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RESUMEN

Las patologias neurodegenerativas que afectan al segmento posterior del ojo
se caracterizan por ser devastadoras y comprometer la visibn en un gran
nimero de sujetos. Representan un grupo de enfermedades que cursan con un
dafio progresivo del nervio 6ptico y pérdida de fotorreceptores y células
ganglionares de la retina (CGR), que sin un tratamiento continuado, pueden
conducir a ceguera irreversible. Las nuevas tendencias en el tratamiento de
estas enfermedades neurodegenerativas oculares estan basadas en la
neuroproteccion, siendo la administracion de factores neurotréficos una de las
estrategias mas prometedoras. Al tratarse de patologias que presentan una
etiologia multifactorial, el tratamiento combinado con distintos agentes
terapéuticos (agentes neuroprotectores y antioxidantes) que actien sobre los
diversos mecanismos implicados en la patogénesis puede resultar de gran
utilidad. Debido a que este tipo de afecciones son generalmente cronicas, se
hace patente la necesidad de formas de administracién oftadlmicas capaces de
proporcionar concentraciones terapéuticas de las sustancias activas en su
lugar de accidén durante periodos de tiempo prolongados que permitan disminuir
el nimero de administraciones. Ademés, si el sistema desarrollado es
biodegradable, desaparecera una vez ejercido su efecto, evitando asi un

proceso quirdrgico al ser retirado.

El desarrollo de esta Tesis Doctoral se ha basado en el disefio de nuevas
formulaciones de terapia combinada, microesferas biodegradables cargadas
con agentes neuroprotectores (GDNF, Factor Neurotréfico Derivado de la linea
celular Glial y BDNF, Factor Neurotréfico Derivo del Cerebro) y vitamina E
como agente antioxidante, para el tratamiento de patologias
neurodegenerativas que afectan al segmento posterior del ojo. Para esto, se ha
desarrollado un nuevo método de microencapsulacion con el objeto de
preservar la integridad del producto biotecnolégico encapsulado.
Posteriormente, se ha procedido a la esterilizacion de las formulaciones, puesto
que estan destinadas a ser administradas por via intravitrea, proponiendo la
combinacion de distintos recursos tecnoldgicos que atenuaran la degradacién

del factor neuroprotector. Finalmente, se ha evaluado el posible efecto



antiangiogénico con el empleo de estas nuevas formulaciones. En este caso,
se han encapsulado dos factores neurotréficos (GDNF y BDNF) junto con
vitamina E. Cada uno de estos trabajos ha sido objeto de una publicacién

cientifica.
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of BSA on the in-vitro release. Checa-Casalengua, P, Bravo-Osuna I,
Sacristdn S, Molina-Martinez I.T, Young M.J., Herrero-Vanrell R. 7th
International Symposium on Ocular Pharmacology and Therapeutics.

Budapest, Hungria, 2007. (Comunicacion en panel).
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ABREVIATURAS

A/O/A
A/O

ADN
NeuN
ARPE-19

ATP
BDNF

BSA
BSS
CGR
CMH
CMVH
CNTF

Cop-1
CoQyo
CPR
Cys
DHPE

DMAE
EGb761
ELISA

EMA
EPR
EVA
FDA
FITC

Acuo-6leo-acuosa

Acuo-oleosa

Acido Desoxirribonucleico

Nucleo neuronal

Células Adultas del Epitelio Pigmentario de la Retina
(Adult human retinal pigment epithelial cells)

Adenosina Trifosfato

Factor Neurotréfico Derivado del Cerebro (Brain Derived
Neurotrophic Factor)

Albumina Serica Bovina (Bovine Serum Albumin)
Solucién Salina Balanceada (Buffer Saline Solution)
Células Ganglionares de la Retina

Complejo Mayor de Histocompatibilidad

Citomegalovirus humano

Factor Neurotrofico Derivado del nervio Ciliar (Ciliary
Neurotrophic Factor)

Copolimero 1

Coenzima Q10

Células Progenitoras de la Retina

Cisteina

Dihexadecanoil-glicero-fosfoetanolamina
(Dihexadecanoyl-sn-glycero-3-phosphoethanolamine)
Degeneracion Macular Asociada a la Edad

Extracto procedente de las hojas de Ginkgo Biloba
Ensayo de inmunoabsorcion ligado a enzimas (Enzyme-
Linked ImmunoSorbent Assay)

European Medicines Agency

Epitelio Pigmentario de la Retina

Acetato de etilvinilo

U.S. Food and Drug Administration

Isotiocianato de fluoresceina (Fluorescein

isothiocyanate)
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FGF
GDNF

GFR

GLC756
GPC

HSA
HSP
HUVEC

JAK-STAT

kDa
MK801

mmHg
MMP2
MP/MPs

MS/MSs
MTT
NGF
NMDA
NO
NOHL
NT
O/A
O/0
PBS
PEDF

PGA
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Factor de Crecimiento Fibroblastico

Factor Neurotréfico Derivado de la Glia (Glial cell line-
Derived Neurotrophic Factor)

Receptor de Factor de Crecimiento (Growth Factor
Receptor)

Farmaco antiglaucomatoso

Cromatografia de Permeacion en Gel (Gel Permeation
Chromatography)

Albimina Sérica Humana (Human Serum Albumin)
Proteinas de Choque Térmico (Heat Shock Protein)
Células endoteliales humanas de corddén umbilical
(Human umbilical vein endothelial cells)

(Janus kinases, signal transducers and activators of
transcription)

Kilodaltons

Maleato de 5-metill-10,11-dihidro-5H-dibenzo [a,d]
cicloheptan-5,10-imina

Milimetros de mercurio

Metaloproteinasa 2

Microparticulas

Microesferas

Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazol
Factor de Crecimiento Neuronal (Nerve Growth Factor)
N-metil D-aspartato

Oxido Nitroso

Neuropatia Optica Hereditaria de Leber

Neurotrofinas

Oleo-acuosa

Oleo-oleosa

Solucion fosfato isotonica (Phosphate Buffered Saline)
Factor derivado del epitelio pigmentario (Pigment
Epithelium Derived Factor)

Acido poliglicolico



PIO
PLA
PLGA
PPO
PVA
PVR
RD
ROS
RP
S/O/A
S/0/0
TNF
TRITC

TRK
VEGF

Vit E

Presién Intraocular

Acido Polilactico

Acido Poli(lactico-co-glicélico)

Presién de Perfusion Ocular

Alcohol Polivinilico

Vitreoretinopatia proliferativa

Retinopatia Diabética

Especies Reactivas de Oxigeno

Retinosis Pigmentaria

Solido-6leo-acuosa

Solido-6leo-oleosa

Factor de Necrosis Tumoral (Tumor Necrosis Factor)
Isotiocianato de Tetrametilrodamina (Dihexadecanoyl-sn-
glycero-3-phosphoethanolamine)

Tirosina Kinasa

Factor de Crecimiento Vascular Endotelial (Vascular
Endothelial Growth Factor)

Vitamina E (a-tocoferol)
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INTRODUCCION

1.1 Anatomofisiologia ocular

El ojo o globo ocular es el érgano de la vision. Esta formado por dos segmentos

de esferas de diametro diferente y que reciben la denominacién de segmento

anterior y segmento posterior. El segmento anterior, representa un sexto del

globo ocular y es més prominente que el segmento posterior, que comprende

cinco sextos de la circunferencia total del globo ocular. A su vez, el ojo esta

compuesto por tres tlnicas o capas concéntricas y por los elementos

contenidos en su interior. De fuera a dentro, estas tres capas son:

- Capa fibrosa o externa, constituida por la cérnea y la esclerética o
esclera.

- Capa intermedia, vascular o Gvea, que contiene el iris, el cuerpo ciliar y
la coroides.

- Capa interna o nerviosa, también denominada retina.

Ora serrata

Céamara posterior

Camara anterior \ @ Masculo recto
superior

Conjuntiva ——— Esclerdtica

Céapsulade Tenon

Cuerpo ciliar y
Iris Coroides
f
Humor acuos
Cristalino L Retina
Pupila Y

Cérnea b ’,
Ligamento suspensorio Nervio éptico
del cristalino

Cavidad vitrea

~ (segmento posterior)

Muasculo recto inferior —

Figura 1 Estructura del globo ocular
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La capa fibrosa del globo ocular consta de una parte posterior opaca
(esclerdtica o esclera) y una parte anterior transparente o cérnea. La unién
entre esclera y cérnea se denomina limbo esclerocorneal. La esclerética o
esclera es una membrana firme compuesta por una superficie externa blanca
(epiesclera), que presenta inserciones de los tendones del musculo orbitario y
un estroma corneal constituido por tejido conectivo fibroelastico. El espacio
epiescleral separa la esclera de la cara interna de la capsula de Tenon. En su
parte posterior la ldamina cribosa de la esclera estad formada por una malla
colagena con multitud de orificios por los que atraviesan las fibras nerviosas de
la retina que formaran el nervio optico. En la zona central se encuentra un
orificio de mayor tamafio que permite el paso de la arteria y venas centrales de
la retina. La cérnea es una estructura transparente que ocupa la porcion
anterior del globo ocular. Presenta una curvatura mas acentuada que la del
resto del globo ocular. A ella se debe la mayor parte de la refraccién de los

rayos luminosos que penetran en el ojo.

La Uvea estd constituida por tres zonas anatdmicamente diferentes: la
coroides, el iris y el cuerpo ciliar. La coroides es una capa vascular situada
entre la esclera y la retina, que aporta nutricion a las capas retinianas mas
externas. Entre la coriocapilar (capa mas interna de la coroides) y la retina se
encuentra la membrana de Bruch que separa ambas estructuras. Esta lamina
forma parte de la barrera hematorretiniana. El iris es un diafragma ajustable
que deja un orificio central (la pupila) encargado de regular la cantidad de luz
que penetra en el ojo. Tiene una gama cromatica que se extiende desde el azul
claro al marrén oscuro. Esta inmerso en el humor acuoso y divide el segmento
anterior del ojo en las camaras anterior y posterior. El angulo de la cadmara
anterior se sita en la unidn del iris y la cérnea. El cuerpo ciliar estd situado
entre el iris y la ora serrata. Esta formado por dos zonas diferenciadas: la pars
plicata y la pars plana. La pars plicata, a su vez, contiene el musculo ciliar y los
procesos ciliares. El muasculo ciliar estd formado por fibras musculares lisas y
es responsable de la acomodacién. En los procesos ciliares se insertan las
fibras del ligamento suspensorio del cristalino que se encargan de mantener el
cristalino en su posicion. Los procesos ciliares son los responsables de la

produccion del humor acuoso. Dicho fluido se produce mediante un mecanismo
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de secrecion activa (80% del total) y por mecanismos de secrecidn pasiva,
como ultrafiltracién y difusion, que dependen, a su vez, de la presion
sanguinea, presién osmética plasmatica y presion intraocular. Esta compuesto
por agua en un 99%, aporta nutrientes a las estructuras avasculares del ojo y
es el principal responsable del mantenimiento de la presion intraocular. El
humor acuoso rellena la camara posterior y por la pupila pasa a la camara
anterior. Su drenaje se produce por tres vias diferentes. La via trabecular
representa el 80% del drenaje. A través de la red trabecular, el humor acuoso
llega al canal de Schlemm y de ahi, atravesando los conductos eferentes, se
dirige al sistema venoso. En la via Uveoescleral (20% restante), el humor
acuoso fluye a través del cuerpo ciliar hacia el espacio supracoroideo, pasando
a la circulacion venosa del cuerpo ciliar, la coroides y la esclera. Un pequefio

volumen de humor acuoso drena directamente por el iris.

Camara anterior

Ins

Conducto de Schlemm
{conducto de salida
de humor acuoso)

A%
Camara postenor y
(humor acuoso) ™ 2
g : 2 Cnstalino
D M,
i
i

(T
Ll
Figura 2 Drenaje del humor acuoso
La capa nerviosa o retina es el estrato sensorial neural del globo ocular. La

retina se compone de dos regiones bésicas: la capa externa o epitelio

pigmentario de la retina y la capa interna o capa neural de la retina.
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El epitelio pigmentario de la retina (EPR), adherido a la membrana de Bruch,

es una monocapa de células simples conicas que contienen melanina. La

presencia de uniones intercelulares estrechas entre estas células (“tight

junctions”) es esencial para regular la difusion transepitelial a través de los

espacios paracelulares. Entre las funciones del EPR destacan:

La absorcion de la luz que atraviesa la capa neural.

El aislamiento de las células de la retina de las sustancias
transportadas por la sangre, ya que es uno de los principales
componentes de la barrera hematorretiniana.

La fagocitosis y degradacién de los discos membranosos de conos y
bastones.

La restauracion de la fotosensibilidad, ya que las células del epitelio
pigmentario de la retina poseen el aparato metabdlico necesario para

sintetizar los pigmentos visuales (opsinas).

La capa neural de la retina, esta formada por tres grupos funcionales de

neuronas retinianas:

20

Fotorreceptores, responsables de proporcionar la vision cercana vy el
color (conos) y la visién periférica y nocturna (bastones).

Neuronas de conduccion directa: células bipolares y ganglionares,
responsables de la transmisién del impulso nervioso hasta el cerebro.
Neuronas de asociacion: células horizontales y amacrinas, son
interneuronas que interactian en el proceso de transmisién del impulso
nervioso y establecen conexiones entre las células bipolares y
ganglionares.

Las células de Miiller y astrocitos sirven de apoyo y sostén al conjunto.
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Membrana de Bruch —>up

Epitelio pigmentario =, W & &
Yarate o
Bastones -1 i
Conos

Membrana limitante externa
Células Muller

Células Horizonales
Células Bipolares

Células Amacrinas

Células Ganglionares

Figura 3 Estructura de las diferentes capas que componen la retina junto con la

membrana de Bruch.

La disposicién y asociacion de los nucleos y prolongaciones de estas células
traen como consecuencia que la retina se organice en diez capas, donde la luz
captada por los conos y bastones es transformada en impulsos nerviosos, que
son transmitidos a las células bipolares y después a las ganglionares. Por
ultimo, las células ganglionares envian sus axones como componentes del

nervio optico hasta el cerebro, dénde se procesan las imagenes.

Otras estructuras de interés que forman parte del globo ocular son el cristalino,

la cavidad vitrea o los anejos del globo ocular.

El cristalino, situado justo detras del iris, es una lente transparente y avascular
gue ofrece poder de refraccion y acomodacion para que los rayos luminosos se

desvien e incidan sobre la retina.

La cavidad vitrea o segmento posterior es el mayor compartimento del ojo. En
su interior se encuentra el humor vitreo, formado por un gel que contiene
alrededor del 99% de agua, colageno y glucosaminoglicanos, en especial acido

hialurénico.
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Entre los anejos del globo ocular se encuentran la conjuntiva, los parpados,
la glandula lagrimal y los muasculos extraoculares. La conjuntiva es una mucosa
delgada y transparente que recubre la parte anterior de la esclera hasta el
limbo y la parte posterior hasta los parpados. Los parpados tienen como
funcion principal la proteccion de los ojos y contribuyen a la lubricacion de la
superficie ocular. Su piel es laxa y elastica y contienen las glandulas de
Meibomio, Zeis y Moll. La glandula lagrimal estd localizada en el angulo
superoexterno de la 6rbita, su funcién se basa en la produccién de lagrimas
para mantener la humedad en la cdrnea y conjuntiva. Los musculos
extraoculares son seis, su funcidn coordinada permite los movimientos

verticales, laterales y rotatorios del ojo* 2.

1.2 Vias de administracion de farmacos para el tratamiento de patologias

oftalmicas.

