fetal bovine serum; EHNA — erthro-9-(2-

hydroxy-3-nonyl)adenine HCI; DMF — dimethyl formamide

Introduction

Cancer metastasis is 2 complex event including a number

of cellular functions, such as motility, invasion, attachment
and proliferation. Among them, cellular motility and inva-
sion are involved in initial steps of metastasis at original
sites. Intracelfular cAMP has been shown to regulate cel-
lalar motility in various cell types in vitro {1, 2]. The levels
of cAMP is regulated by the balance of adenyl] cyclase and
phosphodiesterase (PDE) activities in cells. Although the

effects of PDE inhibitors on cell motility were reported
in various experimental models [3, 4], no study has been
performed to investigate PDE activities that control cAMP
tevels in colon cancer cells.

The aim of this study was to investigate PDE activi-
ties of a colon cancer cell line, DLD-1, and understand
how they regulate cancer cell motility, The results obtained
will provide useful information for the discovery of a novel
anti-metastasis drug.

Correspondence ig: Kohel Murata, MD, PhD, Deparimenl of Surgical On-
cology, Osaka Medical Center for Cancer and CVD, 1-3.3, Nakamichi,
Higashinar, Oszka 537-B5t1, Japan, Tel: +-81-6-6972-1181; Fax; 481-
6-6981-8055; E~mall: kmurata@yo.rim.orjp

Materials and methods

Reagents and cell culture

Rolipram, (&)-4-[3-(cyclopentyloxy)-4-methoxy-phenyl]-
2-pyrrolidinone, and Ro-20-1724, 4-(3-Butoxy-4-methoxy-
benzyl)-2-imidazolidinone, specific and cell-permcable in-
hibitors for PDE 4, was purchased from BIOMOL
Research Labs., Inc. (Plymouth Meeting, Pennsylva-
nia}. Zaprinast, 1,4-dihydro-5-(2-propoxyphenyl)-7H-1,2,3-
triazol(4,5-d)pyrimidine-7-one, a specific inhibitor for PDE
5, and vinpocetine, a specific inhibitor for PDE 1, were from
Sigma (St. Louis, Missouri). EHNA, erthro-9-(2-hydroxy-3-
nonyl)adenine HCI, a specific inhibitor for PDE 2 was from
BIOMOL Research Labs., Inc. (Plymouth Meeting, Penn-
sylvania). Cilostazol, a specific inhibitor for PDE 3, was
synthesized by Otsuka Pharmaceutical Co., Ltd (Toknshima,
Japan). All of these PDE inhibitors were disselved in
dimethyl sulfoxide (DMSO) and the same amount of DMSO
was added to the control experiments at the concentration of
0.1% except PDE assays, where dimethy] formamide (DMF)
was bsed as solvent. A human colon cancer cell line, DLD-1,
was kindly provided from Drs Kawai and Horimoto (Os-
aka University Medical School, Suita, Japan) and grown
in RPMI1640 supplemented with 10% fetal bovine serum
(FBS). The cells at 70 to 80% confluency were trypsinized
and used for experiments described below.



Foialte

REA L LRTTON

600,
Phosphodiesterase assay

DLD-1 cells were harvested and suspended in 50 mM Tris-
HCL, pH 7.5, 1 mM MgCly, 1 mM EDTA, 0.1 mM EGTA,

40% glycerol, and proteinase inhibitor cocktail (Sigma, St.. .

Louis, Missouri). After sonication two times for 10 seconds,
the suspensions were centrifuged at 10,000 g for 10 min
and the supernatants were used for PDE assays, PDE ac-
tivity was measured by the method previously described {5].
Reaction buffer contained 50 mM Tris-HCI pH 7.5, 5 mM
MgClz, 2 mM EGTA, 0.1 mg/ml bovine serum albumin,
Substrate was [PH] cAMP or [*H] cGMP at the concentra-
tion of 0.1 M or 3 uM. DLD-I celi extract in the presence
or absence of one of the PDE inhibitors was incubated in the
reaction buffer at 30 °C for 10 min. Assays were stopped by
incubating the tubes in a 100 °C for 5 min. After cooling,
snake venom (0.1 mg/ml) was added to each assay followed
by incubation at 30 °C for 10 min. The samples were ap-
plied to Bio-Rad AG SOW-X8 resin columns. After washing,
the columns were eluted with 1 N NH4OH and the eluates
were collected in scintillation vials. The radioactivity of [*H]
adenosine or [*H] guanosine was counted by liquid scintil-
lation. All compounds were dissolved in DMF and the final
concentration of DMF was 0.5% in the assays.

Measurement of intracellular cAMP levels

The effects of PDE inhibitors on cAMP content in DLD-1
cells were assessed by enzyme immunoassay (EIA). DLD-1
cells were cultured in 96 well celi culture plate at the density
of 10,000 cells/well for 14 h at 37 °C in RPMI1640 con-
taining 10% FBS with or without PDE inhibitors. After the
incubation, cells were lysed and the cell lysates were used
to determine the intracellular cAMP content using a cAMP
EIA kit (Amersham Pharmacia Biotech, Piscataway, New
Jersey).

Proliferation and chemotaxis assay

DLD-1 cells were cultured in 30 mm dish with RPMI
medium containing 10% FBS and one of the FDE in-
hibitors was added, At day 1, 3, and 5, the cells were
trypsinized and cell numbers were counted with Coulter
Counter {Beckman Coulter, Miami, Florida). Chemotaxis
agsay was performed using non-coated transwell polycar-
bonate membranes {Coster, Cambridge, Massachusetts)
with pore sizc of 8 wm. Lower compartments included 5%
FBS as a chemoattractant to induce trans-membrane mi-
gration, Cells on the bottom sides of transwells were fixed
and stained with Giemsa solution and miprated cells were
counted through bright field microscopy. The area of a field
through microscopy was about 1 mm?.

S : K, Murata et al,
Results SR .

Phosphodiesterase activities in DLD-1 cell lysates

First, we used a lower concentration.of cAMP.(0.1 ;M) a5

substrate to determine activities of low Km cAMP phos-
phediesterase isozymes (Figure 1A). The activity without
inhibitor was 1.46 pmole/min/10° cells. A specific PDE 4 in-
hibitor, rolipram, inhibited this activity in a dose dependent
fashion. The IC50 for this inhibition was 0.3 uM, which is a
reported IC50 for purified PDE 4. A specific PDE 2 infiibitor,
EHNA, did not inhibit this activity. Cilostazol, a specific
PDE 3 inhibitor;, showed minimum inhibition. The ICS0 for
the inhibition by cilostazol was relatively high (77.3 M)
and this was about the same as the IC50 for the inhibition of
purified PDE 4 by cilostazol. These indicated that there s a
PDE 4 activity dominant in DLD-1 cells, and that PDE 2 and
PDE 3 activities against cAMP were very low if any. When
we used a higher concentration of cAMP (3 M), an activity
was 15.5 pmole/min/10° cells and a similar inhibitory profile
was obtained (Fipure 1B). This also indicated that PDE 4
is a dominant phosphodiesterase against cAMP in this cell
lysate,

Next, we vsed ¢GMP as substrate to evaluate activi-
ties of ¢cGMP specific phosphodiesterases, When a lower
concentration (0.1 pM) of cGMP was used (Figure 1C),
an activity was 0.46 pmoles/min/10% cells. A specific in-
hibitor for PDE 5, zaprinast, inhibited this activity potently
(IC50=10.22 uM). Cilostazol, a PDE 3 inhibitor, also in-
hibited this activity but the IC50 was higher (7.8 uM). As
cilostazol is known to have some inhibitory effects on PDE 5
around these concentrations (4-10 M) [5], these indicated:
that EDE 5 activity exists in this cell lysdte. Vinpocetine,
a PDE 1 inhibitor, did not show significant effects indicat-
ing the absence of PDE 1 activity. EHNA did not show
inhibition in this assay, To estimate cGMP-stimulated phos-
phodiesterase (PDE 2) activity, higher concentration (3 uM)
of cGMP was used (Figure 1D), In this assay, the activity
was 5.46 pmoles/min/106 cells and EHNA exerted inhibitory
effects (IC50=4.7 M} This clearly showed existence of
PDE 2 activity against cGMFP in this cell lysate. In addition,
cilostazol, whose IC50 for purified PDE 2 is reported to be
5.6-58 M [5], inhibited this activity at relatively higher
doses {(IC50 = 15.3 uM). Taken together, we concluded that
in DLD-1 cell lysate, there are PDE 2, PDE 4 and PDE 5
activities predominantly existing and that PDE 1 and PDE 3
activities are not detectable in this assay system.,

Intracellular cAMP levels in DLD-1 cells treated with PDE
inhibitors

To further determine whether PDE 2, 4, and 5 are active
and regulating cAMP levels in DLD-1 cells, we next treated
the cells for 14 h with specific inhibiters for those PDEs
and measured intraccllular cAMP levels by immunoassay
(Figure 2). Rolipram and Ro-20-1724, inhibitors for PDE
4, increased intracellular cAMP significantly (vs. DMSO,
P < 0.01, Student’s ¢-test). In contrast, zaprinast-treatment
did not affect intraceilular cAMP levels. Since zaprinast is
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an inhibitor for cGMP specific phosphodiesterase (PDE 5),
this confirmed the results from in vitro PDE activity study.
Cilostazol, a specific inhibitor for PDE 3, did not increase
intracellular cAMP levels and this aiso confirmed the data of
PDE assay. EHNA had no effect on cAMP levels although
PDE 2 activity was detected in cell lysate. This indicated that

Figure 3. Effects of phosphodiesterase inhibitors (S0 M) on cell growih.
Cell numbers on 30 min dishes were plotted. DMSO (closed reclangle),
rolipram {clascd circle), Ro-20-1724 (closed triangie), EHNA (closed di-
amond), zaprinast (open rectangle), Values are the mean of cell numbers
from three culture dishes (4 SD).

c¢GMP levels are not high enough to activate PDE 2 in intact
DLD-1 cells of this condition..
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The effects of PDE inhibitors on proliferation-of DLD-1
cells

Before performing cellular. motility assaj, we checked the

" cellular toxicity of PDE inhibitors. All the inhibitors used in

this study did not cause any toxicity at 30 pM within 48 h,
which was confirmed by trypan blue staining. Although we
did not detect any ceH toxicity in 48 h incubation, the effects
of these PDE inhibitors on cellular growth of DLD-1 were
of interest. The cells were incubated in 5% FBS mediom
with or without PDE inhibitors at 50 uM (Figure 3), FDE
4 inhibitors, rolipram and Ro-20-1724 did not show any
effect on cell proliferation-up to day 5. Zaprinast inhibited
cell proliferation in a minimum range. In contrast, EHNA,
an inhibitor for PDE 2, suppressed cell growth significantly
at day 3 and 5 (vs. DMSO, P < 0.01, Student’s r-test).
The cells vnder this condition did not die even at day 5.
The inhibitory effects of EHNA on cell growth seemed to
be caused not by cellular toxicity but by PDE 2 inhibition
for a long incubation time.

The effects of PDE inhibitors on chemotaxis of DLD-! cells

Because the increase of ¢cAMP in cancer cells has been
shown to soppress cellular motility {2], we designed experi-
ments to investigate the effects of PDE inhibitors on DLD-1
cells. Two chamber system was applied to estimate chemo-
taxis of DLD-1 cells (Figure 4). The cells were seeded onto
the upper chamber and 5% FBS was used in the lower cham-
ber as a chemoattractant, PDE inhibitors were applied bath
in upper and lower chambers at the same concentrations.
After 10 h, DLD-1 cells migrated through the pores and
spread out on the bottom sides of the transwells (Figure 4),
Rolipram (50 puM) and Ro-20-1724 (50 M), inhibitors for
PDE 4, suppressed chemotaxis induced by FBS. Zaprinast
(50 uM) and EHNA (50 uM) did not significantly affect
it. The cells on the bottom sides were counted (Figure 4G).
Rolipram and Ro-20-1724 suppressed chemotaxis of DLD-
1 induced by FBS significantly in a dose dependent manner
{vs. DMSO, P < 0.01. Student's -test). Cilostazol (50 uM)
suppressed chemotaxis (vs. DMSO, P < 0.01, Student’s
t-test) as we reported previously (4], althoogh intracellular
cAMP was not elevated in the condition nsed. We tested
another colon cancer cell line, WiDr, that has relatively high
activity of PDE 4 and observed similar suppressive effects
on cellular migration by rolipram (Murata et al., unpublished
results).

Discussion

Cyclic AMP has been demonstrated to be one of the im-
portant second messengers to regulate cellular motility. In
1983, Mokashi et al. reported that drugs to elevate cAMP
levels inhibit chemotaxis of tumor cells [2]. To maintain op-
timal levels of cAMP in cells effectively, phosphodiesterases
(PDEs) are important regulators as well as adenyl cyclase.
In this report we investigated PDEs in colon cancer DLD-1

" K Murata et al,

cells and by using specific inhibitors we found that PDE 4 is
involved in cancer cell motility, .

PDEs are classically categarized into seven classes [6].
PDE 1 is called Ca2+-/calmodulin dependent PDE. PDE 2
can be stimulated by ¢GMP and PDE 3 can be inhibited by
cGMP. PDE 4, also called as a cAMP-specific and rolipram-
sensitive PDE, has four subtypcs, ie., PDE 4 A, B, C, D.
Each enzyme has its splicing variants. PDE 5, cGMP spe-

.cific PDE, is involved in smooth muscle relax. PDE 6 is

photoreceptor cGMP PDE. PDE 7 is cAMP specific but in-
sensitive to rolipram or IBMZX, whose physiological roles are
not fully elucidated yet. Recently, novel subtypes of PDEs
were cloned and characterized [7-11], but biological roles of
these novel types of PDEs are not elucidated because of lack
of specific inhibitors. We took advantage of using specific
inhibitors for PDE 1 to 5 in order to clarify which PDE is
dominanfly active in DLD-1 cell lysate. Although activities
of PDE 6 to 11 could not be definitely assessed, the data
indicated that PDE 4 family is dominantly active in DLD-1
cells. - :

PDE 4 and its significance in cancer cell function
have been well characterized by using a specific inhibitor,
ralipram {12]. It was shown that higher activity of PDE 4
in malignant carcinoma than its counterpart non-malignant
cells (131, In virus-transformed lymphocytes, PDE 4 activity
was up-regulated [14]. Chemotactic migration was demon-
strated to be enhanced by rolipram-sensitive PDEs in a breast
cancer cell line {3]. Integrin alphaGbetad was shown to
decrease intracellular cAMP concentrations by stimulating
rolipram-sensitive PDEs. They also showed that activa-
tion of rho through integrin alphatbetad was suppressed by
IBMX, a non-specific PDE inhibitor [15]. Although our data
supported this concept, it is still unknown which subtype of
PDE 4 is involved in cellular motility. Iona et al. established
specific antibodies against each subtype of PDE 4 {16]. Fur-
ther investigation using those antibodies will clarify which
subtype of PDE 4 is dominant in cancer cells or tissues.