La farmacoterapia de las patologias oftalmicas requiere que la concentracion
de sustancia activa que llega a los tejidos oculares sea eficaz. Para ello,
dependiendo de la afeccion ocular, el farmaco tendra que alcanzar el lugar de
accion teniendo que atravesar en determinados casos, distintas barreras
biolégicas. Por tanto, la seleccion adecuada de la via de administracion es

fundamental y depende, principalmente, de la localizacion del tejido diana.

Las distintas barreras estaticas (cérnea, esclera, retina y barrera
hematorretiniana) y dinamicas (fluo sanguineo conjuntival y coroidal,
aclaramiento linfatico y produccién lagrimal) presentes en el globo ocular
representan un importante reto para la administracion de farmacos en el ojo,
especialmente en el tratamiento de las patologias que afectan al segmento
posterior’. Dichas patologias se caracterizan por ser devastadoras y
comprometer la vision en un gran nimero de sujetos. Dada la gravedad de
estas enfermedades, resulta primordial tanto la instauracién rapida del
tratamiento como el mantenimiento de concentraciones eficaces en el lugar de
accion durante el mayor tiempo posible. Sin embargo, la eficacia terapéutica de

los tratamientos farmacologicos en esta zona se encuentra limitada,
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fundamentalmente, por la dificultad de acceso de la sustancia activa a los
tejidos diana®.

Las vias de administracion de farmacos mas utilizadas para el tratamiento de
enfermedades oftalmicas son: tépica, periocular e intravitrea. En algunos casos

se emplean también vias que implican efecto sistémico® > .

La figura 3 representa las principales vias de administracion de farmacos a

nivel ocular.

Yuxtaescleral posterior

Peribulbar

— Musculorecto superior

— -

Subtenon —— ‘“/' N \&\E\
/ o\ \ S ——

Subconjuntival 77 \\\ M lo recto~==

’

Topica

Intravitrea .
Mdusculorecto

inferior

Retrobulbar

Figura 4 Principales vias de administracién de farmacos a nivel ocular.
1.2.1 Administracién tépica.

La administracion topica ocular es la mas usada en el tratamiento de patologias
oftdlmicas, debido a que es una via no invasiva, de bajo coste y que posee
buena aceptacion por parte del paciente. Sin embargo, la anatomia vy fisiologia
de la superficie ocular dificultan la penetracion de las sustancias activas®. Las
distintas capas de la cérnea, conjuntiva y esclera son barreras efectivas para la
penetracibn de farmacos. Ademas de éstas, los factores precorneales, el
drenaje nasolagrimal y el parpadeo, son responsables de que menos de un 5%

de la dosis de farmaco administrado pueda acceder al segmento anterior> * *°.
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La cornea es una barrera mecanica que limita la entrada de sustancias
exégenas al interior del ojo. Esta formada por tres capas de distinta naturaleza:
epitelio, estroma y endotelio. El epitelio corneal posee el 90% del total de las
células de la cornea y tiene naturaleza lipidica. Estas células presentan fuertes
uniones entre ellas (“tight junctions”), ofreciendo una gran resistencia a la
absorcion de farmacos hidrofilicos administrados por via topica oftalmica. El
estroma esta constituido por una matriz extracelular y una estructura laminar
compuesta por fibras de colageno. Debido a su alta hidratacién, la difusion de
farmacos lipofilicos esta limitada. Por ultimo, el endotelio corneal esta formado
por una monocapa de células hexagonales cuyas uniones presentan espacios
que permiten el paso de macromoléculas entre el humor acuoso y el estroma,
por lo que la penetracion de farmacos a través del endotelio esta determinada

principalmente por su tamafio molecular.

Aunque la penetracién de farmacos a través de la conjuntiva es poco
significativa comparada con la penetracién corneal, se sabe que hay ciertas
sustancias capaces de atravesar dicha barrera llegando a alcanzar en ciertas
ocasiones el segmento posterior del ojo”. La conjuntiva, al igual que la cérnea,
permite el paso de sustancias por via transcelular o paracelular. Sin embargo,
el tamafio de los espacios intercelulares de la conjuntiva es mayor a los de la
cérnea. De esta forma, aunque las uniones intercelulares estan también
presentes en la conjuntiva, ésta es mas permeable al paso de moléculas
hidrofilicas que la cérnea. El paso de sustancias activas a través de la
conjuntiva se puede producir también por transporte activo, endocitosis o
mediante el espacio subconjuntival (mediante inyecciones, implantes o por

iontoforesis)lz.

La esclera, constituida por fibras de colageno y proteoglicanos, tiene una
permeabilidad similar a la del estroma corneal. El paso de farmacos a través de
la esclera es inversamente proporcional a su peso molecular. Las moléculas
cargadas positivamente tienen una mayor resistencia al paso a través de esta
membrana, debido a las uniones que se forman con las cargas negativas de los

proteoglicanos?’.
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Como se comentd con anterioridad, el problema fundamental de esta via es la
baja penetracion de las sustancias activas, resultando en la mayoria de los
casos ineficaz en el tratamiento de patologias que afectan al segmento
posterior del ojo. Por tanto, la via tépica oftdlmica se emplea fundamentalmente
en el tratamiento de afecciones en la superficie ocular y el segmento anterior

del ojo* *2.

Los colirios, pomadas y geles oftalmicos son las formas farmacéuticas mas
empleadas en la administraciéon de farmacos por via topica oftalmica. La
penetracion del farmaco tras la administracién de la forma farmacéutica
depende de una serie de factores como son: las propiedades fisicoquimicas de
la sustancia activa y de los excipientes, la tonicidad, viscosidad y pH de la
formulacion, asi como las caracteristicas de la zona de administracion. La
instilacion de un colirio provoca una rapida eliminacion del farmaco a nivel
precorneal, debido al drenaje nasolagrimal y a la secrecion lagrimal. A esto hay
que afadir el escaso tiempo de contacto entre la sustancia activa y la superficie
ocular. De esta forma, la biodisponibilidad de la sustancia activa se ve reducida
y su efecto terapéutico limitado. Por tanto, es frecuente administrar dosis
elevadas de farmaco con el objetivo de conseguir concentraciones
terapéuticas, lo que puede originar fluctuaciones en las concentraciones de
principio activo y posibles efectos secundarios, tanto a nivel ocular como
sistémico. Las pomadas y geles oftdlmicos incrementan la penetracién del
farmaco debido al aumento en el tiempo de contacto entre la sustancia activa y
la superficie ocular. Sin embargo, provocan visién borrosa en el paciente
debido a la diferencia en el indice de refraccion entre las lagrimas fluidas y la
estructura no fluida y/o no acuosa de la forma farmacéutica. Por esta razon, su

uso se limita a la noche®.

Actualmente, las investigaciones dedicadas al desarrollo de nuevas
formulaciones de administracién topica oftalmica estan dirigidas al incremento
de la eficacia terapéutica del farmaco, por un lado aumentando su
biodisponibilidad, mediante el uso de geles, emulsiones, agentes viscosizantes,
promotores de la absorcidn, profarmacos o iontoforesis, por el otro,

desarrollando sistemas de cesion controlada que permitan una liberacion
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sostenida del farmaco, como son los insertos poliméricos, implantes,

microparticulas, liposomas y nanoparticulas® * ** 314,

1.2.2. Administracién por vias que implican efecto sistémico.

Las vias de administracion que implican absorcion sistémica de farmacos para
el tratamiento de patologias oftdlmicas no se utilizan con frecuencia, debido
fundamentalmente al limitado acceso del principio activo a los tejidos oculares.
El ojo se encuentra separado del resto del organismo mediante la barrera
hematoocular, compuesta por dos sistemas: la barrera hematoacuosa, que
dificulta el paso de farmacos a la camara anterior, y la barrera
hematorretiniana, que dificulta el acceso de farmacos al espacio extravascular
de la retina y al cuerpo vitreo. Solo las sustancias activas que presentan
transporte activo o difusién pasiva favorecida por una elevada lipofilia, podran
atravesar esta Ultima barrera y alcanzar retina y vitreo. En el caso de emplear
una de estas vias, se necesitan administrar dosis elevadas de farmaco, que
pueden dar lugar a efectos secundarios sistémicos. Por tanto, las vias de
administracion que implican efecto sistémico no seran (tiles en la

administracion de farmacos potentes con bajo indice terapéutico® ®® *°,

1.2.3. Administracién periocular.

Los farmacos administrados por via periocular se depositan en la parte externa
de la esclera. En comparacién con la cérnea, la esclera es menos resistente al
paso de farmacos. La difusion de las sustancias activas a través de la esclera
esta condicionada por la superficie de la misma (en el hombre 16-17 sz) y el
espesor (1 mm), siendo mayor en su porcién posterior, cercana a la salida del
nervio Optico y méas delgada a nivel del ecuador del globo. La administracion
periocular incluye diferentes vias: subconjuntival, subtenoniana, yuxtaescleral

posterior, retrobulbar y peribulbar® >" %17,
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Yuxtaescleral posterior

Peribulbar

Subconjuntival

Subtenon Retrobulbar

Figura 5 Representacion de las vias perioculares de administracion de farmacos.

En la inyeccion subconjuntival el farmaco se deposita debajo de la

17.18 "avitando asi, la barrera del

membrana conjuntival que recubre la esclera
epitelio conjuntival que limita el paso de farmacos hidrosolubles. A pesar de
ello, existen barreras dinamicas, estaticas y metabdlicas que dificultan el paso
de los farmacos al segmento posterior cuando se emplea este tipo de
administracion. Entre las barreras dinamicas se encuentran la circulacion
sistémica y linfatica de la conjuntiva, que dan lugar a una rapida eliminacion del
principio activo. Las moléculas que escapan a la vascularizacion conjuntival
deben atravesar la esclera y la coroides hasta alcanzar la retina. Mientras que
la esclera no supone una gran resistencia al paso de farmacos, la coroides,
debido a su elevada vascularizacién, si ocasiona una considerable eliminacion
de sustancia activa. Ademas, la barrera hematorretinianana también limita el
acceso del farmaco a la retina®.

Aunque la inyeccion subconjuntival permite alcanzar concentraciones de
farmaco en el segmento posterior superiores a las conseguidas por via
sistémica, no esta exenta de efectos secundarios. Las principales desventajas

son la aparicién de hemorragias subconjuntivales masivas, desprendimiento de
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retina, irritacion ocular, dolor y depésitos de farmaco en la zona de inyeccion'”
19, 20

La inyeccidon subtenoniana implica la administracion de la formulacién entre
la esclera y la capsula de Tenon. En este caso, debido a que la esclera es una
membrana avascular, el tiempo de contacto entre el farmaco y ésta se
prolonga, aumentando la penetracion del mismo. Sin embargo, esta via

presenta un mayor riesgo de perforacion accidental del globo ocular” .

La inyeccion yuxtaescleral posterior fue desarrollada por los Laboratorios
Alcon para la administracion de acetato de anecortave (Retaane®), un analogo
sintético del cortisol, en el tratamiento y prevencién de la degeneracién macular
asociada a la edad (DMAE). En este tipo de administracién el preparado se
deposita directamente en la zona mas cercana a la macula, consiguiendo
concentraciones superiores de farmaco en este lugar. El empleo de esta via
reduce el riesgo de endoftalmitis y desprendimiento de retina que se asocian a

la inyeccion intravitrea® .

La administracion retrobulbar se emplea fundamentalmente para la inyeccién
de anestésicos en determinada cirugias intraoculares. El farmaco es
administrado directamente en el cono muscular, una zona ubicada entre los
cuatro musculos oculares en la parte posterior del globo. Debido a la
proximidad del nervio Optico, de los nervios motores y de los nervios

sensoriales, esta via tiene serios riesgos de provocar dafio a nivel ocular.

La ventaja fundamental que presenta la inyeccion peribulbar respecto a la
retrobulbar es la disminucion del riesgo de lesiones oculares derivadas de la
administracion. Empleando esta via, el farmaco es depositado en la parte
externa del cono muscular. Aunque ambas vias han demostrado ser Utiles en
anestesia 0 aquinesia, su uso esta limitado debido al gran ndmero de
complicaciones asociadas (perforacion del globo ocular, estimulacion del reflejo

Oculo-cardiaco, traumatismo del nervio 6ptico, hemorragia orbitaria, etc.)”’ 3,
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1.2.4. Administracioén intravitrea.

Las inyecciones intravitreas se utilizan con frecuencia en el tratamiento de
patologias que afectan al segmento posterior del ojo, a pesar de la
incomodidad que supone para el paciente y las posibles complicaciones que
pueden surgir“. Entre las patologias susceptibles de requerir este tipo de
administracion se encuentran aquellas que afectan a la retina y al vitreo y que
comprometen la visiébn de un gran ndmero de pacientes. Dentro de estas
patologias destacan la retinopatia diabética, retinosis pigmentaria, uveitis,
degeneracion macular asociada a la edad (DMAE), glaucoma, procesos

infecciosos causados por el virus del herpes y melanomas®**.

La inyeccion intravitrea implica el depdsito directo de la formulacion en la
cavidad vitrea, por tanto las concentraciones de principio activo que se
alcanzan en el lugar de accién son superiores a las que se logran empleando
otras vias de administracion. Ademas, el uso de esta via evita los efectos
secundarios derivados de la administracién sistémica y el efecto selectivo a la

penetracion de farmacos que ejercen tanto la cornea como el cristalino®® " 3.

La eliminacion del farmaco desde el vitreo puede ejercerse por dos vias: a
travées de la camara anterior o a través de la retina. Los procesos de
eliminacion y distribuciéon de farmacos estan influenciados por la velocidad de
difusién de los mismos a través del vitreo y por la geometria del ojo. En
general, las moléculas grandes son retenidas en el vitreo durante periodos
prolongados de tiempo (pueden alcanzar hasta semanas); sin embargo, las
moléculas menores a 500 Da que no posean una elevada lipofilia se eliminan

con mayor rapidez7.

Aungue la administracion intravitrea de farmacos esté logrando cada vez una
mayor aceptacion en el tratamiento de vitreoretinopatias debido a las ventajas
que presenta, no es una via exenta de problemas. Ademas de los riesgos
inherentes a la utilizacion de una técnica invasiva, el principal inconveniente de
esta via es que al ser una administracion en forma de bolus, resulta claramente

insuficiente en el tratamiento efectivo de problemas cronicos, que precisan una
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disponibilidad mantenida del agente activo por un periodo prolongado de
tiempo. En estas situaciones se necesita la administracion repetida de
inyecciones intravitreas. Ademas, los efectos adversos derivados de este tipo
de administracién, como el desprendimiento de retina, atrofia optica, cataratas,
hemorragia vitrea y endoftalmitis aumentan con la frecuencia de las

inyecciones®.

Por tanto, en el tratamiento de las patologias crénicas que afectan al segmento
posterior del ojo, se hace patente la necesidad de formas de administracion
oftalmicas alternativas capaces de proporcionar concentraciones terapéuticas
del farmaco en su lugar de accién durante periodos de tiempo prolongados
reduciendo, en todo lo posible, el nimero de inyecciones. Estos hechos
fundamentan el interés en el desarrollo de sistemas de liberacién controlada de
farmacos para el tratamiento de patologias que afectan al segmento posterior

del Oj07, 9,10, 13, 33

1.3. Sistemas de liberacién controlada de farmacos por via oftdlmica

Como se ha sefialado anteriormente, el desarrollo de nuevos sistemas de
liberacién controlada de farmacos es cada vez mas necesario en el tratamiento
de patologias crénicas que afectan al segmento posterior del ojo. Estos
sistemas, administrados por via intravitrea o periocular, poseen ventajas
respecto a las formas farmacéuticas convencionales, ya que se alcanzan
concentraciones superiores de la sustancia activa en el lugar de accion, ejercen
su actividad durante un periodo prolongado de tiempo y evitan los efectos
secundarios que pueden aparecer empleando otras vias de administracion

(sistémica, tépica ocular, etc.).

Los sistemas de liberacion controlada de farmacos se clasifican en funcién de

su tamafio en:
- Micro y nanosistemas: compuestos principalmente por liposomas (20-
1000 nm), microparticulas (1-1000 um) y nanoparticulas (1-1000 nm).

La ventaja que ofrecen estas formulaciones es que se pueden
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administrar en forma de suspensibn mediante una inyeccion
convencional.
- Implantes (> 1mm): biodegradables y no biodegradables. Requieren

cirugia para su implantacion y en el caso de los no biodegradables
también para su retirada.

1.3.1 Liposomas

Los liposomas son estructuras vesiculares compuestas por una o0 mas bicapas
lipidicas concéntricas separadas entre ellas por compartimentos acuosos. Se
pueden distinguir distintos tipos de liposomas segun su tamafio y morfologia:
vesiculas unilaminares pequefias (SUV) (20-200 nm de diamtero), vesiculas
unilaminares grandes (LUV) (>200 nm) y vesiculas multilaminares (MLV) (>500
nm). Generalmente, las membranas liposomales estdn formadas por una
mezcla de fosfolipidos y otros aditivos como son el colesterol, los glicolipidos,
la esfingosina u otras sustancias anfifilicas. Las moléculas activas se
incorporan en el interior de los liposomas en funcién de su solubilidad, los
farmacos hidrofilicos en los compartimentos acuosos y los hidrofébicos en las
membranas lipidicas.

Farmaco hidrofébico
Parte hidrofilica
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Figura 6 Representacion esquematica de la estructura de un liposoma y la
incorporacion de farmacos en su interior.
La eficacia de los liposomas como sistemas de liberacién de farmacos en la

terapia oftalmoldgica depende de una serie de factores como son la eficacia de
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encapsulacién del farmaco en los liposomas, el tamafio y la carga superficial de
las vesiculas, la distribucién del farmaco en los sistemas y la estabilidad de los

mismos>®* *.

El estudio de los liposomas en el tratamiento de las patologias oftalmicas
comienza con el trabajo de Smolin y col. (1981) en el que se demostrd que una
formulacién que incorporaba liposomas cargados con el farmaco antiviral
idoxuridina y administrada por via tdpica era mas eficaz que la molécula libre
en el tratamiento de estados agudos y crénicos de queratitis herpética.
Ademas, se observé no solo un incremento en la penetracién corneal del
farmaco, sino también una mayor afinidad de la molécula activa por las células
infectadas con el virus del herpesse. Desde entonces, varios investigadores han
estudiado el uso de liposomas en la terapia oftalmolégica. Una gran variedad
de compuestos (proteinas, oligonucleétidos, quimioterapicos o agentes de
contraste) han sido encapsulados en estos sistemas para su administracion

intravitrea®°.

Sin embargo, a pesar de las multiples ventajas que presentan estos sistemas,
tienen un uso terapéutico limitado debido a sus inconvenientes. Entre ellos
destacan, su corto periodo de conservacion, baja estabilidad en medios

acuosos y dificultad de esterilizacion® **.

En la actualidad, la Unica formulacion liposomal para el tratamiento de
patologias oftalmicas en wuso clinico es el Visudyne® (Novartis
Pharmaceuticals, USA), cuyo principio activo, la verteporfina, es empleado en
terapia fotodinamica por via intravenosa para el tratamiento de la

neovascularizacion coroidal y la DMAE®.
1.3.2. Nano-y microparticulas.

Las nano- y microparticulas constituyen los sistemas que en la actualidad
presentan un mayor grado de versatilidad. Estas estructuras son capaces de
encapsular farmacos en su interior y en el caso de las microparticulas liberarlos

de forma prolongada.
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Como ya se ha indicado anteriormente, la diferencia entre las nano- y
microparticulas radica en su tamafo. Las nanoparticulas poseen un tamafio
comprendido entre 1-1000 nm, mientras que las microparticulas tienen
tamafios entre 1-1000 um. Atendiendo a su estructura se pueden clasificar en
dos grupos: micro- y nanocapsulas y micro- y nanoesferas. Las micro- y
nanocapsulas estan formadas por una cavidad central solida, liquida o
semisdlida, rodeada de una cubierta polimérica que da lugar a un sistema
reservorio. Las micro- y nanoesferas son sistemas matriciales en los que la
sustancia activa se encuentra dispersa de forma uniforme en un entramado
polimérico. Ambos sistemas permiten vehiculizar sustancias activas de distinta
naturaleza, tanto hidrofilicas como lipofilicas, presentando una estabilidad

éptima in vitro e in vivo® ™ 3%,

Matriz polimérica
Cubierta polimérica

B)

®< —— Farmaco

Farmaco

Figura 7 Representacion esquemaética de la estructura de una nano- microcapsula (A) y

una nano- microesfera (B) y la incorporacion de farmacos en su interior.

El desarrollo de las micro- y nanoparticulas surge ante la necesidad de
conseguir una liberacidon controlada de farmacos, una administracion lo mas
sencilla posible que conlleve el menor riesgo para el paciente, una disminucion
en los efectos adversos y un tratamiento que pueda realizarse en una Unica

inyeccién o al menos con administraciones separadas en el tiempo.
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Los polimeros mas comunmente empleados en la elaboracién de nano- y
microparticulas para uso oftalmico son el acido polilactico (PLA) y el acido
poli(lactico-co-glicélico) (PLGA). Ambos, estan aceptados por la FDA (Food and
Drug Administration) para su uso en humanos y son biomateriales de amplia

1415 Este hecho se basa en su excelente

aplicacion biomédica™
biocompatibilidad y biodegradabilidad. Las cadenas poliméricas son

hidrolizadas dando lugar a metabolitos naturales (acidos lactico y glicélico) que
se eliminan del organismo por el ciclo de Kreb’s, sin presentar toxicidad.

Dependiendo de su composicion y del peso molecular, estos polimeros pueden

31, 41, 42
. En

tener velocidades de degradacién que van desde meses hasta afios
estos sistemas, la sustancia activa encapsulada es liberada como
consecuencia de la erosién del material, debido a la ruptura de las cadenas
poliméricas via hidrélisis autocatalitica (acida o basica) y/o hidrélisis
enzimatica®®. Ademas, se puede seleccionar su aplicacién en funcién de sus
caracteristicas. Por ejemplo, el acido polilactico de alto peso molecular se
emplea como material de sutura cuando se necesita una elevada fuerza
mecanica. Por el contrario, polimeros amorfos de bajo peso molecular son
Utiles en el desarrollo de sistemas de cesién controlada donde se pretende que

el material desaparezca del lugar de accién una vez ejercido el efecto™.

Los polimeros derivados del acido polilactico, acido poliglicélico o sus
copolimeros han sido formulados como micro- y nanoparticulas para su
administracion intravitrea o periocular, demostrando buena tolerancia en los

tejidos de la zona® %> *°.

La administracién de estos sistemas se realiza mediante la inyeccidon de una
suspension de los mismos, a través de una aguja o canula cuyo tamafio varia
en funcion del tamafio de los sistemas y de la via de administracién (intravitrea

431 | as micro- y nanoparticulas son suspendidas en una solucién

0 periocular)
fisioldgica que actia como vehiculo en la administracion. Los vehiculos que
mas frecuentemente se emplean en este tipo de inyecciones son soluciones
isoténicas de tampén fostato salino (PBS) y la solucién salina balanceada
(BSS), de pH 7.4. Sin embargo, debido a la tendencia que pueden poseer las

particulas de quedarse adheridas a las jeringas, algunos investigadores han
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estudiado el uso de vehiculos viscosos, como soluciones acuosas de acido

hialurénico o de hidroxipropilmetilcelulosa®".

Inicialmente, se pensd que las microesferas inyectadas en el vitreo podrian
interferir con la vision debido a la opacidad de los sistemas. Sin embargo, en
estudios posteriores se demostré que las microparticulas mayores de 2 pm
tendian a sedimentar por accién de la gravedad mientras que las
nanoparticulas eran capaces de difundir rdpidamente y se localizaban en el

interior de los tejidos oculares™ *’

. Ademas, también se ha observado que las
microparticulas pueden sufrir agregacion. Como consecuencia de este
fenémeno se forma un depodsito capaz de ceder la sustancia activa durante
mas tiempo al disminuir su superficie especifica. Si se recurre a una
administracion periocular se ha visto que tanto las nano- como las
microparticulas (350 nm y 3,6 um, respectivamente) administradas mediante
inyeccion subconjuntival permanecen en el espacio periocular permitiendo la

difusién del farmaco hasta retina y vitreo™®.

Varios estudios preclinicos han demostrado la eficacia de las micro- y
nanoparticulas como sistemas de liberaciéon controlada de farmacos en el
tratamiento de patologias que afectan al segmento posterior del ojo

administradas tanto por via intravitrea como periocular® “¢2,

Dentro de los sistemas microparticulares destacan los elaborados con
farmacos como adriamicina®®, 5-flurouracilo® o &cido retinoico®® para el
tratamiento de vitreoretinopatia proliferativa (PVR), dexametasona™ y
ciclosporina56 en el tratamiento de uveitis, factor de crecimiento vascular
endotelial (VEGF)57 para la degeneracion macular asociada a la edad (DMAE),
budesonida'® y celecoxib®® en el tratamiento de la retinopatia diabética,
acetonido de triamcinolona®® para tratar el edema macular, aciclovir”® en el
tratamiento de herpes o ganciclovir®® para el tratamiento de retinitis causada

por citomegalovirus.

Se han desarrollado también formulaciones nanoparticulares para el

tratamiento de patologias que afectan al segmento posterior del ojo. Entre ellas
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se encuentran las nanoparticulas de PLGA cargadas con dexametasona para
el tratamiento de la neovascularizacion coroidea® o las nanoparticulas

cargadas con tamoxifeno para el tratamiento de uveoretinitis™.

Dada la utilidad de los sistemas nano- y microparticulares en la liberacion
controlada de farmacos se hace evidente la necesidad de este tipo de
formulaciones en el tratamiento de patologias cronicas que afectan al
segmento posterior del ojo. Para esto, es necesario conseguir una adecuada
eficacia de encapsulacién, controlar el tamafio de particula y la velocidad de
liberacion del farmaco, mantener la bioactividad de las moléculas activas
durante el proceso de elaboracion, conseguir una fabricacion a gran escala y

preparar formulaciones estériles’.

Uno de los factores criticos en los sistemas de liberacion controlada de
farmacos por via intraocular o periocular es la esterilizacion. Siempre se
prefiere un proceso de esterilizacién final del producto a la preparacion de la
formulacién en condiciones asépticasBl. Dentro de los métodos finales de
esterilizacion, los que mas frecuentemente se usan son: 6xido de etileno, calor
seco y humedo y radiaciones ionizantes. Sin embargo, la mayoria de estas
técnicas no pueden emplearse con polimeros termoldbiles como el PLGA,
siendo la esterilizacion por radiacion gamma el método de eleccion. Entre sus
ventajas destacan, su alto poder de penetracion, baja reactividad quimica,
bajos niveles de residuos, ligero cambio en la temperatura de la muestra y las

pocas variables a controlar durante el proceso®®®

. Ademas, hay estudios que
demuestran que si la exposicion a radiacibn gamma se realiza a baja
temperatura (protegiendo las muestras con hielo seco), la alteracion del

polimero es menor®,
1.3.3. Implantes.
Los implantes son sistemas disefiados con el objetivo de alcanzar

concentraciones eficaces del farmaco en el lugar de accion durante un periodo

prolongado de tiempo, que puede abarcar desde meses hasta afios, por lo que
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resultan muy utiles en el tratamiento de pacientes con enfermedades oculares

cronicas.

La liberacion de la sustancia activa a partir del implante puede llevarse a cabo
por difusién a través de una membrana permeable o a través del entramado
polimérico si se trata de un sistema matricial. En este Ultimo caso si el polimero
es biodegradable su degradacion contribuird también a la liberacion del agente

terapéutico.

En general, la implantacion subconjuntival de estos dispositivos se emplea en
el tratamiento de patologias que afectan al segmento anterior del ojo, mientras
que los implantes intravitreos y supracoroideos son (tiles en patologias del

segmento posterior® * 4,

Los implantes poseen una serie de ventajas derivadas de su insercion en una
zona cercana al lugar de accion. Entre ellas cabe destacar, la liberacion
constante de farmaco en el lugar de accién, la eliminacion de efectos
secundarios asociados a la administracion sistémica y a las inyecciones
intravitreas repetidas y la menor cantidad de farmaco necesaria durante el
tratamiento. Sin embargo, su uso esta limitado debido a que se trata de una
técnica invasiva que requiere incisiébn quirdrgica para su implantacion y en

algunos casos también para su retirada® % .

Los implantes intraoculares se pueden clasificar en dos grupos en funcién de la
naturaleza del polimero empleado para su elaboracién: biodegradables y no

biodegradables.

Los implantes no biodegradables proporcionan una mayor precision en la
velocidad de liberacion del farmaco y tienen una liberacién més prolongada en
el tiempo que los implantes biodegradables. Sin embargo, debido a la
naturaleza no biodegradable de los polimeros, no son metabolizados ni
erosionados in vivo, por lo que es necesario eliminarlos o remplazarlos una vez
que han liberado la sustancia activa, lo que supone la principal desventaja de

estos dispositivos. Los efectos adversos que pueden asociarse a ellos son el
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desprendimiento de retina, la hemorragia intravitrea, endoftalmitis, fibrosis y

edema macular cistoide® ** .

En la actualidad la mayoria de los implantes intravitreos que estan
comercializados son no biodegradables. Los polimeros mas comunes
empleados en su elaboracién son la silicona, el alcohol polivinilico (PVA) vy el
acetato de etilvinilo (EVA)® ®%. La preparacion de estos dispositivos se basa
en el recubrimiento de la sustancia activa con mezclas de polimeros, dando
lugar a una serie de capas y formando asi un sistema reservorio. De este
modo, controlando la composicién de cada una de las capas se puede modular

la velocidad de cesion del farmaco.

Este tipo de implantes se han investigado para la liberacioén controlada de una
gran variedad de fa&rmacos en el tratamiento de distintas patologias oftalmicas,

entre ellos se encuentran:

- Vitrasert®: Es un implante de ganciclovir, aprobado por la FDA en 1996
para el tratamiento de la retinitis causada por citomegalovirus®” .

- Retisert®: Fue aprobado por la FDA en 2005 para el tratamiento de
uveitis crénica no infeciosa. Contiene aceténido de fluocinolona®” .

- lluvien®/Medidur®: Este implante debido a su pequefio tamafio puede
ser insertado mediante un sistema inyector acoplado a una aguja de
calibre 25G sin necesidad de cirugia. Estd compuesto por aceténido de
fluocinolona y actualmente se encuentra en ensayos clinicos de fase Il
para el tratamiento de edema macular diabético® .

- I-vation™: Es un implante intravitreo que contiene aceténido de
triamcinolona. Actualmente, estd en ensayos clinicos de fase | para el
tratamiento de edema macular diabético” **.