Although we did not detect significant suppression on
proliferation or viability of DLD-1 cells by rolipram incu-
bation, induction of apoptosis by a PDE 4 inhibitor was
reporied in different cell lines. In chronic lymphocytic
leukemia cells, PDE 4A and B were identified [17}. They
demonstrated successful induction of apoptosis of leukemia
cells by rolipram and proposed that rolipram can be a novel
therapeutic target of malignant diseases. Anti-proliferative
effects of PDE inhibitors were also reported [18] whereas the
effects may not be associated with PDE inhibition [19]. PDE
4 has four subtypes and rolipram suppressed all of them.
Each of PDE 4 subtypes may have a specific role in cellu-
lar function. The subtype of PDE 4 predominantly active in
DLD-1 cells, probabaly PDE 4C or D, may be involved in
cellular motility rather than proliferation.

The inhibitory effects of PDE 2 inhibitor, EHNA, on
cell growth were moderate but of interest. Although we
could not detect elevation of cAMP levels in DLD-1 cell
lysate by EHNA treatment, it is possible that local accu-
mulation of cAMP in cells by specific PDE 2 inhibition
may contribute to the partial and moderate suppression of
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cell growth. Further investigation needs to be performed to
clarify the mechanisms.

In the previous report, we showed that a specific inhibitor
for PDE 3, cilostazol, suppresses colon cancer cell motility
using a varicty of in vitro experimental models {4]. We also
confirmed suppressive effects of cilostazol on chemotaxis of
DLD-1 in this report (Figure 3G). However, we analyzed
pharmacologically PDE activities of colon cancer DLD-1
cells and found that there is no detectable activity of PDE
3 in those cells. In addition, cilostazol did not elevate intra-
celiular cAMP levels. The question whether the suppression

of cell migration by cilostazol comes from the inhibition
of PDE 3 or not remains to be solved. It is yet possible
that undetectable increase of local cAMP in particular cel-
hular components by inhibition of PDE 3 by cilostazol could
cause moderate PKA activation and significant suppression
of cellular motility. In fact, in rat mesangial cells, cilostazol
showed anti-mitogenic effects with PKA activation without
detectable increase of cAMP [20].

Receptor-mediated suppression of adenyl cyclase through
hetero-trimeric G protein (Gi) and down-regulation of
cAMP have been proposed as one of the mechanisms to
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control cellular motility. A number of studies have been re-
ported to support this concept including our laboratory using
different cell types and stimuli (21, 22]. However, keeping
effectively intracellular cAMP levels lower can be donc by
activation of phosphodiesterases. Activation of PDE 4 in
cancer cells and consequent hydralysis of cAMP might be
another mechanism for cancer cell invasion.

Our data suggested that PDE 4 can be a novel target
of cancer therapy. PDE 4 inhibitors including rolipram and
Ro-20-1724 have been studied as anti-depressant drugs in
humans but did not become tolerable because of their side
effects on central nerve system {24]. Although a number
of studies showed anti tumor effects of PDE 4 inhibitors
in vitro (3, 17-19], nobody reported their effects on exper-
imental cancer models. The efficacy of PDE 4 inhibitors
on animal metastatic models should be investigated in the
next stage of our project. Recently, second gencration PDE
4 inhibitors have been introduced and some of them have
been already applied for clinical use as anti-asthma or anti-
inflammatory drugs {25, 26]. Those inhibitors might be
useful as anti-invasion therapy for colon cancer patients,
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At least 11 families of distinct phosphediesterase (PDE) isoenzymes
are known to regulate the function of many cells secondary to altering
the Intracellular levels of second messengers including cyclic 3'5-
monophasphate  (cyclic  AMP) and cycic  3'5  guanasine
monophosphate {eyclic GMF). While there is a wide distribution of
these enzymes throughout the body, it Is of Interest that inflammatory
cells thought to participate in the pathogenesis of inflammatory
diseases including asthma and chronic obstructive pulmonary disease
JCOPD), preferentially express PDF4. This inding has stimulated the
search for highly selective inhibitors of these enzymes. Unfortunately,
FDEY inhibitors tend to be associated with a number of unwanted stde
effects including headache and emesis, However, attempts have been
made through rational drug design to synthesize compounds that
demonstrate improved side effect profile. Such drugs offer an exciting
opportunity to sefectively downregulate inflammatory cell function as
a novel therapeutic approach in the treatment of alrway disease,

Keywords Phosphodiesterase inhibitors, COFD, PDE4, asthma

Introduction

At least 11 families of PDE, including PDEL-7 {1] and PDES-
11 [2] are known to exist, based upon a variety of criterla
including substrate specificity, Inhibitor potency, enzyme
kinetics and amino acid sequence. These enzymes are
distributed widely throughout the body, differentially
expressed in cells and localized to different compartments
within cells. The functional significance of the subcellular
localizatlon of PD)Es is not completely understood, although
there is a considerable body of evidence to suggest that the

expression of PDE in cellular domains can tightly regulate
the levels of cyclic nucleotides in the vicinity of effector
proteins and are therefore implicated in the regulation of cell
function [3]. o :

The development of selective PDE inhibitors has facilitated our
understanding of the role that these enzymes play in cell
biology. The selective targeting of individual PDE iseenzymes
has profound implications for the treatment of disease, as
recently hiphlighted with the introduction of the PDE5
selective inhibitor, sildenafil (Pfizer), for erectile dysfunction
(4. Many pharmaceutical companies are .attempting to
discover the ‘Viagra of the airways' for diseases like asthma
and COPD. In this context, PDE4 has been selectively targeted
using chemical inhibitors on the basis of the clinical efficacy of
the archetypal non-selective PDE inhibitor, theophylline,
which has long been used in the treatment of asthma and
COFD. A number of highly potent PDE4 inhibitors have been
tested in clinical trials and shown to have therapeutic potentiai,

‘However, one of the major stumbling blocks to the

development of these inhibitors is the potential side effect
profile, including emesis that is a characterdstic feature of many
of these drugs, although atterapts are being made to reduce
these unwanted side effects. This review will highlight the
current state of play with regard to the petential use af these
drugs in the treatment of asthma and COPD.

Properties and classificaticn of PDE4

PDE¢ 15 a cyclic AMP specific isoenzyme (K, = 0.2 to 4 mM),
shawing very low affinity for cyclic GMP (K, = > 1000 mM),
the latter without effect on PDE4 catalytic activity, Four PDE4
subtypes (PDE4A to D) have been cloned and expressed, with
additional complexity arising as a consequence of mRNA
splicing resulting in isoforms with alterations in amino acid
sequences within the N terminal region (3]. In order to gain
Insights into the functional significance of PDE4, various
studies investigated the distribution of PDE4. It 1s clear that
PDEAC is predominantly localized to the testis, skeletal muscle
and human fetal lung [3], while PDE4A, B and D are known to
be distributed in many inflammatory cells in man (Table 1),

Table 1. Summary of the expression of mRNA for PDE4 genes in human cells.

Cell type A B c a D Reference
CD4 T cell + ++ (B2} Weak [51]
Thi celis 44 ++ - - [122)
The celis: + ++ - =+ [122]
cDBT cell ++ ++ {B2) ++ [51)
B cell ++ ++ (B2) Eas f128)
Monacyts + ++(B2) - Weak [25,51,124,125]
Eosinaphll ++ +H - ++ (r26,51]
Neutrophil + ++ (B2) - + {125,126]
Macrophage ++ _ [18]
Brain ++ ++ + ++ {5,126}
Area postrema + | [45)"[44)
Epithelium +{AS) +{C1) + (D2} (127}

+ (D3} (128]

*Analysis performed In rat brain. **tmmunohistochemical detection using mouse brain. Text in parenthesis denotes splice variant, +and -

denote presence and absence of expression, respectivaly.
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Analysis of the amino acid sequence of PDE4 revealed a
catalytlc domain and two upstream conserved regions
{UCRs) that are unique to this family of PDE. Using deletion
analysls, studies have shown that the catalytic domain in
PDE4A4B, for example, lies between the amino .acid
sequences 332/365 to 680/772 [3,6+s). Similarly, PDE4BZB
has a catalytic domain between amino acid sequence 152-528
[7oo,Boo], The atomic structure of the catalytic domain of
4BZB has recently been published, showing important
structural features within the binding pocket for cyclic AMP
including the presence of two metal ions, most likely zing
and magneslum, that are important for binding the cyclic
phosphate group and various other amino aclds critical for
cyclic AMP binding [9ee]. '

The cDNAs for PDE4 encode for enzymes that can exist as
elther the long form, containing both UCR reglons, and a short
form, characterized by either a lack in UCRI and intact or
partially truncated UCRZ region. It is thought that the short
and long forms differ with respect to enzyme activity,
subcellular localization and activation by different intracellular
signaling pathways. Thus, PDE4D3 catalytic activity is
increased by a protein kinase A-dependent mechanism [10ss],
a consequence of phosphorylation of Serfd [lles),
Additlonally, specific sites in the UCR region are also subject to
phosphoryladon by MAP linase-dependent mechanisms
which could have important implications for PDE4 activity [3],
Furthermare, the N terminal region is implicated in targeting
PDE4 to specific domains within the cell by virtue of protein-
proteln [nteractions with SH3 domain-containing proteins
[12e¢]. Regions near the carboxyl terminus are also fmplicated
in the regulation of PDE4 function, Thus, substitution of Ser487
for Ala resulted in a significant attenuation of MAP kinase-
dependent phospharylation of PDE4B2B ({7es]. Similarly,
phosphorylation by ERK2 kinase of PDE4D3 at Ser579 in the
carboxyl terminal region, led to a significant reducton in
catalytic actvity [13es],

Further complexity arises with findings that alteratlon in the
activity of PDE4 by ERK2 kinase is also influenced by the
presence of UCR regions. Thus while phosphorylation of
PDE4D3 at Ser579 resulted in a reduction in cyclic AMP PDE
activity, an increase in catalytlc actlvity was observed
following phospharylation of Ser491 in POE4DI, a PDE4
enzyme that lacks a UCR1 domain [14es], These findings
suggest that different splice variants of PDE4 may be
differentially regulated by intracellular signaling pathways
that may have important implications in the regulation of
cell  funedon under normal physiological  and
pathophysiological conditions. Indeed, alterations to the N
terminal regions of these proteins have important functional
consequences as this may alter their subcellular localization
[12ee], activation (7ee 10es,15] and inhibidon by PDE{
inhibitors [10es]. Moreover, the observation of alterations in
PDE4 expression during cell differentiation {16) or following
act{vation by cytokines, growth factors and lipid mediators
[7ee,17-19] could have important functional consequences
during an inflammatory episode.

It has long been recognized that the archetypal PDE4
inhibitor, rolipram (Schering AG), binds with high affinity to
brain tissue compared with peripheral organs {20] yet is at
least 2- to 3-fold less potent at {nhibiting FDE4 catalytic
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acvity in this tissue [21]. The significance of this
discrepancy was later clarified in studies expressing human
recombinant PDE4 in yeast and showing that the high
affinity rollpram binding site and the PDE4 catalytic domain
reside on the same gene product [22es,23], Interestingly,
there was little correlation between the abillty of a range of
compounds to displace rolipram binding from PDE4 and
their ablity to inhibit PDE4 catalytic activity, raising the
possibility of synthesizing compounds that could selectively
target these sites. The functional significance of the two
domains recognized by PDE4 inhibitors was clarified further
in studies examining rolipram binding and PDE4 catalytic
activity in N terminally-truncated enzymes expressed in
yeast, COS and Sf9 cells [Gee Bec,24ee]. Specific reglons
within the N terminal domain of PDE4A are important for
determining high effinity binding by rolipram and the
removal of this site from the protein did not abolish catalytic
activity nor the ability of rolipram to inhibit PDE4 catalytic
activity, suggesting that binding to the high affinity site is
not a prerequisite for inhibition of catalytic activity
[Ges,24s0], Similarly, expression of an N terminal-truncated
PDE4B2B (152-564) resulted in a protein which lacked a high
affinlty binding site for rolipram compared with PDE4B2B
{81-564) [8es), suggesting that specific sequences within the
N terminal domain are necessary for the expression of high
affinity binding. However, the binding of another PDE4
inhibitor, RP-73401 (Rhéne-Poulenc), to PDE4A was
unaffected by the loss of this specific amino acid sequence
within the N terminal domain, but the ability of rolipram to
displace RP-73401 binding was characterized by a two-site
binding madel [6=s]. The implication of these findings is that
specific amino acid sequences outside the catalytic domain
of PDE4 can alter the conformation of the protein, such that
it binds rolipram with high affinity and therefore the 'high
affinity' binding site represents a different conformation of
the same protein [Ges §ee,22e0,240e]. There is biochemical
evidence supporting the view that PDE4 can exst In
different conformational states, as different methods
employed to isolate PDE4 from cells can lead to differences
in catalytic activity and inhibitor sensitivity [2526). A
number of intracellular processes including phosphorylation
[7es,10ns,110s,13e,14es] or the presence of co-factors, such
as magnestum fons [27], are known to alter PDE4 catalytic
activity.

Pharmacological studies have been employed in order to
determine structure-activity relationships between different
PDE4 Inhibitors and a number of functional studies have
shown correlation between PDE4 Inhibitor potency and the
ability of PDE4 inhibitors to inhibit various aspects of cell
function or rolipram binding. The ability of PDE4 inhibitors
to Inhibit gastric acld secretion [28], emesis (28], FMLP-
induced myeloperoxidase release from human neutrophils
{30], inhibition of purified solubilized PDE4 from guinea pig
eosinophils and potentiation of isoprenaline-induced cyclic
AMP accumulation from guinea plg eosinophils (31},
correlated with the ability of these inhibitors to displace
high affinity rolipram binding. In contrast, the ability of
compounds to inhibit PDE4 catalytic activity correlated with
the potency of these agents against LPS-induced TNFa
release by human monocytes [25,30], fMLP-induced
superoxide production by guinea pig eosinophils [28] and
interleukin (IL}-2 release by murine splenacytes [32]. The
possibility that FDE4 may exist as different conformers has
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been used in an attempt te discover novel inhibitors that are
selective for the low’ affinity conformer as this subtype is
sugpested to be responsible for regulating cell function,
while the 'high' affinity conformer is linked to the side effect
profile seen with FDE4 inhibitors.

The ability of PDE4 inhibitors to activate emetic centers
within the CNS may be a consequence of a peripheral action
of these drugs secondary to raising Intracellular levels of
cyclic AMP in gastric acid secreting celis and/or afferent
neurons in the gut. Alternatively, simulaton of the area
postrema, a region within the CINS with a poorly developed
blood brain barrier and therefore accessible to substances
within the clreulation, can lead to activaton of the emetic
center within the CNS [29,33]. Since emesis and gastric acid
secretion correlate with the potency of PDE4 inhibitors to
displace rolipram binding (high affinity PDE), this led to the
suggestion that drugs with low affinity for this site may be
useful in improving the side effect profile of these. drugs
[28,30]. However, some aspects of cell function may also
correlate with inhibitors that target the 'high' affinity
conformer and suggest that this method may be of limited
value for the future development of PDE4 inhibitors with
low emetic potential [30]. It is therefore of interest that CDP-
840 (Celltech) [34] and SB-207499 (SmithKline Beechamn) [35]
demonstrate a 'high' to 'low' ratic of 5 and 1.3, respectively.
In contrast, rolipram {s one to two orders of magnitude more
selective for the high affinity binding site compared with
inhibition of PDE{ catalytic activity [Gos,Z2ee,34,35].
Accordingly, both compounds have low emedc potential
and document low side effect profiles in asthma
[35,36#9,370#]. SB-207499 inhibited myeloperoxidase release
from human neutrophils with equal potency to rolipram,
despite the acknowledgement that this particular cell
function is modulated by the "high' PDE4 conformer [30,38),
suggesting that additional factors may also govern why
these drugs demonstrate a better side effect profile
compared with other PDE inhibitors. SB-207499 is negatively
charged at normal pH that may retard its ability to gain
access to the area postrema, although clearly not enough to
retard access across inflammatory cells [37#e,38]. It is
unclear whether the expression of splice variants of PDE4 in
different cells also contribute to the observed correlations
between cell function and PDE4 inhibitor potency or high
affinity rolipram binding because of the similarities in the
expression of PDE4 subtypes in these cells (Table 1) and the
lack of subtype selectvity of the PDE4 inhibitors tested in
these studies.

Another approach that {s being investigated is whether
compounds can be synthesized that are selective for
different PDE4 subtypes in an attempt to diminish the side
effect profile and selectively target inflammatory cells. While
CDP-840 does not demonstrate subtype selectivity for
FDE4A, B and D [34), SB-207499 shows 5-fold selectivity
toward PDE4D compared with the other two subtypes
[39,40]. SB-207499 is considerably less emetic than rolipram
and is well tolerated by subjects, although it is not free from
emesis, Therefore, there is clearly a need to discover highly
potent PDE4 inhibitors with little if any side effect profile.
Conseguently, a number of compounds have been
synthesized that demanstrate selectivity for either PDE4A/B
or PDE4D with a difference of up to 55-fold [39,40] and
structure-activity relationships have been documented.

Thus, a significant correlation was found between PDEJA/B
inhibitory potency and inhibition of TNFe release from
monocytes, proliferation of T lymphocytes and oxidative
burst from human eosinophils. In contrast, no significant
correlation between PDE4D inhibitory potency and
inhibition of lymphocyte proliferation and TNFo release
from monacytes was observed, which was consistent with
the finding of weak PDE4D: expression In these cells (39]
(Table 1). However, a correlation was cbserved. against
human eosinophil function and selectivity for PDE4D,
which was consistent with the presence of PDE4D in these
cells [40). Therefore, It may be possible to synthesize
compounds that document greater subtype and cell
selectivity. An important question that needs to be
addressed is whether selective targeting of PDE4 subtypes
will be sufficient to modulate inflammatory cell function,
particularly if cells contain multiple PDE4 subtypes.

Pharmacokinetic considerations notwithstanding, there is
some evidence that selective targeting of PDE4D
significantly improved the ability of compounds to attenuate
pulmonary eosinophil recruitment following antigen
provacation in allergic rats [40]. In contrast, mice lacking the
ability to express PDE4D have impaired growth and fertility,
underlying the Importance of cyclic AMP signaling In these
processes [41]. Of particular-interest, however, was the lack
of effect of this gene disrupton on lymphoeyte proliferation,
1gE preduction, IL-4 production and eosinophil recruitment
to the airways in a model of murine inflammation [{2es],
features which are characteristic of an allergic phenotype.
This contrasts with the findings that the PDE4 inhibitor,
rolipram, inhibited allergen-induced eosinophilia in a
murine model of airway inflammation [43). The lack of effect
of this gene disruption upon eosinophil ‘recruitment
suggests redundancy concerning PDE4 regulatton of cyclic
AMP signaling in inflammatory cells or alternatively, other
PDE4 subtypes play a greater role in regulating allerglc
Inflammation [39].

It remains to be established whether drug targeting of
PDE4A/B offers the advantage of suppressing inflammatory
cell function in vivo, while exhibiting a low emetic profile,
considering that PDE4D is expressed in the area postrema in
rat and mouse [44 ,45 J.

PDE expression in allergic disease

Alopic dermatitis

It had long been recognized that the ability of lymphocytes
to raise levels of intracellutar cyclic AMP is impaired in
mild, severe atopic eczema [4647] and atopic dermatitis
[48.49). This fnding was all the more significant since,
uniike asthma, none of the subjects were taking B-
adrenoceptor agonist medication. Therefore, tachyphylaxis
of B adrenoceptors is not an Issue and not a confounding
factor in this disease. The increased level of cyclic AMP In
monenuclear cells from patients with atopic dermatitis was
a consequence of increased cycc AMP PDE activity as
assessed blochemically [49]. The exact splice variant
responsible for this activity remains to be established, but
evidence was provided of a putative monocyte derived PDE
in atoplc dermatitis that had increased cyclic AMP PDE
catalytic activity and was Ca®™/calmodulin- and Ro-201724-
{Roche) sensitive (50 ). However, such changes in cyclic
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AMP PDE activity have not been observed in all studies In
cells from patlents with atopic dermatitis (51] and it Is
unclear whether differences in methodalogy and/or patient
selection account for this discrepancy. It has been proposed
that this alteration in PDE activity is responsible for the
pathogenesis of this disease since a functional consequence
of increased cyclic AMP PDE activity In atopic dermatitis
include increased IgE production by B lymphocytes,
increaspd histamine and LTC, release from basophils,
Increased IL-4 and reduced IFNy and IL-10 release by
mononuclear cells; physiclogical responses that can be
inhibited by PDE{ inhibiters [52).

An interesting feature of the altered cyclic AMP PDE activity
in atoplc dermatitls is increased Susceptibility of the
isoenzyme to inhibition by PDE4 inhibitors. This is reflected
by increased inhibitor potency against cyclic AMP catalytic
activity [50,53,54] and increased inhibitor potency against
the proliferation of menonuclear cells [35]. Interestingly, the
antiproliferative effect of theophylline was not altered in
atopic dermatitis. The molecular mechan{sm(s) responsible
for the increased PDE catalytic activity and increased
sensitlvity to PDE4 inhibitors in atopic dermatitis remain to
he established, but conformational changes in PDE4 protein
[31], phosphorylaton of PDE4 (12] and/or expression of a
splice variant/novel PDE4 [50] could explam such a
phenomenor,

Few studies have investigated the effect of methylxanthines
in atopic dermatitis. Mononuclear cells from atopic
dermatitis have increased cyclic AMP PDE activity that is
more susceptible to PDE4 inhibitors and is reflected by
increased PDE4 inhibitor potency [53). However, cyclic
AMP PDE actvity in mononuclear cells was restored to
normal values in atopic dermatitis subjects who were taking
theophylline to control their asthma [53]. An Interpretation
of this finding is that prolonged treatment with theophylline
altered the activity of cyelic AMP PDE activity to control
values. This could be attributed to the ant-inflammatory
effect of theophylline resulting tn a reduction in the release
of inflammatory mediators and cytokines known to increase

" the activity and expression of PDE4. In a double-blind

study, the PDE4 inhibitor, Ro-201724, improved psoriatic
lesions [56], and daily topical treatment with CP-80633 on
one arm improved clinical scores (erythrema, induration
and excoriation) compared with the untreated arm [{54] and
indicated the potential use of PDE4 inhibitors in the
treatment of atopic dermatitis,

Asthma

Despite our understanding of the mechanisms that can alter
PDE4 activity, there Is a paucity of data concerning any
alteration In the function or expression of PDEs in airway
diseases llke asthma. The ability of lymphocytes to raise
intracellular cAMP and/or increase adenylyl cyclase activity
in response to various stimull including isoprenaline,
sodium fluoride and guanyl-5-yl-imide-biphosphate
{CppNHp) was compromised following antigen challenge
in atopic asthmatics [57,58). Similarly, the capacity of
alveolar macrophages to ralse Intracellular cAMP to
histarnine,  salbutamol, PGE2 and 1-methyi-3-
isobutylxanthine (IBMX) was reduced in asthmatics {68,60].
These studies suggest that PDE activity may be increased in
inflammatory cells in asthma. However, there is no
difference in PDE4 activity in alveolar macrophages [61) and
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eosinophils [62,63] noted between atoplec and non-atopic
subjects. We documented a 50% increase in total cyclic AMP
PDE activity in monocytes 1solated from asthmatic subjects
compared to healthy individuals [64], a finding that is
supported by a previous study in atopic dermautls sub]ect.s
with a history of airway disease {65). :

While there is a considerable body of evidence of increased
PDE4 inhibitor sensitivity observed in inflammatory cell
populations obtained from some [50,55] but not all [51,62)
subjects with atoplc dermatitis, we have failed to document
a similar finding in moenocytes from mild asthmatic subjects
[64]. This is consistent with a study examining the potency
of Ro-201724 apgainst zymosan-induced . release of
glucuronidase from neutrophils obtained from asthmatic
subjects [66]. Stmilarly, atopic subjects with upper and/or
lower airway disease, and who did not suffer from atopic
dermatitis, failed to document an increase in PDE4 inhibitor
sensitivity against mononuclear cell proliferation [67,68]. In
contrast, PDE4 inhibitors attenuated TNFa and IL-10 reléase
from mononuclear cells stimulated by mitogen to a greater
extent in atopic rhinitis compared with healthy subjects [69].

Together, these studies highlight an important observation
that alterations in PDE4 catalyHe activity or inhibitor
sensitfvity is dependent upon the type of allergic disease
under study and extrapolating fram atopic disease other
than asthma should be made with caution. The increase in
total PDE activity observed in our study was unrelated to an
increase in PDE4 activity and is consistent with a lack of
evidence of an alteration In the expression of mRNA for
PDE4A, B and D in monocytes. from mild asthmatlc subjects
[70]. Thus, desplte the lack of evidence of an alteration in
FDE4 activity in mild asthma, the rational basis for drug
targeting PDEA4 in the treatment of respiratory disease stems
from the finding that inhibitors of PDE4 can downregulate
inflammatory cell function and the proven clinical efficacy
of theaphylline (see below).

Effect of PDE4 inhibition on ceil function

The pharmacology of PDE4 inhibitors has been reviewed in
detail elsewhere and these drugs can inhibit the function of
a wide varlety of cells thought to participate in
inflammation including, human eosinophils, neutrophils,
monocytes, mast cells, T lymphocytes, macrophages,
basophils and airway smooth muscle (1). 1t is therefore
perhaps not surprising that PDE4 inhibitors can attenuate
the inflammatory response in a number of animal models of
allergic inflammation. Thus, allergen-induced eosinophil
recrultrnent to the airways, T lymphocyte activation and
bronchial hyperresponsiveness are all inhibited by PDE{4
inhibitors {71]. Based upon these findings, pharmaceutical
companies have developed a range of PDE¢4 inhibitors that
have entered clinical trials with moderate success.

PDE inhibitors in airway disease

Characteristic feature of asthma and COPD

The iIncidence of respiratory diseases like asthma and COPD
continues to increase, despite the availability of current
treatment modalides and there is a need to improve our
understanding of the pathophysiology of these diseases for
the development of novel therapeutic agents. While the
exact causes of asthma and COPD are not campletely
understood, it is clear that both diseases are characterized by
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inflammation of the airways and a decline in respiratory
function. In asthma, a number of inflammatory cells are
thought to contribute toward the pathogenesis of this
disease including, eosinophils [72] and CD4+ T lymphocytes
[73]. while it Is thought that CD8+ lymphocytes [74] and
neutrophils [75) play an Important role in COPD. Another
important feature of these diseases is the presence of airway
wall  remodeling and there Is evidence of
hyperplasia/hypertraphy of alrway smooth muscle,
increased collagen deposition beneath the basement
membrane, increased mucus preduction, angiogenesis and
alterations in extracellular matrix in asthma [76). In COPD,
there is evidence of mucus gland hyperplasia, increased
bronchiolar smooth muscle hypertrophy, fibrosis of the
small airways and in the case of emphysema, destruction of
alveolar tissue [77]. The mainstay of treatment for asthma
Including bronchodilators like B,-adrenoceptor agonists and
glucocorticosteroids while for COPD, ipratropium bromide
and P,-adrenoceptor agonfsts are used. Reducing the
inflammatory response in the airways is thought to be
critical in reversing many of the changes seen in these
airway diseases. It is therefore of interest that drug targeting
of PDE4 Isoenzyme may be of potential beneflt in these
disorders.