- NT 501: Es un implante intraocular que encapsula células humanas del
epitelio pigmentario de la retina (ARPE-19), modificadas genéticamente
para secretar el Factor Neurotréfico Derivado del Nervio Ciliar (CNTF).
En la actualidad se encuentra en ensayos clinicos de fase Il para tratar

DMAE vy retinosis pigmentaria7’ 06,69,
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Los implantes biodegradables resultan especialmente interesantes debido a
que desaparecen del lugar de accién progresivamente, evitando asi los riesgos
asociados a la retirada quirtrgica de los dispositivos no biodegradables. Este
tipo de sistemas han sido desarrollados tanto en forma sélida como en
sistemas de consistencia semisélida o viscosa, facilitando su implantacién, ya
gue requieren una incision mas pequefia que en el caso de los no
biodegradables o incluso se pueden administrar como una inyeccién

convencional® **

Los implantes biodegradables pueden fabricarse tanto con polimeros

hidrofilicos como hidrofébicos.

Dentro de los polimeros hidrofilicos empleados para la elaboracion de estos
dispositivos destacan la gelatina, albumina, coldgeno, quitosano, dextrano y
almidén. Estas macromoléculas hidrofilicas se entrecruzan para formar una
estructura tridimensional que permite albergar el farmaco. La velocidad de
liberacién del principio activo depende principalmente de la cantidad de uniones
farmaco-matriz, la densidad de entrecruzamiento del polimero, el volumen total

de la matriz y la actividad enzimatica del tejido donde se implanta® ®°.

Los polimeros hidrofébicos cominmente empleados en el desarrollo de
implantes biodegradables son el acido polilactico (PLA), el acido poliglicélico
(PGA) y sus copolimeros, acido poli(lactico-co-glicélico) (PLGA). La velocidad
de liberacién del farmaco a partir de estos sistemas se puede controlar
empleando polimeros de diferentes pesos moleculares o modificando las

4, 65, 69, 70
. Los

proporciones de PLA o PGA que se incluyen en el copolimero
implantes desarrollados con polimeros hidrofébicos han demostrado ser
eficaces en la liberacion de diferentes tipos de farmacos: antivirales,

antiftingicos, esteroides o inmunosupresores’* ",

El primer implante biodegradable de administracion intravitrea aprobado por la
FDA ha sido el implante Ozurdex®. En 2009 se aprobé su uso en el tratamiento
del edema macular causado por oclusidon venosa retiniana y en 2010 para el

tratamiento de uveitis no infecciosa. Actualmente, también esta aprobado su
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uso por la EMA. Ozurdex® es un implante matricial elaborado con PLGA que
contiene dexametasona (antiinflamatorio esteroideo). Debido a su pequefio
tamafio puede ser inyectado mediante un aplicador que tiene incorporada una

68, 69, 75

aguja de calibre 22 G

Dentro de la misma linea, actualmente se esta evaluando la eficacia del
implante intravitreo basado en el sistema Novadur™, elaborado con PLGA y
brimonidina en el tratamiento de DMAE, retinopatia éptica glaucomatosa y
retinosis pigmentaria (ensayos clinicos de fase Il). La brimonidina es un
agonista a-2 adrenoreceptor que induce la liberacién de varias neurotrofinas
como BDNF (Factor Neurotréfico Derivado del Cerebro), CNTF (Factor

Neurotrofico del Nervio Ciliar) y el factor de crecimiento fibroblastico (b—FGF)eB'
70

Entre otros, algunos de los implantes biodegradables de administracién
intraocular que se estan investigando son: (1) Implante de PLGA con
vancomicina, amicacina y dexametasona para el tratamiento de infecciones
intraoculares’®, (2) Implante elaborado con PLGA que contiene ganciclovir y
foscarnet, que podria ser una alternativa en el tratamiento de retinitis causada
por citomegalovirus’’ o (3) Implante de metotrexato para el tratamiento de

linfoma vitreoretiniano primario78.
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1.4. Patologias degenerativas que afectan al segmento posterior del ojo

Como ya se ha sefalado anteriormente, las enfermedades que afectan al
segmento posterior del ojo son responsables de la mayoria de disfunciones
visuales y ceguera en la poblacion mundial. Las patologias de mayor
prevalencia que causan discapacidad visual irreversible en los paises
desarrollados son: la degeneracion macular asociada a la edad (DMAE), el
glaucoma y la retinopatia diabética. Ademas, existen otras patologias
relevantes como las degeneraciones retinianas u otras degeneraciones del
nervio optico aparte del glaucoma, entre las que se encuentra la retinosis

pigmentaria o la neuropatia 6ptica de Leber.

1.4.1. Degeneracién Macular Asociada a la Edad (DMAE)

Al aumentar la esperanza de vida en los paises desarrollados, la DMAE cobra
especial importancia puesto que es una causa comun de ceguera en mayores
de 65 afios. Esta patologia se caracteriza por una pérdida de visién central y
esta directamente ligada con el envejecimiento. Aunque la degeneracién de las
células fotorreceptoras no es la Unica causa, es una de las més importantes. El
tabaco, niveles elevados de colesterol en sangre, alteraciones genéticas, sexo
femenino, raza blanca o antecedentes familiares de DMAE son factores de

riesgo que influyen en el desarrollo de esta enfermedad’® %,

Figura 9 Vision de un paciente con DMAE.
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La DMAE se clasifica en dos tipos: degeneracion macular no exudativa (seca o

atréfica) y degeneracién macular exudativa (himeda).

La DMAE no exudativa es la forma mas frecuente de la DMAE (80% de los
casos). Se caracteriza por la muerte de fotorreceptores y de las células del
EPR subyacentes, asi como atrofia capilar. Los hallazgos clinicos pueden
variar desde los primeros cambios pigmentarios en la macula hasta la
presencia de drusas (depésitos amarillos compuestos de material extracelular
en las capas mas profundas de la retina). La evolucién de la enfermedad es
lentamente progresiva llevando a una fase final de atrofia macular y pérdida de
vision central en ambos 0jos, que se puede alcanzar 5-10 afios después del

inicio de la patologia.

No existe ningun tratamiento eficaz para la DMAE no exudativa, tan sélo puede
frenarse su evolucién para evitar la pérdida completa de la visién. En la
actualidad, el tratamiento de esta patologia se limita a la administracion de
antioxidantes, modificaciones en la dieta o en el estilo de vida para evitar que la
DMAE seca se convierta en himeda. Un estudio reciente realizado en
pacientes con este tipo de degeneracion macular ha demostrado que la
administracion de factores neurotréficos, en concreto el CNTF encapsulado en

el implante NT-501, ayuda a retrasar la pérdida de vision®™.

La DMAE exudativa aunque es menos comun, es la forma mas agresiva. Se
caracteriza por la formacion de vasos sanguineos anormales en la vasculatura
coroidea, membrana de Bruch y epitelio pigmentario de la retina, originando
una débil membrana neovascular subretiniana a través de la cual se pueden
producir pérdidas de liquido y hemorragias en el espacio subretiniano que
ocasionan distorsién en la retina y por tanto, pérdida visual. Una de las posibles
causas de esta forma de la enfermedad es la falta de oxigeno en la retina, que

desencadena un proceso de angiogénesisaz.

El tratamiento de la DMAE exudativa se ha llevado a cabo mediante cirugia
laser, terapia fotodinamica y terapias farmacolégicas con agentes
antiangiogénicos (anti-VEGF). Este tipo de farmacos, inyectados directamente

en la cavidad vitrea pueden actuar uniéndose al factor de crecimiento vascular
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endotelial (VEGF) como son el bevacizumab y ranibizumab o blogqueando la
transmision de la sefial del receptor (pegaptanib), inhibiendo asi el proceso de

angiogénesis. Actualmente, se cree que el tratamiento ideal seria una terapia

combinada que reduzca la neovascularizacién y a su vez evite la muerte
83, 84

neuronal, incluyendo agentes neuroprotectores o antiinflamatorios

(A) (B)

Figura 10 Retina de un paciente con DMAE no exhudativa (A). Retina de un paciente
con DMAE exhudativa (B).
1.4.2. Glaucoma

El glaucoma es una neuropatia Gptica cronica y multifactorial caracterizada por
una pérdida progresiva de células ganglionares de la retina (CGR), ocasionada
por un dafio originado en los axones del nervio 6ptico®®. Esta enfermedad se
caracteriza por una pérdida gradual de vision periférica que puede
desencadenar en ceguera si no se llega a tratar a tiempo. La prevalencia del
glaucoma es del 1,5-2% en individuos mayores de 40 afios y esta cifra
aumenta a partir de los 60 afios. Se considera la segunda causa de ceguera
irreversible en el mundo y en 2020, se espera que alrededor de 80 millones de
personas padezcan esta enfermedad®®. Aunque aln no existe cura, la
progresion del glaucoma se puede ralentizar o detener si el tratamiento

adecuado es empleado a tiempo®’.

En la mayoria de los casos, el aumento de la presién intraocular (PIO) es el
principal factor de riesgo en el desarrollo de glaucoma. La PIO depende del
balance entre la velocidad de produccion del humor acuoso y su velocidad de
eliminacion. El humor acuoso tiene un volumen aproximado de 250 pl y su

velocidad de produccién, que presenta variaciones diurnas, es alrededor de 2.5
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pl/min. Tal y como queda recogido en el apartado de anatomofisiologia ocular
(Pag. 2-3), el humor acuoso se produce en los procesos ciliares y fluye desde
la camara posterior hacia la camara anterior a través de la pupila. Cuando
alcanza la cAmara anterior, es drenado a través de la via trabecular o de la via
uveoescleral. La via trabecular o convencional representa el drenaje a través
de la red trabecular y es mayoritaria (80%). Por esta via, el humor acuoso llega
al conducto de Schlemm y de ahi, a través de los conductos eferentes, se
dirige al sistema venoso. El resto de humor acuoso es eliminado utilizando la
via uveoescleral o no convencional. El drenaje por dicha via se produce a
través del cuerpo ciliar hacia el espacio supracoroideo, para ser posteriormente
drenado por la circulacién venosa. De forma adicional, cierto volumen de humor
acuoso se drena por el iris. No existe un punto de corte definido para
determinar cuando una PIO esta anormalmente elevada aunque, en general,
21lmmHg es la PIO a partir de la cual se considera que existe riesgo de

padecer lesiones glaucomatosas®.

Esclera .

, Cuerpo ciliary
¢ muasculo

Dafio del nervio

6ptico v

Glaucoma

trabecular

Figura 11 Representacion de un ojo normal y un ojo glaucomatoso.

El aumento de la PIO desencadena que el suministro sanguineo que llega a la

retina se vea comprometido por el exceso de presion, viéndose afectado el
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tejido neuronal. Ademas, al aumentar la presién sobre el tejido conectivo de la
lamina cribosa, se interrumpe el flujo axo-plasmatico a nivel de la fibra éptica,
evitando que los factores neurotréficos enddgenos accedan al cuerpo neuronal
de las células ganglionares de la retina (CGR) desde sus axones®. Ante tales
carencias, estas células desencadenan un proceso natural de degeneracion

celular (apoptosis)®.

Aunque el aumento de la PIO ha sido clasicamente considerado como la causa
principal del glaucoma, hay pacientes con valores de PIO normales que
padecen esta enfermedad. Ademas, es importante destacar que ni todos los
pacientes con PIO elevada desencadenan glaucoma, ni la disminucion de esta

PIO es garantia que asegure la proteccién contra el mismo™*.

En la Ultima década se esta estudiando la existencia de otros factores
importantes en la génesis y en el proceso de esta degeneracion neuronal. Asi,
se esta analizando el papel que tiene el aporte sanguineo insuficiente a la
cabeza del nervio optico y las células retinianas adyacentes en ausencia de
PIO elevada. Otros factores de riesgo que se estan evaluando actualmente
son: hipotensidn sanguinea, hipotension ortostatica, hipotensién nocturna,

migrafias, apnea del suefio o diabetes.

En la actualidad el tratamiento del glaucoma se basa en mantener la funcién y
el campo visual del paciente mediante la proteccion de las estructuras oculares
afectadas por la enfermedad. Con este objetivo se emplean distintas

estrategias:

1. Reduccién de la PIO por debajo o hasta el valor considerado como
seguro. Este valor se establece en funcion del estado del nervio 6ptico
y la actividad y esperanza de vida del paciente. La administracion
tépica de agentes hipotensores es el tratamiento de inicio en la
mayoria de las ocasiones, reservando la trabeculoplastia laser o la
cirugia filtrante para aquellos pacientes en los que no se obtenga una

P10 que permita controlar la enfermedad.
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2. Mantenimiento o incremento de la presion de perfusion ocular (PPO)
del nervio 6ptico y la retina. La PPO se define como la diferencia entre
la presion de las arterias que irrigan el ojo y la P1O. La alteracién en la
PPO afecta al flujo sanguineo ocular ocasionando alteraciones en la
perfusién de la retina y el nervio 6ptico. Al incrementar la PIO, la PPO
disminuye de forma proporcional. Por tanto, la reduccion de la PIO es

el tratamiento mas directo para aumentar la PPO.

3. Proteccion de la cabeza del nervio Gptico y las células ganglionares de
la retina de los mediadores quimicos y otros agentes téxicos que
surgen como resultado de dafios neuronales debidos a PIO elevadas,
infartos vasculares u otros factores desconocidos. En este caso la
administracion de agentes neuroprotectores 0 agentes antioxidantes es

el tratamiento indicado.

1.4.3. Retinopatia diabética (RD)

La retinopatia diabética (RD) constituye una de las cuatro causas mas
frecuentes de ceguera, siendo la principal en pacientes de edades
comprendidas entre 20 y 64 afios. Aproximadamente el 25% de la poblacion
diabética presenta alguna forma de retinopatia. La prevalencia y la incidencia
de la RD estén relacionadas con el tipo, duracion y tratamiento de la diabetes,
con determinados factores sistémicos, como la hipertension arterial, y con el

control de la glucemia en los primeros estadios de la enfermedad.

La RD es una alteracion vascular y parenquimatosa, secundaria a la
microangiopatia que afecta al lecho vascular retiniano. La patogenia de esta
enfermedad se desconoce en la actualidad. Hay evidencias de la existencia de
una serie de alteraciones anatomopatolégicas, hemorreoldgicas y bioquimicas,

pero es dificil establecer una secuencia de los mecanismos implicados®**.

La RD se puede clasificar en dos tipos: la retinopatia diabética no proliferativa

y la retinopatia diabética proliferativa.
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RD no proliferativa RD proliferativa

Aneurisma Hemorragia Crecimiento anormal

de vasos sanguineos
Exudadoduro g

Figura 12 Representacién de una retina con RD no proliferativa y proliferativa.

La RD no proliferativa se caracteriza por la formacion de microaneurismas,
dilataciones capilares inicialmente asintoméaticas. A medida que se incrementa
la severidad de la enfermedad es frecuente encontrar otros sintomas como
exudados duros o céreos compuestos por proteinas séricas, hemorragias
retinianas, alteraciones venosas, oclusiones vasculares que pueden originar

isquemia vascular o edema macular®.