Theophylline; archetypal non-sefective PDE inhibitor
In 1886, Henry Hyde Salter described the efficacious use of
strong coffee taken on an empty stomach as a treatment for
asthma (78). Theophylline is well known Ffor its
bronchodilator activity, although it Is becoming increasingly
apparent that this drug also possesses anti-inflammatory
and immunomodulatory activity. The Intravenous
administration of theophylline and enprophylline prior to
allergen challenge inhibited the development of the late
asthmatic response {79,80] without any effect on the acute
bronchoconstrictor response and  associated bronchial
hyperresponsiveness to methacholine (81]. Thus, neither
functional antagonism of alrway smooth muscle shaortening
nor mast cell degranulation accounted for the attenuated
late asthmatic response by theophylline and enprofylline,
although in allergic rhinitls, one-week wteatment with
theophylline reduced histarmnine release during pollen
exposure [82] which indicated that theophylline inhibited
mast cell and basophil degranulation in this disorder.

Individuals exposed for long periods of time to certain
industrial chemicals develop asthma-like symptoms that can
be duplicated in the clinical laboratory following aerosal
challenge with the Inciting agent Thus, susceptible
individuals demonstrate acute bronchospasm, late asthmatic
responses and bronchlal hyperresponsiveness following
inhalation of toluene di-isocyanate (TDI) ([83]. The
inflammatory nature of this response has been confirmed by
its sensitivity to inhibidon by the glucocorticosteroid,
beclomethasone. Theophylline partially modified the acute
response and attenuated the late asthmatic response
tnduced by TDI but was Ineffective against bronchial
hyperresponsiveness (80,83]. This latter finding is consistent
with the inability of theophylline to modulate allergen-
induced bronchial hyperresponsiveness In  asthmatics
[81,84 ). The inhibitory effect of theophylline against the late
asthmatic response In asthma may be a consequence of a
restoration of T suppressor cell function since it has long
been recognized that theophylline can increase T suppressor

cell function [85-88) and impair graft rejectlon in vitro [88)
and /n vive [B9]. Individuals who do not develop a late
asthmatic response have been shown to recruit a greater
propertion of CD8+ (suppressor) than CD4+ (helper) T
lymphocytes in BAL fluid [90]. D T '

Recent clinical studies have confirmed the anti-
inflammatory propertles of theophylline. In  two
randomized, placebo-controlled studies {84,91), the effect of
theophylline or placebo was investigated on various
inflammatory indices following once- and twice-daily
treatment for 1 and § weeks, respactively. The late asthmatic
response was reduced In those subjects treated with
theophylline after 5 weeks [84], despite a mean plasma
concentration of only 7.8 mg/ml. The lack of effect of
theophylline on the acute response is presumably due to the
low plasma levels in these subjects, Inhibition of the late
asthmatic response therefore was unlikely to be due to
functional antagonism of airway smooth muscle shortening
or inhibitlon of mast cell degranulation [84]. Similarly,
various surrogate markers of the nasal inflammatory
response to allergen challenge including the late phase
response and accumulation/activation of eosinophils was
significantly attenuated in allergic rhinitis subjects following
chronic treatment with theophylline [92}, which is again
consistentt with the anti-inflammatory property of this drug.

Analysis of bronchial blopstes taken from mild asthmatics
treated with low dose theophylline over 6 weeks revealed a
significant reduction in EG2+ staining cells (actvated
eosinophils) and total number of cosinophils [93 ], which
may be a consequence of the ability of theophylline to
induce apoptosis of human easinophils [94,95]. Similarly, a
reduction in CD3+ T lymphocytes and expression of various
activation markers on CD4+ T lymphocytes including HLA-
DR and VLA-1 was observed in BAL fluid [96 }
Furthermore, a reduction in CD4+, CD8+ T-lymphocytes
and IL-4 and IL-5 containing cells was observed in bronchial
biopsies from asthmatics who were taking theophyHine over
a 6-week period [97] and a fall In circulating levels of ThZ
cytokines, IL-4 and IL-5, was observed after a single low
dose of theophylline [98]. B

In other studies, withdrawing theophylline from asthmatics
who were taking glucocorticosteroids resulted in a
significant deterforation of their disease [99 ,100 ], together
with a concomitant rise in the number of CD4+, and CD8+ T
lymphocytes in bronchial biopsies [100 ]. The mechanism of
the inhibitory action of theophylline on lymphocytes in the
airways may be a consequence of the ability of theophylline
to Inhibit l[ymphocyte chemotaxis {101] and/or induce
apoptosis [85]. Furthermore, theophylline inhibits Th2
cytokine release from mononuclear cells and Th2 cell clones
(68,102], although its inhibitory effect on cytokine synthesis
is controversial [102,103],

Recently, two studies have demonstrated that in astbmatics
who were poorly controlled on existing glucocorticosteroid
therapy, a significant improvement in a number of clinical
outcomes including, peak expiratory flow, FEV,, symptom
scores and reduced rescue medication was observed when
patients were taking theophylline together with low dose
glucocorticosteroid compared with high glucocorticosterold
treatment [104,105). In both studies, the plasma levels of
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theophylline measured were urnlikely to be suffictent to
induce bronchodilation {median 7.8 mg/ml [104] and mean
10.1 mg/ml [105})).

The molecular mechanism by which theophylline suppresses
inflammation is the subject of much controversy and detailed
hypotheses are beyond the scope of this article. Suffice to say
that a number of mechanisms have been proposed which
include adenosine A, receptor antagonism (105), alteration of
intracellular calcium wmobilizaton [107), stmulaton of
endogenous catecholamine release [108], prostagtandin
antagonism [108] and PDE inhibition [110]. However,
inhibition of PDE remains a popular theory to explain much of
the clinical effects of theophyliine, and although a recent study
has shown Its ability to promote apoptosis of human
eosinophils may be unrelated to PDE inhibition {94], but this is
not a universal finding [95). The possibility that the anti-
inflammatory activity of theophyiline may be attributable to
inhibition of PDE has led to many pharmaceutical companies
pursuing selective PDE inhibitors for the treatment of asthrma.

Clinical studies of PDE inhibitors in asthma
and COPD

PDE inhibitors are currently being developed for the
treatment of asthma, although side effects including emesis
have halted the progression of some examples of this class of
drug into the clinic. To date, there are a limited number of
clinjcal studies investigating the afficacy of PDE inhibitors in
the treatment of asthma. Inhalation of zardaverine produced
a modest bronchodilator effect in patients with asthma and
unacceptable side effects of nausea and emesis were
reported in a significant nurmber of patients [111], while oral
administration of cilostazol (PDE3 inhibitor; Otsuka) caused
bronchodilation and bronchoprotection against
methacholine challenge in healthy sublects at the expense of
mild to severe headache [112], AH-21-132 {benzafentrine, a
mixed PDE3/4 inhibitor; Novartis) has also been reported to
have significant bronchodilator actlvity in normal
volunteers {113]; the PDE4 inhibitor, ibudilast significantly
improved baseline alrways responsiveness to spasmogens
by 2-fold after 6 months treatment [114] and MKS-492 (PDE3
inhibitor; Novartls) attenuated the early and late asthmatic
response in atopic asthmatics [115].

Recently, the orally active PDE4 selective inhibitors, CDP-
840 [36ee] and roflumilast (Byk Gulden) [116], modesty
attenuate the development of the late asthmatic response in
mild asthmatlcs whilst having no effect on the acute
response, with no significant side effects being reported In
comparson with placebo. The ability of these novel
selective PDE4 inhibitors to Inhibit the late asthmatic
response  was not assoclated with bronchodilation,
suggesting actlons of this drug other than smooth muscle
relaxation. Furthermore, the PDE4 inhibitor, RP-73401,
also had no significant effect on allergen-induced
bronchoconstriction in allergic asthmatic subjects {117),
consistent with the suggestion that PDE3 rather than PDE4
may be the important iscenzyme regulating airway smooth
muscle tone in asthmatic subjects. However, recent clinical
studies with another orally active PDE4 inhibitor, 5B-207499,
have shown that this drug can attenuate bronchoconstriction
following exercise in asthmatic subjects [118], an effect
mimicked by 4 weeks of treatment with the selective PDE4
inhibitor, roflumilast [119].
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More recently, SB-207499 administered to asthmatic subjects
taldng inhaled glucocorticosteroids or individuals with COPD
[37#e] demonstrated improvements in baseline lung function
and was well tolerated with doses up to 15 mg bid. The

mechanism of the beneficial action observed with SB-207499 is |

unlikely to be due to bronchodilation per se, since it has
modest effects on airway smooth muscle function [120]. An
explanation for its beneficial effects might include suppression
of bronchial hyperresponsiveness secondary to a reduction of
airway inflammation that would lead to Improvements in lung
function and/or reduction in afferent nerve activity and
thereby reducing reflex bronchoconstriction, - . L

Conclusion

It is therefore clear that encouraging signs are beglinning to
emerge concerning the development of novel PDE4
inhibltors which will not only assist in our understanding of
the rele of PDE4 subtypes in the regulation of cell function,
but also offer the potential to find novel treatments for
resplratory diseases [121]. S S

References

1. Torphy TJ: Phosphodiesterase Isozymes: molecular targets for novet
antlasthma agents. Am J Raspir Crit Cam Mad (1899) 157:351-370.

2, Soderling SH, Beavo JA: Regulation of cAMP and cGMP signaling:
new phosphodiesterases and new functions, - Gurr Ogin Cefl Blol
{2000} 12:174-179. . ' e .

3. Houslay MD, Sullivan M, Bolger GB: The multienzyme FDE4 eyclic
edenosine monophosphate-specitic phosphodiesterase family:
Intracelluiar fargeting, regulation, and solective Inhiblifon by
compounds exerting antl-Inflammatary and anlldepressant actlons.
In: August JT, Anders MW, Murad F, Cayle J¥, {Eds). Advances i
Pharmacelogy. Academic Press, London, UK (1988) p225-342,

4. Stlef CG: Phosphodiesterase Inhlblters in the treatmant of erectile
dystunction. Dags Today (2000) 36:93-99. s

§.  Obemolte.R, Ratzliff J, Baecker PA, Danials DV, Zuppan P, Jamagin K,

Shallan ER: Multiple splice varlants of phosphedissierase PDE4C

- cloned from human lung and testis. Biochamica Biophysica Acla
(1997) 1353:287-207,

6. Jacobiiz S, McLaughlin MM, Livi GP, Burman M, Tombhy TJ: Mapping
the functional domalns of human recombinant phosphodiesterase
4A: structural requirements for catalylic activity and rolipram
binding, Mol Pharmace! (1996} 50:691.899.

« Sea annotation (G} and [24»s].

7. Lenhard JM, Kassel DB, Rocque W.J, Hamacher L, Holmes WD, Patel |,
Hoffman C, Luther M. Phosphorylation of a cAMP-specific
phosphodiesterase (HSPDE4AB2B) by miltogen-activated protein
kinase, Bischam J(1996) 319:751-758,

= Spe ennolation {14+],

8. HRocque WJ, Tian G, Wiseman JS, Hoimes WD, Zafac-Thempson |1,
Willard DH, Palel IR, Wisaly GB, Clay WC, Kadwall SH ot at Human
* recombinant phosphodiesterase 4828 binds (R)-rollpram at o
sngle slte with two affinities. Blochemistry (1897) 36:14250-14261.
= Thase lwo sltdies [+, 8] use a mulalional delationa! approach ta identily
spscific regions within PDE4 proteln fmpoertant for catalyiic aclivily. Ses also
annolalion [24],

9. Xu RX, Hassell AM, Vandarwall D, Lambert MH, Holmes WD, Lulher
MA, Rocqua WJ, Milburn MY, Zhae Y, Ke H ! at Atomle structure of
PDE4: [nsights Into phosphodiestarase mechanlsm a specificlty,
Sctence (2000) 288:1822-1825.

= The first publication lo illusirale the struclure of the calaliic domain of

PDE4B2B using X-ray diffraction analysls, The analysis highlights the

Importance of Iwo metal lons and key amino acids within the active slfe for

cyclic AMP catalysis.

10. Alvarez R, Satte C, Yang D, Eglen AM, Wilheim R, Shelton ER, Conll
M: Activalion end selective Inhibitlon of & cycllc AMP-specitic
phosphodliesterase, PDE-AD3. Mof Phamacof (1995) 48:616-622,

« Sga annolalion [17ss],

“sgnaserapiey o .




210 Current Opinfon [n Investigational Drugs 2000 Vol 1 No 2

11, Balia G, Conli M: Phosphorylation and activatlon of cAMP-specific
phasphodlesterase by the cAMP-dependent proteln Kinasa, J Siof
Chern [1996) 271:16526-16534,

» These two studles [10e, 114} demonsirata alteralions in PDES aclivily

following aciivalion of protein kinasa A-dependant pathways as a

consequence of phosphorylalion of a speclfic amino acid wilhin the N lerminal

ragion of the prolein,

12. O'Connell JC, McCallum JF, McPhee |, Wakefleld J, Houslay ES,
Wishait W, Bolger G, Frame M, Houslay MD: The SH3 domain of Src
tyrosyl protein kinase interacts with the N-terminal splice region of
the PDE4A  cAMP-speciflc  phosphodiesterase  RPDE-G
(RNPDE4AS). Biochem J {1 996) 318:255-262.

s This sludy demonstrales thal PDE4 splice varianls may have lhe capacity

la interact with different proteins within cells via SH3 domains which has.

impartant Implications lor transiocation of PDE4 o diffarent Intraceliutar
microdomains patticularly following activation of cell-by cylokines or growth
faclors.

13. Hoffman R, Ballis GS, MacKenzle SJ, Yarwoed SJ, Houslay MD: The
MAP  kinase ERK2 inhibits the cyclle  AMP-specific
phosphodiesterase HSPDEIDS by phosphorylating it at Sers79,
EMBGQ J (1999) 18:893-903,

« Soe annoiallon [14+].

14.  MacKenzle S5, Balille GS, McFhee |, Bolger GB, Houslay MD: ERK2
mitogen-activated protein kinasc binding, phospharylation, and
regulation of the PDE4D cANMP-specific phosphodiesterases. J 8iof
Cham (2000) 275:16609-16617, ‘

= These sludias (T+,13%« 14+} demonstrale thal POE4 s aiso rogulsted by

MAP kinase-dependent pathways. An Inidguing finding is that ERK2-

dependeni phosphorylation of FDE4D3 and PDEADT leads lo Inhibition

{13w14%] or aclivation {14+] of phosphodiesierase aclivity. This suggesis

that regulation of PDE4 aclivily Is complex in nature and the consequances of

this ragulation upon cell funclion remains fo be establishad. .

15, Selle C, Vicini E, Conti M: The rot PDE2/Vd phosphodlesterase gene
codes far mullple prolelns differentlally activated by cAMP-
dependent protein Kinase. J Blof Chem (1994) 269:18271-18274,

i6.  Gantner F, Kuplerschmidi R, Schudt C, Wendel A, Hatzelmann A: I vitro
differentiation of human menocytes to macrophages: Change af PDE
profile and its refationship te suppression of tumour necrosls factor-
alpha refease by POE Inhlbltors. 8rJ Pharmaco! (1907) 121;221-231,

17. U 8H, Chan SC, Toshltanl A, Leung DY, Hanlfin JM: Synerglstic
effects of Interlewkin 4 and Interferony on monocyte
phosphodissterase actlvity. J lnves! Darmatol (1982} 99:65-70.

18. LU 8H, Chan SC, Kramer SM, Henifln JM: Modulation of leukdcyte
cycllc AMP phosphodiasterasa actlvity by recombinant Interleron-
gamma; evidence for a differential effect on atoplc monocytes. J
Interferon Res (1993} 13:197-202.

19, DiSanto ME, Glaser KB, Heaslip RJ: Phosphollptd regulation of a
cyclic AMP-speclfic phosphodiesterase (PDE4) from U937 cells.
Celf Signal{1995) 7:827-835.

20, Schnelder HH, Schmilechen R, Brozinski M, Seldler J: Stereospecific
binding of the antidepressant rolipram to braln protetn structures.
Eur J Pharmacol (1986) 127:105-116.

21, Nemoz Q, Moueqqit M, Prigent AF, Pachsco H: lsolation of similar
rollpram<Inhibitable cyclic-AMP-speclflc phosphodiesterases from
rat-brain and heart, Eur J Blochsm (1989} 184:511-520.

22.  Tomphy T4, Sladel JM, Burman M, Claslinski LB, McLaughlin MM, White
JR, Lwi GP: Coexpresslon of human cAMP-speciilc
phosphodieeterase actlvity and high affinity rolipram binding in
yeast. J Blo! Cham (1992) 267:1758-1804,

= Sea annotation [24-+].

23, McLaughlin MM, Clastnskl LB, Burman M, Torphy T, Livl GP: A low
K(M), rolipram-sensitive, cAMP-specifle phosphodlaslorase. from
thuman brain. Cloning and expression of cDNA, blochemical
characterization of recombinant protein, and tissue distrbution of
messenger-ANA, J Biaf Chem {1993) 268:6470-6476.

24. Owens RJ, Caterall C, Balty D, Jappy J, Ruseell A, Smith B, O'Connall
J, Perry MJ: Human phosphodlesterase 4A: characterization of fufl-
length and truncated enzymes oxpressed in COS cells, Biochem J
{1997} 326:53-50. . i

= These sludiss {6, v, 22r, 24} domonstrata that the high-alfinlfy rofiprarm

hinding site reprasents Iha calalytic domain of a diffarent conformer of PDE4,

25. Souness JE, Griffin M, Maslen C, Ebsworth K, Scolt LC, Pollock K,
Pallreyman MN, Kadsson JA: Evidence that cycile AMP
phosphodiesterase Inhibilors suppress TNEa generation from
human monocyles by Interacling  with .a -Yiow-aHinity'
phosphedissterase 4 conformer. 8rJ Fharmacol {1856) 118.648-658.

26. Kely JR, Bames PJ, Giembycz MA: Phosphodiesterass 4 in
macrophagos:  relalionship  betwean cAMP . accumulation,
suppression of cAMP hydrotysis and Inhibition of [*H)R-(-}-rclipram
bindlng by seleslive Inhibitors. Biochem J {1696} 318:425-436, |

27. Laliberle F, Han ¥, Govindaragan A, Glroux A, Liu 5, Bebschko B, Lario
P, Baslefi A, Gorseth E, Gresser M s! at Conformetional difference
between PDE4 apoenzyme and haloenzyme, Blochemistry (2000)
39:6448-6458, oo R .

28. Bametle MS, Grous M, Cieslinski LB, Burman M, Christensen SB,
Torphy T Inhibitors of phosphodiesterase IV (FOE iV} Increase
acld secretlon in rabbit lsolated gastrie glands: correfation
between tunctlen and Interaction with o high-affinlty rolipram
bindlng site. J Pharmacol Exp Ther (1995) 273:1396-1 402,

20, Duplantier AJ, Biggers MS, Chambers RJ, Cheng JB, Cooper K, Damon
DB, Eggler JF, Kraus KG, Madal A, Maesamune H s at
Biarylcarboxylle  acids and  amides: ~Inhibitlon  of
phosphodlesterase type IV versus ['Hlrolipram binding activity and
thelr relatlonship to emesis in the farret, J Med Cham (1998} 39:320-
125, : -

30. Bamells MS, Banus JO, Burman M, Christansen. SB, Cleslinski LB,
Esser KM, Prabhakar US, Rush. JA, Torphy TJ: Assoctation of the
anti-Inflammatory activity of phosphodiesterase 4 (PDE4) Inhibitors
with cither inhikitlon of PDE4 catalytic actlvity or competition for
['H]rolipram binding. Slochem Pharmaco! (1985) 51:049-056,

31. Souness JE, Scoit LC: Stereospeciflclty of rolipram actlons on
eoslnophll cyclic AMP-specific phosphodiesterase, Biochem J
{1993} 291.389-395. o

32, Souness JE, Houghton C, Sardar N, Wilhnall MT: Evidence that cyclic
AMP phosphodiesterase Inhibltors suppress Interfoukin-2 relaase
from murine splenocytes by Interacting with o 'low-affinity’
phosphodiesterasé 4 conformes. BrJ Pharmaco! {1087) 121:743-750.

33. Camenter DO, Briggs DB, Knox AP, Stromingar N Excllation of area
postrema: nourens by transmitters, pepildes , and cyclic
nucleotides. J Neurophysiol {1988) §9:358-369,

34, Hughes B, Howat D, Liste H, Holbrook M, Tames T, Gozzard N, Blease
K, Hughes P, Kingaby R, Warrcliow G ef at The [nhlbition of antigen-
induced eosinephllla and bronchoconstristion by CDP840, o novel
stereo-selective inhibltor of' phosphodiestorase type 4. 8 J
Pharmacol {1996) 118:1183-1181,

35. Christensen 5B, Guider A, Forster CJ, Gleason JG, Bender PE,
Karpinski JM, DeWolf WEJ, Bamette MS, Undorwood DC, Griswold DE
al al 1,4-Cyclohexanecarboxylates: potent and seloctive nhibitors
of phosphodlesterase 4 for the treatmant of asthma. J Mad Chem
(1028} 41:021-835,

36. . Harbinson PL, Macleod D, Hawksworlh R, OToole S, Sullivan PJ,
Heath P, Kllfeather 8, Page CP, CosteRio J, Holgate ST ot at The effect
of a novel arally active selectlve PDE4 Isoenzyme [nhibilor
{CDPB40) on. allergen-induced responses In asthmatle subjects,
Eur ResplrJ (1897} 10:1008-1014,

* This was Iha first clinfcal study to demonsirale that 8 PDE4 inhibilor may be

of benelitin tha treatment of asthma. COP-840 allenualsd the development of

the allergen-induced lale asthmalic response, a clinical indax offen use o

documenti anlHnttammalory action of drugs In man, :

37.  Tamphy TJ, Bamatte MS, Underwood OC, Griswold DE, Christensen $B,
Mwdoch RD, Nleman RB, Compton CH: Adflo™ (SB 207489), a
sacond generatlon phosphodiesterase 4 inhibitor for the treatment
of asthma and COPD: from concep! 1o cllnle. Puim Pharmacel Ther
{1999) 12:131-135,

« This teviow adicle summarses tha findings from a number of studies

perormed lhus far on the second gensralion PDE4 inhibitor, §B-207498, a

drug that is Indicaled for the treatment of asthma and COPD.

38. Barnelle MS, Christensen SB, Essayan DM, Grous M, Prabhakar U,
Aush JA, Kagey SA, Torphy TJ: SB 207499 (Arftlo), a potent snd
selective socond-ganeration phosphodlesterase 4 Inhibitor: In
vitro anti-inflammatory actions, J Pharmacol Exp Ther (1988)
284:420-426, R AT



RSN L
-~

.

38.  Mannlng CD, Burman M, Chrislensen SB, Cleslinski LB, Essayan DM,
Grous M, Tophy TJ, Bamelte MS: Suppresslon of human
intlammatory cell function by subtypc-selective PDES inhibltors
correlates with Inhlblion of PDE4A and. PDE4B. 8r J Phammacal
(1999) 128:1353-13988.

40.  Hersperger R, Bray-French K, Mazzoni L, Muller T; Palladlum-catalyzed
cross-coupling reactions for the synthesls of 6, G-disubstituted 1,7-
naphthyridines: @ novel class of potenl and  selective
phosphodiesterase type 4D Inhibitors. J Mad Chem (2000) 43:675-682,

41, Jin SL, Richard FJ, Kua WP, D'Ercole AJ, Conll M: Impalred growth
and fertliity of cAMP-speclfic phosphodlesterase PDE4D-deficlont
mice. Proc Nail Acad Scl USA (1999) 96:11998-12003,

42. Hansen G, Jin S, Umelsu DT, Conti M: Absence of muscarinic
chollnergic eirway responses In mice deficlent In the cyelle
nucleotide phosphodlesterase PDE4D, Pros Nall Acad Sci USA
{2000) 97:6751-6756. i

= The first study to investigale the offect of specific FDE4 sublype on catiular
function using gene disruption in mice. The resulls demonstrata that this geng
disruplion fails lo have any affect on eosinophil recruilmen! and Th2
lymphocyle cell lunction In mica immunized with enligen. This suggests the
possiblity of redundancy concaming PDE4 activily or thet PDE4D may niot
play a critfcal role in regulaling imtiammatory cell function In vivo.

43. Kung TT, Crawley Y, Luo B, Young S, Kreutner W, Chapman RW:
Inhibitlon  of  pulmonary eosinophilla and alrway
hyperresponslveness in allergic mice by rolipram: invelvement of
endogenously released cortlcosterone and catechofamines, 8r J
Phamacol (2000} 130:457-463. :

== This lunclional siudy confirms previous findings In other animat models

showing thal PDE4 inhibllors can allenvale the allergic inflammatory

response In mice and highlight the importance of PDE4 in modufating

inflammatory call funclion in vivo, B

44, Cherry JA, Davis RL: Cyelic AMP phosphodiesterases are locallzed
I reglons. of the mouse brain assoclated with relnforcemant,
movement and affect. J Comp Neurol (1999) 407:287-301,

~ Sea annotalion {454].

45, Tekehashl M, Temwiliger R, Lans C, Mezes £S, Cenli M, Duman RS:
Chronic antldepressant administration increases the expression of
cAMP.speclilc phosphodioslerase 4A and 4B Isoforms. J Neurosc!
(1909} 19:610-618,

* Using immunchislochemistry [4<«] and in silu hybnidization [45¢], these

studles document the presence of PDE4D In tha area posirema, a reglon

within the CNS known lo play a role In emesls. The Implicalions of these
findings suggest that PDE4 inhibilors deveid of activity al PDE4D may have
low emetic potenlial . '

46. Parker CW, Konnedy §, Eisen AZ: Leukocyte and lymphoeyte cyelic
ANP responses in atople eczema. J Invest Darmalol (1977) 68:302-306.

47.  Archer CB, Morley J, MacDonald OM: Impsired lymphocyte cyclic
adenosine monophosphale responses In atople eczema, Br J
Dermatol (1883) 109:5569-564.

48, Salko MJ, Chan SC, Cooper KD, Hanifin JM: Heterologous
desansliization of leukocytes: 8 possible mechanlsm of §
adrenergic blockade In atoplc dermatitis. J Alfergy Clin immunof
(1981) 68:218-225, .

42, Grewe SR, Chan SC, Hanilin JM: Elevated leulocyte cyclic AMP-
phosphodiesierase In atople disease: a8 possibie mechanism for
cyclle AMP-agonist hyporesponsiveness. J Alfergy Clin immunof
{1982) 70:452-457,

S0. Chan SC, Relisnyder D, Beavo JA, Hanlfin JM: tmmunochemicat
characterization of the distinet monocyte cyclic  AMP-
phosphodiesterase from patlents with atopic dermailtls. J Allergy
Clin lmmunof (1983) 91:1179-118B.

« This siuty providsd evidenca lo suggest thal a noval PDE isoenzyme was

expressad in monocyles from individuals with alopic dermalitls. The

upragulation of a nove! PDE Is thought lo be responsible for the Increase In
inflarnmatory ceff function in this disease.

51. Gantner F, Tenor H, Gekelar V, Schudt G, Wendel A, Hatzelmann A
Phosphediesterase profites of highly purifled human peripheral
blood leukocyte populations from normal and-atople individuals: a
comparative study, J Allargy Clin Immunot {1897} 100:527-535. .

52, Hanilin JM, Chan SC: Monocyte phosphodlesterase abnormalitles
and dysregulation of lymphoeyte tunction in atopic dermatitis, J
Invest Darmalof (1995) 105:045-885.

-The potential of PDE4 Inhibiors In asthma or COPD 8plna 211

53. Glusting TA, Chan SC, Thie! ML, Baker JW, Hanflin JM: Increased
leukocyle sensltivity to phosphodiesterasa inhibltors In atoplc
dermatltls: tachyphylaxis after theophylline therapy. J Allergy Clin
Immunol (1984) 74:252-257. - el e

64, Hanlfin JM, Chan SC, Cheng JB, Tofie SJ, Henderson Jr WR, Kizby DS,
Waingr ES: Type 4 phosphaodlesterase [nhibitors have clinical and
In vitro anti-inflammatory effects in atoplc dermatitls, J fnves!
Dermalol (1998) 107:51-56. . -

85. Banner KH, Roberts NM, Page CP: Differential effoct of
phosphedlestorase 4 inhibltors on the proliferation of human
perlpheral .blood monecnuclear cells from normals and subjects
with atopie dermatitls, 8rJ Pharmacol {1995} 115:3160-3174, .