La RD proliferativa ocurre principalmente como consecuencia de la
hipoperfusion de los vasos sanguineos de la retina, impidiendo la llegada de un
flujo suficiente de sangre. En un intento por suministrar sangre a la zona donde
los vasos originales se han obstruido, la retina responde produciendo factores
vasoproliferativos que dan lugar a nuevos vasos sanguineos. Este proceso es
conocido como neovascularizacién. Sin embargo, los nuevos vasos sanguineos
formados también son anormales y no proporcionan a la retina el flujo
sanguineo adecuado. A menudo, van acompafiados por tejidos fibrosos que
pueden originar hemorragias vitreas y desprendimiento de retina. Ademas, la
complicacion mas grave de la RD proliferativa es el glaucoma hemorragico o
neovascular, producido por la neovascularizacion a nivel de los vasos del iris,
que se extiende hasta la cdmara anterior obstruyendo la salida del humor

acuoso®.
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El tratamiento de la RD incluye la realizacién de un control estricto de los
niveles de glucosa en sangre y la actuacion farmacol6gica para disminuir los
valores de hipertension arterial e hiperlipemia. Ademas, se emplean otros
recursos terapéuticos como la fotocoagulacién laser, crioterapia y vitrectomia
gue se aplican con frecuencia en esta patologia. Actualmente, la inyeccion
intravitrea de agentes anti-VEGF (Factor de Crecimiento Vascular Endotelial)

ha demostrado tener buenos resultados frente a la RD% %%,

1.4.4. Retinosis pigmentaria (RP)

La retinosis pigmentaria (RP) es un conjunto de enfermedades oculares
crénicas de origen genético y caracter degenerativo que afecta
aproximadamente a 1 de cada 3700 personas. Es la primera causa de ceguera
de origen genético en la poblacién adulta comprendida entre los 20-60 afios.

Su prevalencia es mayor en hombres que en mujeres.

La RP se caracteriza por producir una degeneracion progresiva de la retina. La
alteracién inicial afecta principalmente a los conos y bastones situados en el
ecuador del ojo, posteriormente el epitelio pigmentario de la retina empieza a
mostrar cambios degenerativos y proliferativos. La RP produce una pérdida
gradual de la vision nocturna y del campo visual periférico con una
conservacion relativa del campo visual central. Entre las principales
manifestaciones clinicas de esta enfermedad se encuentran: agregaciones
pigmentarias, alteraciones circulatorias de la coroides, agudeza visual
deteriorada, degeneracion del EPR, atrofia coriocapilar, opacificaciones

corneales o estrechamiento de los vasos retinianos®’.
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Figura 13 Representacion de la vision y fondo de ojo de un sujeto sano (A) y un sujeto
afectado por RP (B).

Aunque se estd avanzando continuamente en el conocimiento de esta
enfermedad, las alteraciones genéticas que la causan y los mecanismos
biolégicos por los que se origina, no se ha conseguido hasta el momento actual
ningun tratamiento eficaz que permita restablecer la vision o detener el curso
natural de su evolucién. Las estrategias terapéuticas se encaminan hacia la
ralentizacion del proceso degenerativo, el tratamiento de las complicaciones

oculares y la ayuda psicoldgica a los pacientes afectados.

Actualmente, existen diferentes enfoques terapéuticos en funcién del estado de

la enfermedad:

1. En las fases tempranas, donde aun existe supervivencia de fotorreceptores,
se trata de detener la degeneracion de los mismos corrigiendo la alteracion
bioguimica del ciclo visual, para ello se emplea terapia génica98 0 tratamientos
farmacolégicos basados en la administracién de vitaminas, especialmente la

Vitamina A%,

2. En etapas mas avanzadas en las que es necesario hacer frente a la muerte
de fotorreceptores, se administran factores neurotréficos™® y antiapoptéticosml,
gue limitan la produccion de moléculas toxicas en la retina y reducen el dafio

oxidativo.
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3. Por dltimo, cuando no existen o quedan muy pocos fotorreceptores activos

es necesario realizar un trasplante de retina'®.
1.4.5. Neuropatia 6ptica hereditaria de Leber (NOHL)

La neuropatia Optica hereditaria de Leber (NOHL) es una degeneracion de las
CGR y sus axones, que conlleva una pérdida aguda o subaguda de vision
central. Esta patologia afecta fundamentalmente a varones adultos jévenes. Sin
embargo, se transmite Unicamente a través de mujeres (de la madre a todos
sus hijos). La NOHL se debe habitualmente a mutaciones puntuales

patogénicas en el ADN mitocondrial'®.

El inicio de la enfermedad de Leber suele ser repentino, generalmente sin
dolor, provocando una pérdida visual central, que afecta a ambos ojos y es
simétrica en la mayoria de los casos. En la fase aguda, es frecuente observar
una apariencia edematosa en la capa de fibras nerviosas de la retina y vasos
peripapilares inflamados (microangiopatia). Ademas, se observan alteraciones

104

en la vasculatura retiniana™ . Este comienzo agudo evoluciona a una atrofia

Optica severa y una disminuciéon permanente de la agudeza visual debido a la

rapida pérdida axonal'®®

. Entre los sintomas que acomparfan a esta patologia
se encuentra la sensacién de niebla en los ojos, trastornos en la vision de los
colores, cansancio rapido al leer, oscilacién de la visién, cefalea o dolor

orbitario®’.

En la actualidad, las opciones para tratar la NOHL o cualquier otra neuropatia

6ptica inherente estan muy limitadas'®

. Sin embargo, se pueden seguir ciertas
pautas para mejorar la calidad de vida del paciente y minimizar el
empeoramiento de la enfermedad a largo plazo. No es recomendable para
estos pacientes el consumo de tabaco y alcohol, ya que ambos estan ligados a
un incremento de la pérdida visual'®. Los suplementos multivitaminicos,
coenzima Q10 y sus derivados y secuestradores de radicales libres podrian ser
Utiles en el tratamiento de la NOHL, aunque su efectividad aun no ha sido
demostrada. La brimonidina (agonista a-2 adrenérgico), también ha sido
empleada topicamente, pero hasta el momento no ha demostrado tener efectos

beneficiosos'®.  La terapia génica y la administracion de farmacos
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neuroprotectores se contemplan como las futuras estrategias para el

tratamiento de esta patologia'®.

1.5. Neuroproteccion ocular

El concepto de neuroproteccion tiene su origen en la investigacién pionera que
desarroll6 Rita Levi-Montalcini en la década de los 50. Su trabajo en las células
nerviosas de embriones de pollo le llevé a descubrir el factor de crecimiento
neuronal (NGF), lo que supuso un gran avance en el campo de la
neurobiologia. EI NGF estd englobado dentro de la categoria de moléculas
neurotréficas, que son aquellas que intervienen en el desarrollo de las células
del sistema nervioso y son capaces de regular la conexion entre las células

diana y las neuronas que las inervan'®’.

La neuroproteccion se define como la terapia basada en prevenir, limitar y en
algunos casos revertir la degeneracién o muerte de las células neuronales
mediante el bloqgueo de los mecanismos que la desencadenan,
independientemente de cual haya sido el dafio primario. A nivel ocular, las
células ganglionares de la retina y el nervio 6ptico forman parte del sistema

nervioso central y por tanto son susceptibles de sufrir ambos procesos'® 1%,

Investigaciones llevadas a cabo en el campo de la fisiologia celular han
demostrado que el proceso de neurodegeneracién puede describirse,
cronolégicamente hablando, en tres pasos: (1) dafio axonal primario; (2) muerte
de la neurona dafiada, y (3) dafio y posterior muerte de neuronas adyacentes,
en lo que se denomina “degeneracion secundaria”. Esta degeneracion
secundaria ocurre pues, en neuronas inicialmente no dafiadas pero que acaban
muriendo por exposicién a agentes citotoxicos liberados por la muerte de las
neuronas con dafio axonal primario. Basandose en estos hechos, la
neuroproteccion se centra en la proteccion de estas neuronas susceptibles de
sufrir “degeneracion secundaria” y resulta util incluso cuando se desconoce la

causa inicial de la enfermedad™*°.
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Figura 14 Estructura de las distintas capas de la retina, donde se encuentran las CGR.

Diversos estudios han demostrado que la apoptosis es el mecanismo
fundamental en la muerte de CGR. El término apoptosis fue descrito por Kerr
en 1972 y consiste en una muerte celular programada que se activa cuando
una célula deja de ser necesaria o ha sido lesionada de forma severa'’. Este
proceso de muerte celular puede ocurrir tanto en condiciones fisiolégicas como
patologicas. La apoptosis fisiolégica tiene dos funciones principales, por un
lado la regulacion del numero de células durante el desarrollo, de esta forma,
por ejemplo, las células ganglionares que no son capaces de llevar a cabo la
sinapsis con los nucleos del ganglio geniculado lateral se eliminan mediante
este via, y por otro lado el mecanismo de homeostasis del adulto, que regula el
recambio celular normal. En cuanto a la apoptosis en condiciones patoldgicas,
ésta se ve activada de forma inapropiada en enfermedades

neurodegenerativasllz' 13,

El proceso apoptético en las CGR puede desencadenarse por varios factores,

bas&ndonos en los diversos mecanismos inductores de la apoptosis podemos

establecer diferentes lineas de tratamiento:
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1.5.1. Prevencién de la excitotoxicidad inducida por glutamato:

El glutamato es un aminoacido esencial que juega un papel importante como
principal neurotrasmisor excitador en la retina. Su funcién se basa en mediar la
transmision de sefiales desde los fotorreceptores a las células bipolares y
CGR. Sin embargo, cuando sus niveles se encuentran muy elevados resulta
toxico y provoca la muerte neuronal. Este fendmeno es conocido como
excitotoxicidad. Altas concentraciones de glutamato hiperestimulan los
receptores NMDA (N-metil-D-aspartato), que a su vez abren los canales de
ca* y Na* presentes en las células, aumentando la concentracién de ambos
iones a nivel intracelular. Este exceso intracelular de cationes provoca la
formacién de radicales libres, incluido el 6éxido nitroso (NO), y la
despolarizacion del potencial de membrana mitocondrial, que conlleva la
liberacién de citocromo C y la posterior activacién de caspasas involucradas en

la apoptosislo& 109, 114-116

La excitotoxicidad inducida por glutamato puede prevenirse mediante la
administracion de antagonistas de los receptores NMDA, entre los que

destacan la memantina y el MK801.

La memantina (1-amino-3,5-dimetiladamantano), es un derivado de la
amantadina cuya estructura se compone de tres anillos, un grupo amino (-NHy)
y dos grupos metilo (-CH3) que son responsables de prolongar el tiempo de
residencia y la afinidad de la memantina por su receptor™*>.

La memantina es un antagonista no competitivo. Tiene un sitio especifico de
union en los receptores NMDA, pero no puede acceder a él a menos que el
glutamato se haya unido previamente y haya inducido la apertura del canal (de
ahi que se denomine bloqueante de los canales abiertos). Sélo actia en
condiciones patolégicas, cuando las concentraciones de glutamato en el
espacio sinaptico son elevadas, situacion frecuente en enfermedades
neurodegenerativas, dando lugar a una gran proporcion de canales abiertos
gue posibilitan el acceso de la memantina a su lugar de accién, siendo

inefectiva en el caso de actividad neuroldgica normal**> 7,
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La memantina esta aprobada por la FDA para el tratamiento del Alzheimer y
también ha demostrado ser eficaz en la enfermedad de Parkinson. Se trata del
Unico agente neuroprotector que ha llegado a completar la fase Il de ensayos
clinicos en pacientes con glaucoma. Sin embargo, aunque la progresion de la
enfermedad fue menor en pacientes que recibian altas dosis de memantina
respecto a los que recibian dosis menores, la memantina no demostré un
efecto beneficioso frente al placebo, debido probablemente a que este farmaco
actlia s6lo en un numero determinado de CGR con una determinada densidad
de receptores NMDA, mientras que la apoptosis podria producirse en otras

células ganglionares por diferentes mecanismos*®® 1 118,

MK801 también conocido como maleato de 5-metill-10,11-dihidro-5H-dibenzo
[a,d] cicloheptan-5,10-imina, es otro antagonista no competitivo de los
receptores NMDA que ha demostrado su efecto neuroprotector in vitro

protegiendo las CGR™**

e in vivo en modelos experimentales de dafio del nervio
6ptico™® e hipertensién ocular'?!. Sin embargo, MK801 no puede ser utilizado
en la practica clinica debido a sus efectos neurotdoxicos. Su elevada afinidad
por los receptores y el prolongado tiempo de permanencia en los mismos
provoca la acumulacién de MK801 en los canales bloqueando las funciones

normales'®® %°,

1.5.2. Prevencién de la disfunciéon mitocondrial:

Las mitocondrias estan presentes en la mayoria de células eucariotas y son las
responsables de producir la energia quimica que las células necesitan para
realizar sus funciones vitales, su proliferacion y diferenciacion. La disminucion
en el potencial de membrana mitocondrial y el incremento en la permeabilidad
de la membrana son factores que estan implicados en la apoptosis de las CGR.
Diversos estudios han demostrado que la hipoxia, el factor de necrosis tumoral
(TNF-a) vy el estrés oxidativo pueden llevar a una disfuncién mitocondrial
mediante la produccion de especies reactivas de oxigeno (ROS), originando

niveles neurotdxicos que provocan la muerte celular'®® 109 116.122,
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Existen varios compuestos que han demostrado prevenir la apoptosis actuando
a nivel mitocondrial: acido lipéico, eritropoyetina, creatina, FK506, etc. Entre
todos ellos, destaca la Coenzima Q10 (CoQi) 0 ubiquinona, que juega un
papel crucial en el metabolismo energético y tiene una gran potencial como

neuroprotector.

La CoQp es un co-factor que actlia en la cadena respiratoria y es responsable
del transporte de electrones desde el Complejo | y Il hasta el Complejo I,
facilitando la produccién de ATP. Ha demostrado ser efectiva en diferentes
modelos animales de patologias neurodegenerativas, como el Parkinson,

123

Alzheimer, enfermedad de Huntington o ataxia de Friedreich™". A nivel ocular,

también ha puesto de manifiesto su efecto neuroprotector en CGR in vivo e in

vitro'**

. Se han postulado tres mecanismos por los cuales la CoQ,, podria
ejercer sus efectos neuroprotectores: 1) Provocando el incremento del
Complejo | en la cadena de transporte electronico, 2) Inhibiendo la accion del
factor nuclear B, un factor de transcripcion involucrado en la inflamacién,
enfermedades autoinmunes, infecciones virales y que ademas esta ligado al
cancer y 3) Inhibiendo la apertura del poro de transicion en la permeabilidad
mitocondrial. Ademas, es necesario sefialar su efecto antioxidante y su

participacion en la regulacion de la expresion genética'®® '%°.

1.5.3. Administracion de agentes antioxidantes:

El término “estrés oxidativo” se refiere a la situacion en la cual la produccion de
ROS alcanza niveles patolégicos y la capacidad antioxidante de la célula es
insuficiente para protegerse frente al dafio oxidativo. Situaciones de isquemia,
producidas generalmente por una disfuncién a nivel vascular que altera la
autoregulacion del flujo sanguineo ocular y origina fluctuaciones en la perfusion
de la cabeza del nervio éptico, pueden inducir estrés oxidativo, activando los
mecanismos de muerte celular en las CGR y dafiando la malla trabecular, la

cabeza del nervio 6ptico y la retina™®® %% 1 122,

Puesto que el estrés oxidativo esta involucrado en todos los procesos de

muerte celular, incluida la muerte de CGR, la administracion de agentes
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antioxidantes es una estrategia a seguir en el tratamiento de enfermedades

degenerativas que afectan a la retina y al nervio éptico.

El EGb761 es un extracto procedente de las hojas de Ginkgo Biloba constituido
mayoritariamente por flavonides (24%) y terpenoides (6%). Es un excelente
antioxidante que inhibe la apoptosis inducida quimicamente, posee
propiedades antiinflamatorias y es antioxidante plaquetario. Ademas, tiene
efecto vasomodulador sobre los vasos sanguineos, incrementando la velocidad
del flujo sanguineo a nivel ocular'®. EI EGb761 ha demostrado tener efecto
neuroprotector sobre las CGR en un modelo experimental de rata con

glaucoma crénico?

. Aungue su mecanismo de accion esta todavia sin definir,
se cree que sus efectos son atribuibles a las diversas actividades que ejercen
los flavonoides, incluyendo la capacidad de secuestrar radicales libres y de
modular la transduccién de sefiales en distintas vias apoptéticas (reduce la
transduccion de sefales dependientes de ca® e inhibe la actividad de la

proteina quinasa C)*?°.