56, Slawiskl MA, Rusin LJ, Burns TL, Weinstsin GD, Voorhees JuJ: Ro 20+
1724: un agent tha! significantly Impraves psodatic lesions in
double-blind clinleal trials. J invest Dematol (1679) 73:261-263.

57. Koeter GH, Meurs H, Kauffman HF, de Vries K The role of the
adrenergic system [n allergy and branchlal hyperreactivity, Eur J
Respir Dis Supp! {1982} 121:72-78, '

58, Meuwrs H, Koster GH, de Vies K, Kaufiman HF: The B-adrenergic
system and allergle bronchial asthma: changes in lymphocyle p-
adrenerglc.receptor number and adenylata cyclase activity after an
allergen-induced asthmatle attack. J Aflergy Clin Immunol {1982)
T0:272-280. S :

§9. Bachelst M, Vincent D, Havet N, Marmash C, Pradalier A, Dry J,
Vargaltly BB: Reduced responsiveness of adenylats cyclase In
alveolar macropheges from patlents with asthma. J Alsrgy Clin
immunol (1891) 88:322-328. N

60. Beusanbarg FD, Van Amslardam JGC, Hoogsteden MC, Hakking PRM,
Brouwers, JW, Schermers HP, Bonta IL: Stimulation of cyclic AMP
production In  human alveolar macrophages Induced by
intlammatory medlalors and B-sympathicomlmetle. EurJ Pharmacal
(1892) 228:57-62, :

61, Tenor H, Staniclu L, Schudt C, Halzelmann A, Wends! A, Djukanovic R,
Church MK, Shute-JK: Cycllc nucleotide phosphodiesterases from
purified human CD4+ and CDB+ T lymphocyles. Clin Exp Allargy
{1095) 25:616-524, A

62, Tenor H, Hatzelmann A, Church MK, Schudt C, Shute JK: Effects of
theophyiline and rollpram on jeukatriene C4 (LTC4) synthesls and
chemotaxis of human cosinophils from normal and stople
sublects, BrJ Pharmacoi (1086) 118:1727-1735. ' .

63. Aloui R, Gormand F, Prigent AF, Perrin Fayolla M, Pacheco Y:
Increased respiratory burst and phosphodiesterase activity in
diveolar eoslnophits in chronle eosinophilic pneumonla. Eur Respir
J (1996} 9:377-370.

84, Landells LI, Splna D, Souness J, O'Connor BJ, Page CP: A
blochemical and functional assessment of monocyte
phosphodlesterase activity In healthy and asthmatlc subjects.
Pulm Pharmacoe! Ther (In press),

65. Sawal T, |kel K, Uehara M: Cyelle adenosine monophosphats
phosphodiesterase activity in perlpheral blood menonuclear
{eukocytes from patients with. atoplc decmatitls: corcelation with
respiratary atopy, BrJ Dermatol (1898) 136:846-848,

66. Busse WW, Anderson CL: The granulocyte response to (he
phosphodiesiarase Inhlbitor Ro-20-1724 In asthma. J Allemgy Ciin
Immupoef (1981} 67:70-74.

67. Essayan DM, Huang SK, Undem BJ, Kagey S, Lichlerstein LM:
Modulatlon of antigen- and mitogen-induced proliferative
responses of peripheral blood mononuclaar cells by nonselective
and [sozyme seleclive oyclic nucleotido phosphodiesterage
Inhibltors, J Immunol {1994) 153:3408-3418.

88. Crocker IC, Townley RG, Khen MM: Phosphodiesterase inhibitors
suppress praliferation of perlpheral blood manonuclear cells and
Interieukin-4 and -5 secretlon by human T-haiper type 2 calls.
immurophatrnacology (1896) 31:223-238,

69, Crocker 1C, Ohla SE, Ghurch MK, Townley RG: Phosphodiesterase type
4 Inhibltors, bul not glucoconicalds, ara mors potent in suppression
of cytoklne secretion by mononuclcar cells from satople than
nonateple donors, J Allergy Glin Immunol (1998) 102:757-804.




e T TR R T L M e ST AN el T w4 R 3T LSRN RN

212 Current Opinian in lnvestigational Drugs 2000 Vol T No 2

70.

71.

72,

73,

74,

75,

76.

7.

78.

79,

80,

81,

8.

83.

84,

-

Landells L, Szilagyl. C, O LM, Patersen B, Allan.JM, O'Connor BJ al
ak Identificallon and quaniification of phosphodiesterase {(PDE)4
subtypes In CD4 and CD8 lymphogytes from healthy and asthmatlc
subjects. AmJ Respir Crit Care Med (2000} 161:A260, '

Splna O, Landels LJ, Page CP; The role of phosphodiestérase
Iscenzymes In heallh and In atopic disease, I August T {Ed).
Advinges i Pharmacology. Academic Press Inc, $an Diego, USA
(1988) p33-89,

Gleleh GJ; tMechantems. of eosinophit-assoclated Inflammation. ./
Allergy Clin immunol (2000) 105:651-663.

Reragnani §: The role of lymphocytes In allerglc diseasa. J Allergy
Clin fmmuno! (2000) 105:389-408,

Kemeny DM, Vyas B, Vukmanovl-Slejic M, Thomas M.J, Nobal 4, Loh LG,
O'Connor BJ: CDB+ T cell subsets and chronic obsipuctive
pulmenary disease. Am J Rasplr Cnt Care Mad (1909) 160:533.537

Saella M: Alrway inflammation in chronle obstructive pulmonary
disease.. Am J Resplr Crit Care Mad {1999) 160:517-520

Bousque! J, Jelfery PK, Busss WW, Johnson M, Vignola AM: Asthma -
From brenchocongtriction to  airways inflammatlen  and
remodsling. Am J Resplr Cat Care Med (2000) 161:1720-1745.

Jeflery PK: Structural and Infiammatory ¢hanges in coph: a
comparison with asthma. Thorax (1898) 53:120-136,

Persson CGA, Pauwels R: Pharmacology of aml—aslhmé. xanthings.
In. Paga CP, Bames PJ (Eds). Phammacology of asthma. Berdin:
Springer-Verlag (1391) p207-225.

Pauwals R, van Renterghem D, van der Straeten M, Johannesson N,
Persson CG: The effect of theophylline end enprofylline on
allergen-Induced bronchocanstriction. J Alfergy Clin immunof {1085)
76:583-550.

Crescioli §, Spinazz| A, Plebanl M, Pozzanl M, Mapp CE, Boschetlo P,
Fabbs LM: Theophylline Inhiblts early and late asthmatic reactlons.
induced by allergens In asthmatic sublects. Ann Allsrgy (1891)
66:245-251. K

Cockeroft OW, Murdock KY, Gore 8P, O'Byme PM, Manning P;
Theophylline does not inhibit allergen-induced Increase In alrway
responsiveness (o methacholine. J Affergy Clin Immunc! {1889)
83:813-920,

Naclerio BM, Bartenfalder D, Proud D, Togias AG, Mayers DA, Kagay
8, Nomman PS, Lichlenstein LM: Theophylline reduces hislamine
release durlng pollen-induced rhinltls, J Allergy Clin Immunol ($586)
78:874-878.

Mapp C, Boschetlo P, dal Vecchio L, Cresclell 8, de Marze N, Palear D,
Fabbr LM: Protective affect of anliasthma drugs on late asthmatle
reactions and Increased alrway responsiveness Induced by
loluene dilsocyanate In sensillzed subjects. Am Rev Respir Dis
(1987} 136:1403-1407,

Ward AJ, McKenniff M, Evans JM, Page CP, Costello JF: Theaphylling -an:
Immuromodulatery role in asthma? Am Rev Aespir Dis {(1993)

147.518-523.

« See annolation [84+].

Bs5.

a8.

B7.

;18

89.

Shohat B, Volavilz B, Varsano |: Induction of suppresser T cells in
asthmatic children by theophylllne treatment. Cilr Aflergy {1983)
13:487-493,

Lahat N, Nir E, Horenstien L, Colin AA: Etfec! of theophyliine on the
proporifon and function of T-suppressor cells In asthmalic
children. Affergy (1035) 40:453-457.

Zocehl MB, Pardl A, Gromo G, Ferrero E, Ferrere ME, Besana C,
Rugarli C: Theophylline Induced nan speclflec suppressor activity In
human peripheral Slood lymphocytes. J Immunopharmacol (1985)
7:217-234,

Fink G, Mitielman M, Shohat B, Spitzer SA: Theophylline-induced
alteratlons In cetiular Immunity in esthmatic patients. Clin Affargy

{1887) 17:313-316.

Gulitowr PJ, Ramsden C, Karr M, Davison AM, Giles GR: A prospective
sontrodled clinical trlal of aminophylline as an  adjunctive
immunosuppressive.agent. Transplant Froc (1984) 16:1218-1220,

80,

a1,

g2,

93,

Gonzalez MG, Diaz P, Qallegulitos FR, Anglc P, Cromwsll ©, Kay AB:
Alergen-Induced recrultment of bronchoalveolar helper (OKT4)
and suppressor (OKT8) T-cells |n asthma. Relatlve Increases n
OKT8 ceils In single early responders compared with those in late-

phase responders. Am Asv Respir Dis (1987) 136:500-504, B

Handeles 1, Harman E, Huang 0, O'Bran R, Blake K, Dolafuente J:
Theophyliine attenwation of alrway vesponses to  allergen;
comparison with cremolyn metered-doso Inhater, J Alfergy Ciin
Immunol (1995) 95:505-514, : s '

Aubler M, Neukirch ©, Maachi M, Boucara D, Engslstatier A, Stalnijans
¥, Semoyeau R, Dehoux M: Effect of slow-relenss theophyltine on
nazal anligen challenge In subjects with allergle rhinlts, Sur Resplr o
(1998} 11:1105-1110, ~ L )

Sullivan P, Beklr S, Jaffar Z, Page C, Joifery P, Costallo & Anti-
Inflammatory effects of low-dose oral theophyllina In atoplc
asihma [published: erralum appears In Lancet {1994) 343(8911):1512).
Lancat (1954) 343:1006-10086, oL

+ 8o annotalion {94],

94,

95,

g6.

Yasul K, Hu B, Nakazawa T, Agematsu K, Komiyama Ar Theophylllne
eccelerates  human  granulocyte  apoptosis  hot  via
phosphodlesterase Inhibitlor. J Cfin invast (1597) 100:1677-1684,

Ohia i, Yamashita N: Apoptosls of eosinophlis and lymphocytes in
allergle Inflammatian., J Allergy Clin Immunot (1800) 104:14-21,

Jaffar ZH, Sullivan P, Page CP, Gostello J: Low-dose thoophyliine
modulates  T-lymphoeyts  aclivation In allergen-challenged
asthmatlcs, Eur RespirJ (1996) 9:456-482. T ’

* These studles [83+91%594«] document the anl-inflammalory aclion of
theophytiine. dosss thal are commonly ragarded as belew the therapaulic
window. The effect of ihis lreatment on various ‘surragate markers of
infammation was achisved afler a prolonged period of lrastmont, ang
possibly seconcary lo modulation of T lymphocylts functian,

B7.

98,

59,

Finnerty JP, Lea G, Wilson 8, Madden J, Djukanovic R, Holgate ST;
Etftects of theophylline on Inflammatory cells and cytakines In
asthmatic subjects; a placebo-contiolied paratiel group study, Eur
Resplr J (1096} 9:1672-1677.

Kosmas EN, Michaelldes SA, Polychronalt A, Roussou T, Toukmatzl S,
Palychronopaulos  V, Baxevanis CN: Thoophylline lnduces a
reduction In circulating interleukin-d and [nterleukIn-5 in atopic
asthmatics. Eur Aespird (1999) 13:53-58.

Brannar M, Berkowiiz R, Marshall N, Strunk RG; Need for theophylilne In
severe sterold-requiring asthmatics, Clin Affargy (1998) 18:143-150.

* Soa annofalfon [98+),

100,

Kidney J, Dominguez M, Taylor PM, Rose M, Chung KF, Bamos PJ;
Immunomadulation by theophylline In esthma, Demonstration by
withdrawal of therapy. Am J Respir Crit Came ifed (1995) 151:1507-1914,

* These sfudies [87+68+ demonstrate the Importance of thaophylina gs an
anll-inflammalory agent as withholding this drug in asthmatic racefving
coricomitant gluzocorticasterold therapy resutts in a worsening of symploms
and Incredse in various surrogale markers of inflammation.

101,

102

103.

104,

105,

Hidi R, Timmermans S, Liu E, Schudi C, Dent G, Holgale ST,
Dlukarovle. R: Phosphodiesterase  end  cyclic  adenosine
moenophosphate-dependent Inhibition of T-lymphocyte chemotaxls,
Eur Resplr J{2000) 15:342-349,

Essayah DM, Huang SK, Kagey S, Uchiensteln LM: Effects of
honselective and  Isozyme selecllve eyelic  nuclepilide
phosphedlesterase Inkibiters on antigen-Induced cytokine gena
expression In pariphesal bloat menonuclear cells, Am J Respir Csll
Mol Blol (1595) 13:692-702.

Choy DK, Ko F, LI 8T, Lip LS, Leung R, Hul D, Lal KN, Lai CK: EHects
of theophylline, dexamethasone and salbutamal on cytokine gene
axpression In human peripheral blood CD4+ T-vells. Eur Respir J
(1998} 14:1106-1112,

Evans DJ, Taylor DA, Zetletstrom O, Chung KF, O'Conner BJ, Barnes
PJ: A comparison of low-dose inhaled budesonlde plus
theophylline and high-dose [nhaled budesonlde for maderate
asthma. New Eng! J Med (1997} 33T:1412-1418.

Ukena D, Hamest U, Sakalauskes R, Magyar F, Vetter N, Slefien H,
Leicht! 5, Rathgeb F, Kaller A, Steinilans vW: Camparlson of addition
of theophylline to inhaled sterold with doukling of the dose of
Inhited steroid In asthma. Eur Respir /{1997) 10:2754-2760.



—r i,

108,

107.

108.