La melatonina es un potente antioxidante y secuestrador de radicales libres
que desempefia un papel relevante en la circulacién del humor acuoso y tiene
actividad neuroprotectora. Entre sus funciones destaca la proteccion en la
ruptura de las cadenas de ADN, la reduccién de la apoptosis inducida por NO,
la proteccion de neuronas frente al dafio inducido por el acido kainico (potente
excitotoxina) y la inhibicion en la liberacion de Citocromo C a través del poro

de transicion mitocondrial*®® ¥’

. La melatonina ha demostrado su potencial
como neuroprotector incrementado la supervivencia de las CGR en un modelo

experimental de ratén con seccién del nervio 6ptico’*®.

La vitamina E es el mayor antioxidante lipidico presente en las células y actia
como secuestrador de radicales libres. Algunos estudios sugieren que en
pacientes glaucomatosos que reciben vitamina E se produce un incremento en
el campo visual, sin embargo, no se han realizado aun estudios a largo

plazo109

. Puesto que la vitamina E es uno de los componentes que forma parte
de la formulacion desarrollada en este trabajo de investigacion, su estructura y

actividad seran descritas detalladamente posteriormente.
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1.5.4 Prevencioén de la agregacién proteica:

La formacién de agregados proteicos es una causa comun en el desarrollo de
las patologias neurodegenerativas. Las proteinas implicadas se auto-
ensamblan dando lugar a estructuras fibrilares que alteran su funcionalidad,
provocan toxicidad y muerte celular. Existen dos mecanismos por los cuales
estos agregados pueden producir citotoxicidad: Por un lado, las proteinas
alteradas se agregan y no pueden desarrollar sus funciones normales, por otro
lado, se piensa que estos agregados se hacen toxicos al interferir en los
procesos celulares normales y atrapar otras proteinas. En concreto, la proteina
amiloide B es el componente mayoritario de los agregados encontrados en
diversas neuropatologias, como el Parkinson o el Alzheimer. Ademas, recientes
estudios han demostrado la alteracién de esta proteina en diversas patologias

retinianas, como DMAE o glaucoma®® 1%°1°,

Por otro lado, las proteinas de choque térmico (HSP), un grupo de chaperonas
que se expresan normalmente en pequefias cantidades, también estan
involucradas en procesos neurodegenerativos. Sus niveles se encuentran
elevados en pacientes glaucomatosos como mecanismo de respuesta celular

frente a situaciones de estrés*® %

Para evitar la agregacién proteica tipica en estas patologias
neurodegenerativas es necesaria la administracion de farmacos que actlen
sobre las proteinas involucradas (B-amiloide y HSP). En este sentido, se ha
estudiado la administracion de inhibidores B amiloides (Rojo congo o
anticuerpos anti-f amiloide) e inhibidores de la enzima B secratasa (Z-VLL-
CHO), que han demostrado tener actividad neuroprotectora, disminuyendo la
apoptosis de las CGR tanto in vivo como in vitro. Ademas, se ha observado que
la triple terapia combinando un inhibidor de la enzima (3 secratasa, rojo congo y
un anticuerpo anti-g amiloide, posee un efecto neuroprotector superior en un
modelo de rata con hipertension ocular comparado con el tratamiento de estos

compuestos por separado™’.
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Por otro lado, la administracion sistémica del agente antiulceroso geranil-
geranil-acetona ha producido un incremento en la expresién de la chaperona
HSP-72 con una marcada reduccién en la pérdida de CGR en un modelo de

rata glaucomatosa®".
1.5.5 Administracién de agentes antiinflamatorios:

Los mecanismos inmunes pueden jugar un papel importante en la muerte de
las CGR en glaucoma asi como en otras neuropatias Opticas. Recientes
trabajos sugieren que la activaciéon de la microglia en respuesta a un dafio,
enfermedad, edad u otras causas, dessencadena una cascada de eventos que

se relacionan con procesos inflamatorios™*'%*,

Dentro de los agentes
antiinflamatorios se encuentra el copolimero 1 (Cop-1), es un oligopéptido con
actividad antiinflamatoria formado por residuos de tirosina, glutamato, lisina y
alanina, que ha sido aprobado por la FDA en el tratamiento de esclerosis
multiple. Es un analogo sintético de baja afinidad de la proteina basica de
mielina, que activa una respuesta neuroprotectora autoinmune mediante su
uniéon al Complejo Mayor de Histocompatibilidad (CMH) y la activacion de
células T. El Cop-1 ha demostrado tener actividad neuroprotectora sobre las
CGR en un modelo de rata con aplastamiento de nervio 6ptico, en modelos
animales con elevada PIO y frente a la excitotoxicidad inducida por

glutamato™>*%.

Por otra parte, el TNF es una potente citoquina proinflamatoria que promueve
los mecanismos de muerte celular mediante su union al receptor 1, formando el
complejo TNF-R1 que activa la muerte a nivel mitocondrial. TNF-R1 esta
implicado en procesos neurodegenerativos como el glaucoma o la isquemia
retiniana'®. Por tanto, la administracion de farmacos que modifiquen la
liberacion de TNF puede ser efectiva en el tratamiento neuroprotector de estas
patologias. Es el caso del GLC756, un farmaco antiglaucomatoso y
dopaminérgico que ha demostrado inhibir la produccion de TNF en mastocitos

activados de rata™®.
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1.5.6 Administracion de factores neurotréficos exdégenos:

Los factores neurotréficos o neurotrofinas son proteinas segregadas
encargadas de modular el crecimiento, la diferenciacién, la reparacion y la
supervivencia de las neuronas. La categoria de factores neurotroficos engloba
una amplia variedad de compuestos. Entre ellos, se encuentran la neurotrofina
3,4y 5 (NT-3 yNT4/5), el Factor Neurotréfico Derivado del Cerebro (BDNF), el
Factor Neurotrofico Derivado de la Glia (GDNF), asi como el Factor
Neurotréfico Derivado de Nervio Ciliar (CNTF)* 102112,

Los factores neurotroficos ejercen su funcidn uniéndose a dos tipos de
receptores especificos, la familia de los receptores tirosina quinasa (TRK) y el
receptor P75NTR, desencadenando una cascada de eventos que afectan a
multiples funciones vitales en el metabolismo de las células. Una vez producida

la union a los receptores se activan los mecanismos de supervivencia celular'®
139, 140

Aunqgue en la retina se sintetizan los factores neurotréficos y sus receptores a

nivel local**" 142

, la principal fuente de aporte es el cerebro. Su transporte
retrogrado es llevado a cabo mediante sefializacién endosémica. Tras la unién
de las neurotrofinas, los receptores TRK situados en el extremo del axén son
activados. El complejo formado se internaliza por endocitosis y es transportado
de forma retrégrada desde el axdn hasta el cuerpo celular. En condiciones de
elevada PIO el aporte sanguineo que llega a la retina se ve comprometido por
el exceso de presion, viéndose afectado el tejido neuronal. Ademas, al
aumentar la presion sobre el tejido conectivo de la cabeza del nervio Gptico
(lamina cribosa), se interrumpe el flujo axo-plasmatico, bloqueando la llegada
de factores neurotréficos enddégenos al cuerpo neuronal. Ante estas carencias,

las células pueden desencadenar un proceso natural de apoptosis®® 1% 116139

149 Minckler y col. demostraron que existia una obstruccion en el transporte

axonal a nivel de la cabeza del nervio éptico en primates con elevada presién

143

intraocular (PIO)™™. Ademas, Quigley y col. observaron que cuando se produce

una elevacion aguda de la PIO en ratas, el transporte retrogrado de BDNF esta

bloqueadol‘”.
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En base al hecho de que la obstruccion del transporte retrégrado en la cabeza
del nervio éptico da lugar a la privacién de factores neurotréficos en las CGR
originando muerte celular, la administracién exégena de los mismos es uno de
los posibles tratamientos para prolongar la supervivencia de estas células
dafiadas. Actualmente, se esta estudiando la administracion de distintos
factores neurotréficos, entre los que se encuentran el GDNF, el BDNF o el
CNTF.

El CNTF (Factor Neurotréfico del Nervio Ciliar) es una proteina citosélica
expresada después del nacimiento en astrocitos y células de Schwann.
Estudios realizados con este agente neuroprotector indican que el CNTF
promueve la superviviencia de determinadas neuronas a nivel del sistema
nervioso periférico y puede provocar cambios fenotipicos en el sistema

nervioso central**®.

El CNTF intervene en la supervivencia de neuronas en diferentes estados de
su desarrollo, ademas de participar en los procesos de diferenciacion durante
el desarrollo del nervio éptico. Al contrario que el NGF y otros factores
neurotréficos, el CNTF no ha demostrado ser transportado de forma retrégrada.
Mediante su unién al receptor (CNTFRa) y a dos subunidades de
transmembrana (gp 130 y LIFR) activa la quinasa Janus y el activador de
transcripcion (JAK-STAT), via a través de la cual promueve la supervivencia de

neuronas en el sistema nervioso central**®.

El efecto neuroprotector del CNTF sobre las CGR ha sido estudiado por Ji y
col. en un modelo experimental de glaucoma (ratas con elevada PIO inducida
mediante laser). En el modelo animal, una Unica administracién de 2 ug de
CNTF ha demostrado ser eficaz en la proteccion de estas células 4 semanas

después de recibir el tratamiento™*®.

El BDNF (Factor Neurotréfico Derivado del Cerebro) es la neurotrofina mas
estudiada hasta el momento a nivel ocular. Su administracion exoégena ha

demostrado prolongar la supervivencia de CGR in vitro y su inyeccién
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intravitrea en distintos modelos animales, como los de aplastamiento y seccion

del nervio éptico, también ha sido eficaz en la proteccion de estas células™*’™°.

El GDNF (Factor Neurotréfico Derivado de la Glia) es otro de los agentes
neurotréficos administrados con el objetivo de evitar la pérdida de CGR. Su
efecto neuroprotector se ha estudiado en diferentes patologias

neurodegenerativas™" **2.

Dado que los agentes neuroprotectores GDNF y BDNF formaran parte de las
formulaciones desarrolladas en esta memoria, su estructura, actividad y

mecanismos de accion seran detallados a continuacion.
1.6. Factores neurotréficos: GDNF Y BDNF

El Factor Neurotrofico Derivado de la Glia (GDNF) es un homodimero
peptidico glicosilado con una masa comprendida entre 15 - 20 kDa para cada
mondmero. Los mondémeros son polipéptidos de 134 aminoacidos que llegan a
la forma activa como dimeros a través de uniones disulfato. En cada subunidad
aparecen siete residuos de cisteina que dan lugar a tres uniones

133,

intramonoméricas (Cys*-Cys'®, Cys®- Cys™ y Cys'%Cys™?). A su vez,

ambos mondémeros se dimerizan entre las Cys:101 a través de un anico puente

disulfuro®® %,

Figura 15 Estructura cuaternaria del GDNF.

El GDNF es un potente factor tréfico que actia fundamentalmente en el

sistema nervioso, aunque también se han encontrado evidencias sobre una
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posible regulacion no neuronal. Asi, la primera implicacién que se demostré fue
en la enfermedad de Parkinson, incrementando la supervivencia de las
neuronas dopaminérgicas y las motoneuronas. Otras aplicaciones en trastornos
neurodegenerativos fueron en neuronas motoras de la médula espinal y
neuronas noradrenérgicas centrales. Ademas, este agente neurotréfico ha
demostrado estar implicado en otros procesos como la regulacién de la
inervacion entérica, la modulacién de la espermatogénesis o la formacién de

los rifiones™®> **¢,

Esta proteina actla directamente a través de un receptor de superficie GFR a e
indirectamente a través del receptor de transmembrana Ret (Receptor tirosina
Kinasa, TRK)'*°. En el ojo, tanto el GDNF como sus receptores son producidos
por la retina, células de la ldmina cribosa y los astrocitos que forman la cabeza
del nervio optico, aportando efectos neurotréficos endégenos™> . Se ha
demostrado que la administracion de este factor de forma exdgena es eficaz en
la terapia neuroprotectora retrasando la muerte de los fotorreceptores e

%0, 151, 158, 159 - Adema4s, este

incrementando la supervivencia de CGR dafiadas
agente neurotréfico aumenta la expresién de opsina en fotorreceptores y ayuda
a mantener la funcionalidad mitocondrial de estas células disminuyendo su
muerte por apoptosismo. Aparte de sus efectos neuroprotectores, el GDNF
desempefia un papel critico en la regulacion de la permeabilidad vascular en la
retina. Aungue su mecanismo de accién no esta bien establecido, existen
evidencias que relacionan a esta proteina con la limitacion de la permeabilidad
vascular a través de las “tight junctions”, en las células capilares endoteliales
que se encuentran en la barrera hematorretiniana, de forma que, podria
interferir disminuyendo la hiperpermeabilidad que se origina en algunas

patologias retinianas (RD, DMAE, etc.)%.

El Factor Neurotréfico Derivado del Cerebro (BDNF), al igual que el GDNF y
otras neurotrofinas (NGF, NT-3/4/5), tiene una estructura de homodimero
peptidico que presenta 3 uniones disulfuro intramonoméricas y una
intermonomeérica que dan lugar a la forma activa. Cada mondmero posee una

masa de 13.6 kDa y esta formado de aproximadamente 120 aminoacidos™" 12,
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Figura 16 Estructura cuaternaria del BDNF.

Este factor neuroprotector se une con alta afinidad y especificidad al receptor
tirosina kinasa TRKB. Ademas, la glicoproteina P75NTR actlla como un
receptor de baja afinidad. Existen altos niveles de expresién de BDNF en el
hipocampo, cerebelo, tejido ocular fetal y placenta. Ademas, se han detectado
niveles inferiores en la glandula pituitaria, médula espinal, corazén, pulmén y

musculo esquelético™® 1 1%,

El BDNF desempefia un papel fundamental en la formacion del sistema
nervioso central y periférico de los vertebrados durante el desarrollo
embrionario, regulando la muerte neuronal normal. Por tanto, tiene un gran
potencial en el tratamiento de enfermedades neurodegenerativas, actuando
sobre poblaciones especificas de neuronas que se ven afectadas en este tipo
de patologias. EI BDNF ha demostrado aumentar la supervivencia y prevenir la
degeneracion de motoneuronas (esclerosis lateral amiotréfica), neuronas
sensoriales (neuropatias sensitivas), neuronas dopaminérgicas de la sustancia
nigra (enfermedad de Parkinson) o neuronas colinérgicas del prosencéfalo

(enfermedad de Alzheimer)ms.

En el ojo, el BDNF se expresa en varias células de la retina, incluidas las
células gliales de Miiller y las CGR™®. Sus receptores estan ubicados en la
capa nuclear interna, en la capa de CGR y en los axones del nervio éptico™**
187 Este agente neuroprotecor ha demostrado incrementar la supervivencia de
los fotorreceptores en degeneraciones retinianas congénitas, toxicidad luminica

o desprendimiento de retina. Ademas, el BDNF parece tener un importante
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papel como protector del sistema nervioso central, en casos de excitoxicidad

inducida por glutamato y estrés oxidativo™** %%+,

1.7. Vitamina E

La vitamina E pertenece al grupo de las vitaminas liposolubles y forma parte de
de una familia de compuestos poliprenoides. En su estado natural, la vitamina
E tiene ocho formas diferentes de isémeros, cuatro tocoferoles y cuatro
tocotrienoles. Todos los isdmeros tienen un anillo aromatico, llamado cromano,
con un grupo hidroxilo y una cadena poliprenoide saturada. Existen formas alfa
(a), beta (B), gamma (y) y delta () para ambas familias de compuestos, que se
determinan por el nimero de grupos metilicos en el anillo aromatico. Cada una
de las formas tiene su propia actividad bioldgica, siendo la mas eficaz el a-

tocoferol.