109,

10,

1i1.

iz

113,

114,

115,

116.

117,

-

Feoklistav |, Biaggloni i: Adenosine A2b receptors evoke interlouking
secrelion In human mast celts, An- enprotyliine-sensitive mechanism
with implications far asthma. J Gin favest {1885) 86:1878-1986.

Kolbeck RC, Speir Jr WA, Carriar GO, Bransome. Jr EO: Apparent
Irrelevance of cycllc nucleotides to the relaxatlon of tracheal
smooth muscle inducet by theophylline, Lung {1978) 156:173-183,

Highee MD, Kumar M, Galanl SP: Stimulstlon of endogenous
calecholamine ralease by theophylline: a proposed “additlonal
mechanism of action for theophylline effects, J Aftargy Olin immunol
(1982) 70:377-382, ' '

Horrobln DF, Menku MS, Franks DJ, Hamet P: Methyl xanthine
phosphadiestorasa Inhlibltars behave as prostaglendin antagonists
In a perused rat mesenterlc artery preparation. Prostaglandins
(1977) 13:3340. ’

Nicholsen €D, Shahid M: Inhiblters of cyclic nuclestide
phosphodlesterase Isoenzymes- their polentlal utllity In the
therapy of asthma. Pulm Pharmacof(1994) 7:1-17.

Brunnee T, Engalstatier R, Stainflans VW, Kunkel G: Bronchodliatery
effect of Inhaled zardaverine, a phosphodiesterase Il and IV
inhlblter, In patlents with asthma, Eur Raspir J (1892) 5:982-885.

Fulmwa M, Kamio Y, Salto M, Hashimolo T, Malsuda T:
Bronchodilator and bronchoprotective effects of cilostazel In
humans {n vive. Am J Respir Gt Care Med (1095) 151:222-225,

Foster AW, Rakshl K, Camenter JR, Small BC: Trdals of the
bronchodilator activity of the Isoenzyme-selectiva phosphodiesterase
Inhibltor AH 21-132 In healthy volunicers during a methacholine
challenge tesl. Br.J Clin Phamnacol{1992) 34:527-534,

Kawasakl A, Hoshino K, Osakl A, Mizushima Y, Yano 5: Effect of
{budilast: a novel antlasthmatic agent, on afrway hypersensitivity
In bronchial asthma. J Asthrz (1992) 29:245-252,

Bardin PG, Dorward MA, Lampe FC, Franke B, Holgals ST: Effect of
seleclive phosphedlesterase 3 inhibition on the carly and late
asthmalic responses to inhated allergen. BrJ Clin Pharmacol (1998)
45:387-391,

Nell H, Louw C, Lelchll §, Rathgeb F, Neuhausar M, Bardin PG: Acute
anti-Inflammatory otfact of the novel phosphodlesterase 4 inhibitor
roflumilast on allergen challenge In asthmatics aftor a single dese.
Am J Rospir Crit Care Mad' {2000} 161:A200.

Jonker @QJ, Thhuis GJ, ds Monchay JGR: RP 73401 (a
phosphediesterase IV (nhlbltor) single does not prevent allergen
induced bronchocenstriction durlng the early phese reaction in
asthmatles. Eur Rospir J{1966) 8:82s

The pqtentiai of PDEA inhibitors In asthma or COPD Spina 213

118,

119,

120

121,

122

323,

Nipmen RB, Fisher BD, Amit O, Dockhoin RJ; SB 207499 {Ariflo™}, a
second-generation, selective oraf phosphodiesterase type 4 (PDES)
Inhlbltor, atlenuates cxercige Induced bronchoconstriction in
patlents with asthma. Am J Raspir Crit Carg Med (1998) 157:A413.

Timmer W, Leclerc V, Birraux G, Neuhausar M, Hatzalmann A, Bathke
T &f ai. Safely and efficacy of the new PDE4 inhlilior rofiumilast
administared to patlents with excercleée-induced asthma over 4
weeks. AmJ Respir Crit Care Med (2000) 161:A508, ... - -
Underwood DG, Boshnowicz S, Osbom RR, Kotzer CJ, Lullmann MA,
Hay DWP, Gorycki PD, Christensen $B, Tomhy TJ: Antiasthmatic
activity of the second-generation phosphodiesterase 4 {PDE4)
inhibltor SB 207499 (Aritlo) in the guinea plg. J Phamacol Exp Ther
{1998) 287:986-995, T s T :

Toiphy TJ, Page C: Phosphodiesterases: the journey toward
therapouties. Trends Pharmacol Sei (2000} 21:1567-169.

Essayan DM, Kagsey-Sobolka A, Lichtensieln LM, Huang S-K:
Dliferentlal regulation of human antlgen-specitic Th1 end Th2
lymphocyta responses by [sozyme selecllve cycllc nucleotlds
phosphodiesterase Inhlbitors. J Pharmacol Exp Ther (1897)
262:505-512. C ’ -

Gantner F, Gotz C, Gakeler V, Schudt C, Wendsl A, Hatzelmann A:

" Phosphodiesterase proflle of human B lymphocytes from normal

124,

125,

126.

127,

128,

and alople donors and the effects of PDE inhibltion on B cell
proliferatlon. BrJ Phammacol (1998} 123:1031-1038. .

Manning CD, Mclaughlin MM, Livi GP, Cleslinskl LE, Torphy T,
Bamella MS: Prolonged § ndrenocepter stimulation up-regulates
GAMP phosphodicsterase activity In human monocytes by
increasing mANA and protein for phosphodlesterases 4A and 4B. J
Fharmacol Exp Ther (1096) 276:810-818, S
Wang P, Wu P, Ohleth KM, Egan R, Billah MM: Phosphodiesterase
4B2 is the pradominant phesphodiosterase specles-and undergoes
differential regulation of genc axpression In human monocytes and
neulrophlls. Mol Pharmacol (1998) 56:170-174. : )

Engels P, Fichiei K, Lubbert H: Expresslon and regulation of human
and rat phosphodlesterase type IV isogenes, FEBS Lal (1994)
350:291-295.

Wright (C, Seybold J, Roblchaud A, Adcock M, Bames PJ:
Phosphodiesterase expression. in human epithellal cells. Am J
Fhyslol - Lung Cellular & Molegular Physlology (1998} 275:L684:L700.

Fuhmann M, Jahn H-U, Seybold J, Neurohr C, Bames PJ, Hippenstial
§, Kraomer HJ, Suttorp N: Identification and function of cyclic
nucleotlde phosphodiesterase isoenzymes in alrway eplthelial
cells. Am J Raspir Cell Mol Biol {1998) 20:282:302. )




Respiratory Medicine {2004) 98, 495-503

PDE4 inhibitors in COPD—a more selective
approach to treatment o

Antonio Maurizio Vignola*

Instituto di Biomedicina e Immunologia Molecolare, Consiglio Nazionale delle Ricerche; Ospedale V.,
Cervello, IT-90146, Palermo, Italy '

Received 4 December 2003; accepted 11 December 2003

Summary Chronic obstructive pulmonary disease (COPD) is a serious and mounting
global public health problem. Although its pathogenesis is incompletely understood,
chronic inflammation plays an important part and so new therapies with a novel anti-
inflammatory mechanism of action may be of benefit in the treatment of COPD.
Cilomilast and roflumilast are potent and Jelective phosphodiesterase {PDE)4
inhibitors, with an improved therapeutic index compared with the weak, non-
selective 'PDE inhibitor, theophylline. Unlike theophylline, which is limited by poor
efficacy and an unfavourable safety and tolerability profile, the selective PDE4
inhibitors are generally well tolerated, with demonstrated efficacy in irnEroving lung
function, decreasing the rate of exacerbations and improving quality of life, with
proven anti-inflammatory effects in patients with COPD. Theophylline is a difficult
drug to use clinically, requiring careful titration and routine plasma monitoring due
to the risk of toxic side effects, such as cardiovascular and central nervous. system
adverse events, with dose adjustments required in many patients, including
smokers, the elderly and some patients on concomitant medications. in contrast,
the selective PDE4 inhibitors are comvenient medications for both patient and
physician alike. Hence these agents represent a therapeutic advance in the
treatment of COPD, due to their novel mechanism of action and potent anti-
inflammatory effects, coupled with a good safety and tolerability profile.

© 2004 Elsevier Ltd. All rights reserved.

the GBD Study predicts that COPD will become the
fifth highest ranking disease worldwide by 2020 in
terms of disability-adjusted life years (DALYs),
further reflecting the extent of the burden imposed
by the condition.’ '
According to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD), a collaborative
project of the US National Heart, Lung and Blood

Introduction

Globally, chronic obstructive pulmonary disease
(COPD) is a serious and mounting public health
problem. The prevalence of COPD, currently
estimated at 600 million worldwide by the World
Health Organization (WHO), may be underdiag-
nosed by as much as 50%." COPD was the sixth

leading cause of death in 1990 according to the
Global Burden of Disease (GBD) Study and is
predicted to rise to third place by 2020.% Moreover,

*Corresponding author, Tel: + 39-091-688-28-79;
fax: +39-091-688-21-65.
E-mati address: vignola.m@iol.it (A.M. Vignofa).

Institute and the World Health Organization, COPD
fails to receive adequate attention from the
healthcare community and government policy
makers and, historically, information concerning
its aetiology and prevalence has been sparse.®” As
defined by the GOLD scientific committee, COPD is
a disease state characterized by airflow limitation

0954-6111/% - see frant matter ® 2004 Elsevier Ltd. All rights reserved.
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that is not fully reversible.®? Airflow limitation is
usually both progressive and associated with an
abnormal inflammatory response of the lungs to
noxious Earticles or gases, in particular, tobacco
smoke,®’ COPD appears to be a multi-component
disease, characterized by airway inflammation,
airway obstruction, structural remodelling of the
airway wall and mucus hypersecretion, as well as
systemic changes, including systemic inflammation,
nutritional abnormalities and weight loss, and
skeletal muscle dysfunction.®® Of note, these

components may lead to acute exacerbations of

COPD, defined by increased symptoms and worsen-
ing lung function, which have profound effects on
both quality of life and healthcare costs.”'"

Current pharmacological therapies for the treat-
ment of COPD have limitations, particularly in
relatlon to reducing the progression of the dis-
ease."? Given the multi-component nature of
COPD, multipte therapies will probably be required
to treat it and one strategy may be to use current
treatment options in combination.'* However, since
chronic inflammation is a critical underlying factor
in the development of COPD, new therapies with a
novel anti-inflammatory mechanism of action may
provide additionat benefits. One potential candi-
date is the selective phosphodiesterase (PDE)4
inhibitors, which have proven anti-inflammatory
effects, coupled with an improved therapeutic
ratio versus existing non-selective PDE inhibi-
tors. 13,14

In this article, | describe the significant role that
inflammation appears to play in the pathogenesis of
COPDB, the impact of PDE4 inhibitors in reducing
inflammation via increased accumulation of the
cyclic nucleotide, adenosine 3,5 -cyclic monophe-
sphate (cAMP), and the potential advantages of
second generation, selective PDEA4 inhibitors {(e.g.
cilomilast and roflumilast) over first generation
compounds (e.g. rolipram) and non-setective PDE
inhibitors (e.g. theophylline} in the treatment of
COPD.

Mechanism of chronic inflammation in
COPD

Although the processes underiying COPD are not yet
fully elucidated, chronic inflammation appears to
have an important part (Fig. 1). Of note, sub-
stantial differences are apparent compared with
the inflammatory mechanisms invelved in the
development of asthma.'" Inflammation plus
structural alterations occurring in the small airways
and lung parenchyma, such as fibrosis, smooth
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Figure 1 Pathogenesis of COPD, IL-8=interleukin-8:
LTB4 =leukotriene B4, TNF-a= tumor necrosm factor a,
IL-10 = interleukin-10.

muscle hypertrophy, goblet cell metaplasia and
lumen occlusion by mucus plugging, are major
contributors to the airflow limitation and acceler-
ated decline of forced expiratory volume in one
second (FEV,) observed in COPD.'™ Key inflam-
matory cells implicated in COPD pathophysiology
include neutrophils, macrophages. and T cells
(predominantly, CD8 +cells).’'. In addition,
structural cells, e.g. epithelial cells, fibroblasts
and smooth muscle cells, participate via the
release of a variety of mediators, including
cytokines, chemokines and growth factors, such
as leukotriene B4 (LTB,}, interleukin (I)-8 and
tumour necrosis factor (TNF)-«.%'%1 (t has been
proposed that an imbalance between pro- and anti-
inflammatory cytokines may be involved. in the
process of neutrophil accumulation, for example,
IL-8 and TNF-u levels are elevated.™ Together,
airway inflammation and remodelling may also lead
to degradation of the lung parenchyma, most likely
mediated through release of proteolytic enzymes
(such as elastase) from inflammatory cells, result-
ing in emphysema, '3:1¢

Degradation of ¢AMP by the PDEs (in particular,
PDE4) has been hypothesized to be an important
target to reduce the chronic inflammation, that is,
characteristic of COPD. cAMP is a secondary
messenger involved in signal transduction in a
range of cellular processes, including cellular
growth, sensory signalling, neuroplasty and tran-
scription, as well as inflammation. Increases in
CAMP levels result in activation of protein kinase A
(FKA) and enhanced protein phosphorylation,
which in turn leads to inhibitory effects on many
inflammatory and immunomodulatory cells.®
These effects include relaxation of airway smooth
muscle, inhibition of chemotaxis, abnormal release
of inflammatory and cytotoxic mediators and
inhibition of proliferation (as well as infiltration)
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of inflammatory cells. '®* Intracellular cAMP levels
are regulated by a number of factors, notably by
the PDEs, which catalyse the degradation of
cAMP.7'% The PDE superfamily consists of at least
11.isozymes, which vary in their distribution among
different tissues/cell types (Fig. 2).'® The predo-
minant iscenzyme in inflammatory and immunomo-
dulatory cells, PDE4, is expressed in many airway
cells involved in the pathogenesis of COPD, includ-
ing neutrophils, macrophages, T cells and endothe-
lfal cells {Table 1).'%'® Hence, since PDE4 inhibition
has the potential to produce significant anti-
inflammatory and disease modifying effects by
increasing accumulation of intracellular cAMP,
PDE4 represents a promising molecular target for
the treatment of COPD, 142022

PDE4 inhibitors—mecﬁanism of action
and benefits over theophylline

in spite of their collective effects on PDE inhibition,
there are a number of important differences

between the mechanisms of action of the non-
selective PDE inhibitor, theophylline, and that of
the selective PDE4 iphibitors (Table 2). Further-
more, second generation compounds have signifi-
cant benefits over the first generation PDE4
inhibitors. . ’

Theophylline

Theophylline, a broad spectrum PDE inhibitor, has
been used to treat pulmonary diseases for over a
century. it has established anti-inflammatory and
immunomodulatory effects, possibly mediated by
inhibition of the degradation of cAMP,**?* although
PDE inhibition may be negligible at therapeutically
relevant concentrations of theophylline (see be-
low}.?® However, although the mechanism of action
of theophylline remains unclear, it appears to have
a range of distinct features compared with the
selective PDE4 inhibitors,2

Firstly, theophylline is a weak and non-selective
PDE inhibitor, which indiscriminately inhibits all
PDEs in all tissues and organs of the body, including
the gastrointestinal, cardiovascular and central
nervous systems (Fig. 2).'82%27 There is no evi-
dence that theophylline has any selectivity
for a particular isoenzyme, such as PDE4.%5 Non-
selective PDE inhibition leads to elevation of
cGMP, as well as cAMP, levels, resulting in the
activation of both cAMP- and c¢GMP-dependent
kinases (PKA and protein kinase G), linked
with an increase in adverse events,252® Secondly,
theophylline is a potent adenosine receptor an-
tagonist at concentrations within the therapeutic
range.2**® This effect may be responsible for
several of the serious side effects of theophylline,
including seizures and cardiac arrhythmias.?® To-
gether, non-selective PDE inhibition and adenosine
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antagonism are likely to be responsible for many or
all of the toxic side effects associated with

- theophylline use,26:27:29

Of note, the degree of PDE inhibition may be
negligible at concentrations of theophylline that
are therapeutically relevant.?® For example, in
human lung extracts, theophylline at therapeutic
concentrations has been shown to inhibit total PDE
activity by only 5-10%.2% There is growing evidence
that theophylline works via other mechanisms than
PDE inhibition and recent findings from asthma
studies have indicated that its mode of action
involves modification of histone acetylation, lead-
ing to changes in gene expression,?** However,
theophylline’s precise mechanism of action in COPD
remains unknown.

First generation PDE4 inhibitors (e.g.
rolipram)

Preclinical studies with first generation compounds
such as rolipram that selectively inhibit PDE4 have
demonstrated impressive activity in animal models
of pulmonary inflammation.’®%”*! However, these
agents were found to be associated with significant
class--associated side effects, such as nausea and
vomiting, and gastric acid secretion, caused by
inhibition of PDE4 in the central nervous system and
parietal glands, respectively.’* These findings
necessitated the development of PDE4 inhibitors
with an improved therapeutic ratio.

Second generation PDE4 inhibitors (e.g.
cilomilast and roflumilast)

The most clinically advanced selective PDE4
inhibitors (cilomilast and rofiumilast) have a super-
ior side effect profile compared with theophylline
and first generation compounds.™ These com-
pounds were designed with the knowledge that
PDE4 exists in two distinct conformations, high
affinity rolipram-binding PDE4 (HPDE4; which pre-
dominates in the central nervous system and
parietal glands) and low affinity rolipram-binding
PDE4 {LPDE4; which predominates in immunocom-
petent cells).' Unlike rolipram, which targets
HPDE4, second generation compounds {such as
cilomilast) primarily target LPDE4 (Fig. 2), resulting
in an improved therapeutic index."

Selective inhibition of PDE4 increases cAMP
content in many inflammatory and immunomodu-
latory cells, leading to suppression of numerous
aspects of the inflammatory response, as well as
effects on smooth muscle and pulmonary nerves
{Fig. 3}. Indeed, second generation PDE4 inhibitors
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Figure 3 Mechanisms of PED4 1nh1bition in COPD
adapted with permissmn from Torphy et al."

have demonstrated pronounced anti- mﬂammatory
effects in various animal models. 24223234 (jig.
milast/roflumilast inhibit the actiwty of cells that
have been lmplicated in the pathogenesis of COPD
e.g. neutrophils,**® monocytes,* macrophages,®®
CDAT cells,* epithelial celis’” and fibroblasts. 3¢
Add1tmnally, cilomilast has recently been shown to
decrease levels of CD8 + T cells and CD68 + macro-
phages, thus demonstratmg its potent anti-inflam-
matory effects.®® Other effects of cilomilast and
roflumilast include reduced chemotaxis, activation,
degranulation and adherence of inflammatory
cells, impact on key mechanisms involved in airway
remodelling and modulation of the release of
inflammatory mediators, such as TNF-«, IL-8, and
GM-CSE,3%:3437-3%.41 gianificantly, cilomilast retains
the anti-inflammatory actions of rolipram, but is
substantlally less likely to stimutate gastric acid
secretion.? .

PDE4 inhibitors-—pharmacokinetics and
benefits over theophylline

The pharmacokinetics of the selective PDE4 in-
hibitors are markedly different from those of
theophylline (for a detailed comparison of cilomi-
last versus theophylline, see Table 2). This has a
number of implications in terms of the relative ease
of use of these compounds and the extent of plasma
monitering required.

Theophylline is a difficult drug to use clinically,
owlng to significant inter- and intra-subject varia-
bility in pharmacokinetics.*? It has a narrow
therapeutic margin and requires careful titration,
with routine ptasma monitoring, in order to reduce
the risk of related adverse events.”* For exam-
ple, potentially dangerous complications can
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occur with theophylline when pltasma levels rise
above 20ug/ml, e.g. cardiovascular events, includ-
ing arrythmias® and central nervous system
events, including convulsions.” In particular, care-
ful plasma monitoring and dose adjustments are
required in smokers and elderly patients.** This
has important consequences for the cost of
therapy. While theophylline is generally considered
to be a low price medication, it has been estimated
that total annual costs, including hospital admis-
sions for toxic events and plasma monitoring, are
higher for patients taking theophylline compared
with other bronchodilators.* In contrast to asth-
ma, where recent evidence suggests that many of
the beneficial effects of theophylline can be
observed at low doses, there is evidence of a
‘modest dose-response effect in patients with
COPD,**® which is particularly relevant to the
problems associated with its narrow therapeutic
margin.

In contrast, the pharmacokinetics of cilomilast
are unaffected by smoking.>*® In the elderly,
although there may be a small reduction in
cilomilast clearance, this is not considered to be
of clinical concern and does not necessitate dose
adjustment,*®

Use of theophylline is also complicated by the
range of potential drug interactions that may occur.
Theophylline is metabolized by the cytochrome
P450 (CYP) pathway, predominantly by CYP1AZ,
with a smaller contribution from CYPZE1 and
CYP3A4. This leads to numerous potential drug
interactions, including B, agonists, cimetidine,
ciprofloxacin, lithium, prednisolone, oral contra-
ceptives, rifampicin, digoxin, warfarin, propafe-
none, mexiletine, enoxacin, propranolol,
erythromycin, phenytoin, carbamazepine, phenc-
barbital, isoproterenol and tabacco smoke, %52
In contrast, cilomilast has a superior drug interac-
tions profile compared with theophylline. Cilomi-
(ast does not inhibit any important CYP iscenzymes
and therefore has a low potential for drug interac-
tions.® Although CYP2C8 has been implicated in
cilomilast metabolism, this enzyme has few other
substrates or inhibitors.® Importantly, there is no
evidence of drug interactions between cilomilast
and warfarin, theophylline, digoxin, aluminium/
magnesium hgdroxide antacid, prednisclone or
salbutamol.*® Furthermore, several pathological
conditions affect theophylline metabolism and
clearance, including congestive heart faiture, cir-
rhosis, pulmonary oedema, cor pulmonale/
COPD, obesity and systemic viral infection,™
Theophylline is contraindicated in patients with
heart disease, seizure disorders and gastroesopha-
geal reflux.>

Clinical data—benefits of PDE4 inhibitors
over theophylline et

Efficacy

Theophylline is the most frequently prescribed oral
bronchodilator for the chronic maintenance treat-
ment of chronic obstructive airway disorders,
However, there is some debate as to the role of
theophylline in the treatment of COPD compared
with newer agents (Table 2). For example, only a
modest dose-response effect has_been demon-
strated, with just small changes in FEV;, forced
vital capacity (FVC) and peak expiratory flow rate
(PEFR) observed over the range of, doses that
induce theophylline concentrations of 5-10pg/mi,
10-15pug/ml and 15-20pg/ml.* It has been sug-
gested that high doses of theophylline may be
needed to induce a significant increase in FEV,, but
even when this is achieved, its bronchodilator
action is often limited.? In fact, the stow onset
of action of theophylline coupled with difficulties in
achieving stable plasma levels mean that most
effects do not occur until 2-6 weeks.” Of further
concern, its effectiveness may be restricted to a
subset of patients with COPD and it may be difficutt
to predict responders.*? Additionally, withdrawal of
theophylline should be carried out with caution
because of possible deterioration in lung func-
tion.*? Given these efficacy concems, together
with its toxicity issues, use of theophylline as
monotherapy in COPD should be restricted to the
rare cases where patients cannot adequately
administer inhalers.” Indeed, GOLD guidelines
recommend that inhaled bronchodilaters are pre-
ferable to theophylline, when available, %7

In contrast, the selective PDE4 inhibitors have
demonstrated encouraging efficacy to date. Ac-
cording to published data, the most advanced PDE4
inhibitor in clinical development is cilomilast. This
compound has been shown to improve both
pulmonary function and symptoms of COPD in 424
patients with moderate-to-severe disease, produ-
¢ing significant improvements in FEV,;, FVC and
PEFR versus placebo over 6 weeks.™ In this study,
cilomilast use was also associated with improve-
ments in rescue hronchodilator use, exertional
dyspnea, and resting and post-exercise arterial
oxygen saturation (Sa0,).'*>® In addition, consis-
tent improvements in patient quality of life
approaching that defined as clinically relevant
were observed compared with placebo.>* Further-
more, cilomilast significantly reduces the risk of
exacerbations, both self-managed and those
requiring physician intervention or hospitalization,
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and provides sustained improvements in lung
function over 6 months in patients with mild-to-
moderate disease.”®” |mportantly, the improve-
ments in lung function observed with cilomilast are
independent of smoking status.>® More recently,
the anti-inflammatory effects of cilomilast obs-
erved in preclinical studies have been confirmed in
a small, randomized, ptacebo-controlled trial of 59
patients with COPD.“° After 12 weeks of cilomilast
therapy, bronchial biopsies taken from treated
patients indicated that cilomilast significantly
reduces levels of inflammatory markers, i.e.
CDB+T cells and CD68+ macrophages.®’ These
results represent the first demonstration by any
agent of a reduction in airway tissue inflammatory
cells characteristic of COPD.*°

Roflumilast has also shown encouraging efficacy
in patients with COPD, with significant improve-
ments observed in FEV, and PEFR versus baseline, >
although only limited published data are available
at present.

Safety and tolerability

A major benefit of cilomilast and roflumilast is their
superior safety and tolerability profile versus
theophylline and the first generation PDE4 inhibi-
tors (Table 2),

Theophylline is associated with serious cardio-
vascular and central nervous system side effects,
even at therapeutic doses. *2*>%0 These effects are
generally attributed to non-selective inhibition of
PDEs, as well as concornitant adenosine receptor
antagonism,?*?¥?* and include tachycardia and
serious arrhythmias, focal and peneralized sei-
zures, and coma.***? Acute theophylline overdose
is assoclated with metabolic and -electrolyte
abnormalities, including hypokalaemia, hypergly-
caemia, leukocytosis and elevated serum catecho-
lamine levels.* Moreover, approximately 10-15% of
patients receiving theophylline will experience
gastrointestinal adverse events, insomnia or other
minor side effects.¥ Although side effects can be
reduced by ensuring that theophylline plasma
concentrations do not enter the high therapeutic
range, many physicians do not provide adequate
monitoring of theophylline levels before or during
long-term treatment.*? Despite the low price of
theophylline, the overall cost may be greater than
other bronchodilators owing to its toxic effects,
inctuding hospital admissions and blood level
monitoring.®

When the first generation PDE4 inhibitors were
developed, it was envisaged that these compounds
would have fewer side effects than theophylline,

due to their selectivity for PDE4.* - However, these
agents were associated with a number of adverse
events, including nausea, vomiting and gastric acid
secretion, which limit their clinical use.™ -

In contrast, second generation PDE4 inhibitors
have an improved therapeutic ratio.' Cilomilast
has proven safe and well tolerated at doses of up to
15mg in both short- and long-term dosing trials,
with a low incidence of adverse events.®S°
Although cilomilast does cause some gastrointest-
inal adverse events, most notably, nausea, this is
generally mild-to-moderate and . self-limiting.
Cilomilast can also be taken safely with many other
medications that are commonly prescribed to
patients with COPD. Similarly, preliminary findings
indicate that roflumilast is also safe and well
tolerated in patients with COPD, **%% although only
limited published data are available at present.

Conclusions

COPD is a serious chronic condition, which is
increasingly being recognized as having a significant
inflammatory component. New treatments are
required that reduce inflammation and delay
disease progression, and inhibition ‘of PDE4 repre-
sents a promising mechanism to treat COPD, given
the resulting effects on inflammation and asso-
ciated underlying disease processes. Althoush our
preconceptions of theophylline as an agent with
PDE inhibitory activity draws us to compare
theophylline with specific second generation POE4
inhibitors, this may not be consistent with the
current state . of our scientific understanding.
Theophylline and first generation PDE4 inhibitors
(e.g. rolipram) are limited by poor efficacy and
unfavourable safety and tolerability, resulting from
their lack of selectivity. In contrast, second gen-
eration PDE4 inhibitors (e.g. cilomilast and roflu-
milast) are more selective and preliminary efficacy
and safety/tolerability findings from large clinical
trials, and using newer methods of measuring
efficacy, are promising. These agents are likely to
be of benefit in the treatment of COPD, particutarly
in combination with other agents, due to their
novel mechanism of action and anti-inflammatory
effects, and without the hazards and inconvenience
of older agents posed to the prescribing physician.
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