Figura 17 Estructura quimica del a-tocoferol.

La Vitamina E ha demostrado poseer efectos beneficiosos derivados
fundamentalmente de su capacidad antioxidante. El estrés oxidativo es uno de
los factores de riesgo implicados en la patogénesis de diversas enfermedades
oftdlmicas. El dafio tisular debido a la oxidacion se produce mediante una
reaccion en cadena, que fundamentalmente se inicia por la produccion de
radicales libres de oxigeno. Estas especies reactivas interfieren en los
mecanismos de regulacion y de transduccién de sefiales a nivel intracelular
provocando alteraciones en el DNA y en macromoléculas como las proteinas y

los lipidos™®®.
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Los radicales libres que se generan como consecuencia del estrés oxidativo
son atomos o grupos de atomos que tienen un electrén desapareado y que son
muy reactivos puesto que tienden a robar un electron de moléculas estables
con el fin de alcanzar su estabilidad electroquimica. En este sentido, los
agentes antioxidantes, como la vitamina E, actian cediendo estos electrones
gue seran captados por los radicales libres desencadenando una reaccion de
oxido-reduccion. La vitamina E, al liberar un electrén se oxida dando lugar a
una estructura intermedia que posteriormente se convertira en a-
tocoferilquinona. Tanto el ascorbato como los carotenoides pueden interferir en

este proceso, reciclando el producto intermedio de la vitamina E generado”o.

Vitamina E
CH3
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(y otros productos)

Figura 18 Mecanismo antioxidante del a-tocoferol.

La retina es particularmente susceptible de sufrir oxidacion debido a diversas

razones:
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1. La coroides es un capa altamente vascularizada que aporta una
elevada concentracion de oxigeno a la retina. En los primeros
estadios de la vida, este elevado aporte de oxigeno junto con un
flujo sanguineo mal regulado (debido a un exceso de
vasodilatadores y un defecto de vasoconstrictores) y una baja
cantidad de antioxidantes en el organismo favorece Ila
peroxidacion.

2. En la févea existe una elevada densidad celular y por tanto, un
incremento en la actividad metabdlica, por lo que es mas probable
la aparicién de estrés oxidativo.

3. Los fotorreceptores y las CGR son ricos en acidos grasos
poliinsaturados, por tanto, altamente susceptibles de sufrir
peroxidacion lipidica. Ademas, los procesos metabdlicos, la
degradacién de oxigeno y la sintesis de ATP estan aumentados en
estas células, mientras que la velocidad de regeneracion celular
esta disminuida.

4. En la retina existen compuestos fotosensibilizadores que estimulan

la generacion de radicales libres.

Debido a estas condiciones, la retina posee un ambiente pro-oxidativo y como
consecuencia, tanto la retina como el epitelio pigmentario de la retina tienen su
propio sistema antioxidante para protegerse, compuesto fundamentalmente

por vitaminas (Vitaminas C y E) y carotenoides (Luteina 'y Zeaxantina)m.

Dado que la formacion de radicales libres y el estrés oxidativo estan claramente
relacionados con la patogenia de diversas enfermedades oculares, la
administracion de vitaminas antioxidantes y carotenoides ayudaria a retrasar el

dafio oxidativo que se produce en la retina. Estudios previos en animales de

171-173

experimentacion asi lo han demostrado En concreto, los efectos

terapéuticos y preventivos de la vitamina E ya han sido estudiados en varias

174 102, 175

patologias oftalmicas como el glaucoma , la
DMAE'"®, la retinopatia diabética’’’

de Leber'”.

, la retinosis pigmentaria

, la uveitis anterior'”® o la neuropatia dptica
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Ademas de su accion antioxidante, la vitamina E tiene actividad antiproliferativa
lo que proporciona una proteccion afiadida a la hora de realizar inyecciones
intraoculares repetidas, evitando o disminuyendo el desprendimiento de retina
traccional, uno de los riesgos inherentes a este tipo de inyecciones, siendo la

proliferacion de fibroblastos uno de los agentes desencadentantes™®°.

1.8. Técnicas de microencapsulacion de farmacos

Teniendo en cuenta los diversos sistemas de liberacion controlada de
sustancias activas anteriormente mencionados, las microparticulas han sido
seleccionadas para el desarrollo de esta tesis doctoral puesto que presentan un
notable interés como vehiculos transportadores de farmacos en el segmento
posterior del ojo. Las microparticulas presentan una gran versatilidad, permiten
la incorporaciéon de numerosos farmacos, son lo suficientemente pequefias
para ser administradas mediante una inyeccidbn convencional y lo
suficientemente grandes para liberar los principios activos durante un periodo
de tiempo que oscila entre semanas e incluso meses. Ademas se pueden
fabricar con relativa facilidad y presentan buena reproducibilidad en su

obtencion.

En la actualidad, existe un gran nimero de técnicas de microencapsulacién
patentadas y es previsible su continuo crecimiento a medida que aparecen
nuevos materiales que pueden ser empleados en microencapsulacion y
principios activos novedosos que se pretendan encapsular. En cualquier caso,
a la hora de seleccionar una determinada técnica de microencapsulacion es
necesario tener en cuenta tanto la naturaleza del material de recubrimiento o
polimero como las caracteristicas fisicoquimicas del principio activo que se va a

encapsular.

A continuacion, se enumeran las técnicas de microencapsulacion de farmacos
més empleadas en funcion del método de elaboracién de las microparticulas.
La técnica de extraccién-evaporacion del disolvente, utilizada en la elaboracion
de la formulaciéon que se ha desarrollado en este trabajo experimental, sera

descrita detalladamente.
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1. Métodos quimicos:

- Técnica de policondensacion interfacial

2. Métodos mecanicos:

- Técnica de atomizacion
- Técnica de atomizacién-congelacion

- Técnica de suspensién en aire o recubrimiento en lecho fluido

3. Métodos fisicos:

- Técnica de coacervacion o separacion de fases
- En medio acuoso:
- Coacervacion simple
- Coacervacion compleja
- En medio no acuoso (fase organica)

- Técnica de extraccién-evaporacion del disolvente

La técnica de extraccion-evaporacion del disolvente incluye todos aquellos
meétodos en los que inicialmente se forma una emulsion y posteriormente se
produce la eliminacion del disolvente que compone la fase interna en la que

esta disuelto el polimero.

El protocolo general en el que esta basado este método es el siguiente:

1. Disolucién o dispersién de la sustancia activa que se quiere encapsular en
la solucién polimérica.

2. Emulsificacion de la mezcla formada con una fase inmiscible que contiene
un agente tensoactivo y constituird, a su vez, la fase continua de la
emulsion.

3. Formacion de las microparticulas sélidas tras la eliminacion del disolvente

volatil en el que inicialmente se disolvid el polimero.
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4. Aislamiento y lavado de las microesferas, mediante filtracion o
centrifugacion.

5. Desecacién de las mismas con el objeto de obtener un polvo fino.

La técnica de extraccion-evaporacion del disolvente presenta distintas variantes

en funcién del tipo de emulsion que se forme, asi se puede clasificar en:

- Emulsion O/A: Beck y col. fueron los primeros en proponer este procedimiento
a finales de los afios 70 para la encapsulacién de progesterona en

microesferas de PLGA!

. Este método es especialmente interesante para la
encapsulaciéon de farmacos insolubles o poco solubles en agua que no son
susceptibles de degradarse en presencia del disolvente organico empleado. Sin
embargo, el principio activo puede encontrarse también disperso en la solucion
orgénica polimérica, por lo que se pueden encapsular tanto farmacos de
caracter hidrofilico como lipofilico. Normalmente, el disolvente empleado con
mas frecuencia para formar la fase interna de la emulsion es el diclorometano,
debido a su limitada solubilidad en agua (2%) y a su bajo punto de ebulliciéon a
presién atmosférica (39,8°C), que favorece su rapida eliminacion'® %,
Empleando este método el farmaco se incluye disuelto o al estado soélido en la
fase interna de la emulsidon para posteriormente emulsionarse con la fase

externa acuosa que contiene el agente tensioactivo.

- Emulsion A/O: Esta técnica se emplea fundamentalmente para encapsular
compuestos muy solubles en agua. Sin embargo su uso no esta muy
extendido. La sustancia activa es incorporada al estado molecular en la fase

interna acuosa que posteriormente se emulsionara con la fase externa oleosa.

- Emulsion O/O: Es util en la encapsulacion de farmacos hidrosolubles. Estos
compuestos pueden tener cierta afinidad por el disolvente organico que forma
parte de la fase interna de la emulsion mientras que esta afinidad debe estar
limitada en el aceite que constituye la fase externa. Generalmente, los
disolventes que se emplean son de naturaleza polar y que presentan una

54, 62
. L

solubilidad limitada en aceites (acetona, metanol o acetonitrilo) a

sustancia activa es disuelta o dispersada en la solucidon polimérica que
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constituye la fase interna para después dar lugar a una emulsiéon de fase

externa oleosa.

- Emulsiéon A/O/A: Esta técnica es valida UGnicamente para compuestos muy
solubles en agua. La sustancia activa es incorporada en la fase interna de la
primera emulsion A/O. A su vez, esta emulsion se incorpora a la fase externa

acuosa que contiene el agente tensoactivo®®* %

1.8.1 Encapsulacién de proteinas

En el campo de la tecnologia farmacéutica, la encapsulacion de proteinas
supone un reto importante debido a las caracteristicas especificas de estos
agentes terapéuticos. Su alto peso molecular, compleja estructura, facil
degradacion e inestabilidad hacen que la correcta microencapsulaciéon de estos
compuestos se vea dificultada. Por tanto, es esencial seleccionar un método de
microencapsulacion adecuado, que garantice la integridad de la proteina y

mantenga su actividad biologica®® ¥’

Actualmente, se utilizan diferentes técnicas para la elaboracién de
microparticulas biodegradables cargadas con proteinas, entre las que
destacan, la atomizacion, la extrusion en caliente, la separacion de fases o la

188-192

extraccion-evaporacion del disolvente . Entre todas ellas, ésta lltima y en

concreto el método basado en la formacion de microparticulas a partir de una

emulsién A/O/A, es el mas cominmente empleado™®® 1% 194,

La técnica de extraccion evaporacion del disolvente a partir de una emulsion
A/O/A implica el uso de proteinas al estado molecular. La proteina es
previamente disuelta en una solucién acuosa que después se afiade a una fase
orgéanica para formar la emulsién primaria A;/O. Posteriormente, esta emulsién
primaria serd a su vez emulsificada con la fase externa acuosa, formando una
doble emulsién A;/O/A,. A pesar de que este procedimiento es relativamente
sencillo y emplea condiciones poco agresivas durante su desarrollo, posee
algunos inconvenientes que pueden comprometer la estructura de la proteina.

En primer lugar, el uso de proteinas en estado molecular hace que éstas sean

71



INTRODUCCION

mas susceptibles a la degradacién. En esta situacién, la interfaz
agua/disolvente organico que se forma empleando este método puede originar
absorcién interfacial de la proteina y como consecuencia su desplegamiento y
agregacion. Adicionalmente, la energia necesaria para formar la emulsion,
generalmente aplicada mediante sonicacion, puede ocasionar estrés y
alteracion de la proteina debido a las altas temperaturas que se alcanzan

durante el proceso™*>*%’.

Por el contrario, el uso de proteinas al estado sélido evita la mayoria de los
riesgos anteriormente mencionados. La encapsulacion de proteinas solidas
reduce considerablemente la movilidad de las mismas, consiguiendo que éstas
sean encapsuladas en su conformacién inicial y minimizando los posibles
cambios estructurales. EI método S/O/O (soélido-oleo-oleoso) incorpora la
proteina, al estado sélido (generalmente liofilizada), en una solucién organica
polimérica que posteriormente se emulsiona con la fase externa oleosa. La
principal ventaja que aporta esta técnica es el bajo grado de desplegamiento
que sufre la proteina debido a la ausencia de agua durante todo el proceso de

fabricacion®®®2%°

. Sin embargo, los elevados volimenes de liquidos oleosos y
organicos requeridos pueden originar problemas téxicos y/o ambientales®”.
Con el objetivo de evitar este inconveniente, se emplea el método S/O/A
(s6lido-oleo-acuoso), donde la proteina sélida es suspendida en una solucion

202, 203
. En

polimérica para después emulsificarse con una fase externa acuosa
ambas técnicas, tanto S/O/O como S/O/A, el punto critico esta en conseguir un
tamafio de particula de la proteina soélida durante la primera suspensién S/O
que resulte 6ptimo para incrementar la eficacia de encapsulacion y reducir el

burst inicial*®® 2% 2%

Ademas de todos estos problemas asociados a las diferentes técnicas de
microencapsulacion de proteinas, hay que tener en cuenta que el paso final
para la formacion de microparticulas, incluye la liofilizacion de las mismas,
proceso que también puede ocasionar degradacion de la sustancia activa. Este
hecho no ocurre cuando la proteina se incorpora al estado solido en la
elaboracién de las microesferas. Ademas, la naturaleza hidrofébica del PLGA,

polimero empleado en el desarrollo de nuestra formulacion, puede dar lugar a
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interacciones proteina-polimero que a su vez provoquen cambios estructurales

en el agente terapéutico®®.

Durante el proceso de liberacion de la proteina a partir del sistema
biodegradable, también es frecuente encontrar condiciones desfavorables que
disminuyen su estabilidad. Uno de los objetivos de los sistemas de liberacion
controlada de sustancias activas es incrementar el tiempo de residencia de las
mismas en el organismo, ya que se van liberando de forma controlada. Sin
embargo, esta situacién no es natural y las proteinas no estan disefiadas para
sobrevivir en condiciones fisiolégicas durante periodos prolongados de tiempo.
Durante la liberacion, tanto in vivo como en condiciones simuladas in vitro, la
proteina no esta sélo expuesta a temperaturas de 37°C, humedad o contacto
con superficies hidrofébicas de la matriz polimérica, sino también a un
ambiente que podria resultar adverso debido a la presencia de productos de
degradacion de la matriz que originan una disminucién del pH, fluido intersticial,
enzimas proteoliticas, células y productos de degradacién celular como las

especies reactivas de oxigeno (ROS)*® 7

Ademads, otros problemas
relacionados con la liberacion de la proteina, pueden ser una incompleta
liberacién de la misma, debida a interacciones polimero-proteina, degradacion
quimica de la sustancia activa o agregacion, o bien, una disminucién de la
actividad biologica de la proteina encapsulada, indicando que parte de la

macromolécula liberada esta degradada o estructuralmente alterada'®>.

También es importante destacar que la presencia de agregados proteicos en la
formulacion se considera un factor de riesgo a la hora de originar problemas de
inmunogenicidad, pudiendo ocasionar una respuesta inmune inesperada en

pacientes tratados con estos sistemas de liberaciéon controlada de farmacos®®®
208

Por ultimo, incluso a la hora de manipular la formulacién es necesario tomar
precauciones para no alterar la proteina. La extraccion de la misma de la
estructura polimérica, generalmente realizada mediante el empleo de

disolventes organicos que permiten la ruptura de las particulas por disolucion
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del polimero, puede originar alteraciones estructurales de la proteina,
agregacion o aceleracion de su degradacién quimica®®.

Desde el punto de vista tecnoldgico, la adicion de sustancias oleosas a las
formulaciones elaboradas a partir de sistemas microparticulares ha demostrado
ser Util en la modulacion de la liberacibn de las sustancias activas,
consiguiéndose incluso en algunos casos, disminuir la cantidad de
microesferas a administrar para conseguir concentraciones potencialmente

59, 62, 209, 210

terapéuticas Este recurso tecnoldgico ha sido utilizado en el

desarrollo de las microesferas descritas en esta Tesis Doctoral.
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2 HIPOTESIS DE TRABAJO

El desarrollo de sistemas microparticulares biodegradables que permitan la
liberacibn de pequefias cantidades del agente neuroprotector GDNF
mantenidas después de un largo periodo de tiempo (del orden de picogramos),
pueden resultar eficaces en el tratamiento de patologias neurodegenerativas
oculares crénicas como es el glaucoma. Al tratarse de una enfermedad de
etiologia multifactorial, la terapia combinada empleando distintos agentes
terapéuticos (GDNF y vitamina E) que actlen sobre varios mecanismos

implicados en la patogénesis resultaria de gran interés.

Debido a que la formulacion desarrollada esta destinada a la administracion
intraocular debe cumplir los requisitos de esterilidad. ElI método de
esterilizacion empleado debe preservar la actividad biol6gica del producto

biotecnolégico durante el proceso.

Aparte de los beneficios que presenta la administracion exégena de factores
neurotréficos en dosis bajas con una liberacion mantenida durante meses, el
efecto neuroprotector de estos agentes hace que los sistemas desarrollados
puedan ser Utiles, como coadyuvantes, en la terapia antiangiogénica (anti-
VEGF) de otras patologias oftadlmicas como la degeneracion macular asociada
a la edad (DMAE) y la retinopatia diabética (RD). Si los agentes neurotroficos,
GDNF y BDNF, presentaran propiedades antiangiogénicas, haria de estos
sistemas microparticulares de cesién controlada de agentes neuroprotectores
una plataforma interesante en el tratamiento de patologias oculares crénicas en

las que esta implicada la neovascularizacion.
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3 OBJETIVOS Y PLANTEAMIENTO

Las nuevas tendencias en el tratamiento de patologias neurodegenerativas que
afectan al segmento posterior del ojo, en las que se produce una pérdida de
vision debido a dafios ocasionados en el nervio éptico y a la muerte progresiva
de células ganglionares de la retina (CGR), estan basadas en la
neuroproteccion. Al tratarse de patologias cronicas, la administracién de
factores neurotroficos en sistemas de cesion controlada resulta una de las

estrategias mas prometedoras.

Desde el punto de vista terapéutico es importante destacar que desde hace
algunos afos se han llevado a cabo distintos estudios experimentales con el
objeto de demostrar la utilidad de la terapia neuroprotectora mediante una
Unica inyeccion intravitrea del agente neuroprotector (dosis de 1-5 pg) en
animales de experimentacion, con resultados més o menos satisfactorios en el

148, 151

rescate de CGR a corto plazo (14 dias) . Sin embargo, el empleo de estas

cantidades en administraciones repetidas con el objeto de simular tratamientos

a largo plazo ha demostrado presentar un efecto limitado®®” #** %2

. Ademas, se
ha descrito que dosis elevadas de agentes neuroprotectores como las
empleadas en los estudios iniciales podrian resultar ineficaces, como
consecuencia de una disminucién en la produccion de receptores TRK, e
incluso téxicas debido a un exceso en la produccién de radicales libres (6xido
nitrico) o a la activacion de segundos mensajeros que podrian interferir en los
mecanismos de supervivencia de las CGR'™" ' Actualmente, las
investigaciones en este campo se orientan hacia la administracion de dosis
relativamente bajas de estos agentes, que manteniendo una concentracion en
el vitreo a lo largo del tiempo, resulten eficaces sin los efectos adversos que

produce el empleo de cantidades elevadas.

Como se ha sefialado anteriormente, al tratarse todas ellas de patologias
cronicas, la aplicabilidad de estas terapias neuroprotectoras requiere el
desarrollo de sistemas biodegradables de liberacion controlada como son las

microesferas de acido poli(lactico-co-glicolico) (PLGA), que administrados por
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via intravitrea, aporten ventajas respecto a las inyecciones repetidas. Estos
sistemas son capaces de proporcionar concentraciones terapéuticas del
farmaco en su lugar de accién durante periodos prolongados de tiempo, no
necesitan cirugia puesto que se pueden administrar en forma de suspension de
la misma forma que una inyeccién convencional y desaparecen del lugar de
accion una vez ejercido su efecto. Ademas, evitan los efectos secundarios

sistémicos puesto que se depositan directamente en la cavidad vitrea.

Debido a que este tipo de enfermedades presentan una etiologia multifactorial,
el tratamiento combinado con distintos agentes terapéuticos (agentes
neuroprotectores y antioxidantes) que actien sobre los diferentes mecanismos
implicados en la patogénesis de las enfermedades neurodegenerativas

oculares podria resultar de gran interés'®’ ?!*,

Puesto que son formulaciones destinadas a su inyeccion intraocular deben
cumplir los requisitos de esterilidad. Este hecho resulta de especial relevancia
para los sistemas de cesion controlada de productos biotecnolégicos ya que
sus componentes (polimero y agente activo) son especialmente sensibles a los

métodos de esterilizacién convencionales.

Por dltimo, las propiedades antiangiogénicas que ha demostrado poseer el

83, 213, 214
, NOS

factor neurotréfico PEDF (Factor derivado del epitelio pigmentario)
lleva a evaluar la posibilidad de que otros agentes neurotréficos, como el GDNF
y BDNF, puedan presentar estas propiedades. Estos productos biotecnolégicos
incluidos en un sistema de dosificacion adecuado que evite las inyecciones
sucesivas, podrian ser efectivos en el tratamiento de otras patologias
oftdlmicas crénicas como la degeneracion macular asociada a la edad (DMAE)

o la retinopatia diabética (RD) en las que se produce neovascularizacion.

En base a estos hechos, los objetivos de esta tesis doctoral han sido los

siguientes:
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1. Desarrollo de una nueva formulacion de terapia combinada
(microesferas biodegradables cargadas con agentes neuroprotectores y
vitamina E) para el tratamiento de patologias neurodegenerativas que afectan
al segmento posterior del ojo. Desde el punto de vista terapéutico la vitamina E
actlia como antioxidante mientras que desde el punto de vista tecnoldgico

aumenta la eficacia de encapsulacion de la proteina y modula su cesion.

2. Estudio de diferentes estrategias tecnolégicas para mantener la
actividad bioldgica de las proteinas tras su microencapsulacion y esterilizacion
mediante radiacion gamma.

3. Estudio de la actividad antiangiogénica de nuevas formulaciones
microparticulares cargadas con factores neurotréficos (GDNF y BDNF) y

vitamina E.

Ademas, el desarrollo de una formulacién como la propuesta en esta tesis,
necesita el concurso de distintos procedimientos como son la validacion del
método de cuantificacién de los productos biotecnolégicos, la puesta a punto
del método de microencapsulaciéon y la optimizacién de la formulacion,
considerando como parametros criticos la eficacia de encapsulacion y el
tamafio de particula, ya que estos sistemas estdn destinados a su
administracion intravitrea mediante una inyeccién convencional. Parte de estos

estudios preliminares se recogen en un articulo corto (note).

Por ultimo, el origen de esta Tesis Doctoral partié de un trabajo en colaboracion
con el Dr. Michael J. Young del Schepens Eye Research Institute (Harvard
Medical School) basado en la microencapsulacion de proteinas en
microesferas biodegradables de administracion intraocular. Este estudio se
recoge en un quinto trabajo ya publicado en la revista Biomaterials. Este primer
trabajo dio pie a plantearse la microencapsulacion de otras proteinas de interés
farmacolégico en el tratamiento de patologias que afectan al segmento
posterior del ojo y al desarrollo de otros métodos de encapsulacion que

permitieran mejores eficacias de encapsulacion y cesiones mas prolongadas.

83



OBJETIVOS Y PLANTEAMIENTO

3.1 Microesferas de PLGA cargadas con GDNF y Vit E elaboradas
mediante un nuevo sistema de microencapsulacién, incrementan la
supervivencia de células ganglionares de la retina en un modelo
experimental de glaucoma.

Retinal ganglion cells survival in a glaucoma model by GDNF/Vit E PLGA
microspheres prepared according to a novel microencapsulation
procedure.

Journal of Controlled Release 2011;156(1):92-100.

La encapsulacion de proteinas es un desafio importante en el ambito de la
Tecnologia Farmacéutica debido a las caracteristicas que presentan estos
agentes terapéuticos (alto peso molecular, facil degradacion, estructura
compleja, etc.). Es necesario, por tanto, seleccionar un método de
microencapsulacion adecuado que garantice la integridad de la proteina y
preserve su actividad biolégica durante la elaboracién de las microparticulas,

186, 187, 215

su almacenamiento y uso . El GDNF, agente neuroprotector empleado

en este trabajo, ha demostrado ser efectivo a nivel ocular incrementando la

supervivencia de las CGR tras su inyeccion intravitrea en dosis bajas®® ** **

%9 A su vez, la vitamina E posee propiedades farmacoldgicas que pueden
resultar Utiles en el tratamiento de patologias neurodegenerativas como el

glaucoma ya que se trata de un agente antioxidante>® *°% ¢,

Baséandonos en estos hechos, el planteamiento de este trabajo fue el siguiente:

1. Desarrollo de un nuevo sistema de microencapsulacion para la
elaboracién de sistemas microparticulares biodegradables cargados con
dos sustancias activas, GDNF y vitamina E. Desde el punto de vista
tecnoldgico, la vitamina E ha permitido la incorporacién del factor
neuroprotector al estado sélido, en forma de suspensién, ya que se trata
de un aceite.

2. Caracterizacion in vitro de la formulacién desarrollada mediante el estudio

de la morfologia, tamafio, distribucion de los componentes en las

84



OBJETIVOS Y PLANTEAMIENTO

microesferas, eficacia de encapsulacion y perfil de liberaciéon del agente

neuroprotector.

3. Evaluacion in vitro de la actividad biolégica del factor neuroprotector
microencapsulado y posteriormente liberado en sus células diana

(fotorreceptores y células ganglionares de la retina).

4. Estudio in vivo de la eficacia de la formulacién desarrollada administrada

por via intraocular en un modelo experimental de glaucoma (rata).

3.2 Estrategias tecnolégicas para mantener la actividad biolégica de las
proteinas tras su encapsulacién y esterilizacion mediante radiacion
gamma.

Preservation of biological activity of glial cell line-derived neurotrophic
factor (GDNF) after microencapsulation and sterilization by gamma
irradiation.

Enviado a International Journal of Pharmaceutics.

La radiacion gamma es un procedimiento habitualmente empleado para la

esterilizacion de microesferas destinadas a su administracion parenteral®® -

27 Las ventajas de este tipo de esterilizacion (alto poder de penetracién, baja
reactividad quimica, bajos niveles de residuos y pocas variables a controlar)
hacen que sea un método de eleccidn frente a otros procesos de esterilizacion.
La proteccién de los sistemas durante el proceso de esterilizacién con hielo
seco (-78°C) ha demostrado ser un recurso tecnolégico eficaz para mantener la
integridad de los componentes de la formulacién. Sin embargo, cuando las
microesferas estan cargadas con proteinas, hay que poner especial atencion
en asegurar que la actividad biolégica del factor encapsulado no se vea

afectada por este proceso'®?%*

. Este hecho unido a la dificultad que representa
la encapsulacién de proteinas, hace que sea conveniente el estudio de
diferentes estrategias tecnolégicas para la elaboracién de microparticulas, que
permitan mantener la bioactividad de la proteina incluso después de su

esterilizacion.
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El estado en el que se encuentre la proteina en las microesferas influird en su
estabilidad. Dicho estado dependera, en gran medida, de las manipulaciones
que se hayan realizado durante el proceso de microencapsulaciéon. Las
proteinas pueden incluirse inicialmente en las microesferas disueltas (emulsion
A/O/A) o al estado sélido (emulsién S/O/A). La inclusiéon de una u otra forma
condicionard su comportamiento una vez administrado. La adiciéon de
antioxidantes es un recurso tecnologico que puede ser empleado para proteger
a los productos biotecnolégicos de las especies generadas por la formacion de

radicales libres durante la radiacion gammam* 224

. Sin embargo, hasta el
momento no se ha estudiado el efecto de la inclusién de antioxidantes en la

propia formulacién (microesferas).

Teniendo en cuenta estos hechos, el planteamiento del trabajo fue el siguiente:

1. Encapsulacion del agente neuroprotector GDNF empleando tres métodos
diferentes basados en la técnica de extraccidn-evaporacion del disolvente:
A/O/A, SIO/IA 1y SIO/A 2 (incluyendo vitamina E). La formulacion S/O/A 1
incorpora el factor neuroprotector al estado sélido en la solucion
polimérica. La formulacion S/O/A 2 consiste en la preparacion de una
suspension del agente neuroprotector en un aceite (vitamina E) que se

incorpora posteriormente a la solucién de polimero.

2. Esterilizacion de las formulaciones desarrolladas mediante radiacion
gamma (dosis de 25 kGy), con y sin proteccion frente al aumento de
temperatura. La proteccion se realiza manteniendo las muestras a baja

temperatura (-78°C) durante la esterilizacion.

3. Caracterizacion in vitro de las formulaciones desarrolladas antes y
después de esterilizar, mediante el estudio de la morfologia, tamarfio,
eficacia de encapsulacion, perfil de liberacibn y peso molecular del

polimero.

4. Evaluacion in vitro de la integridad estructural (electroforesis) y la actividad

bioldgica (superviviencia en células de la retina) del GDNF encapsulado en
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las distintas formulaciones antes y después de la esterilizacién, mediante

cultivos primarios de células retinianas.

3.3 Actividad antiangiogénica de la combinacién de un agente
neuroprotector y un antioxidante (GDNF-Vitamina E) encapsulados en un
nuevo sistema de cesion en forma de microesferas.

Anti-angiogenic effect of glial cell line-derived neurotrophic factor
(GDNF)-vitamin E combination encapsulated in a novel microsphere
delivery system.

Enviado a Investigative Ophthalmology & Visual Science.

A pesar de los avances desarrollados en la terapia de las enfermedades
retinianas que cursan con neovascularizacion (DMAE exudativa o RD
proliferativa), hasta el momento no existe un tratamiento efectivo que frene
completamente su evolucién. Actualmente, se emplean terapias crénicas
basadas en inyecciones intravitreas repetidas de anticuerpos monoclonales
anti-VEGF?*>*’_ Sin embargo, aunque estos tratamientos son capaces de
reducir la velocidad a la que se produce la neovascularizacién, su uso

228,229 por esta razon, se

continuado puede ocasionar dafios a nivel neuronal
ha postulado la posibilidad de administrar factores neuroprotectores junto con
los agentes anti-VEGF. En este sentido, la administracién de agentes

neurotréficos como terapia coadyuvante podria resultar de gran interés® 214,

Otra estrategia para intentar solucionar los efectos adversos asociados a la
terapia anti-VEGF seria la administracion de sustancias activas capaces de
disminuir la angiogénesis y proteger, al mismo tiempo, las neuronas de la
retina. De hecho, se sabe que uno de los factores neuroprotectores endégenos
(PEDF) tiene actividad antiangiogénica y neuroprotectora. Sin embargo, no se
ha descrito hasta el momento, actividad antiangiogénica para el GDNF o el
BDNF, ni en la terapia combinada de estos agentes con vitamina E. Ademas, la
asociacién de dos agentes neurotroficos (GDNF y BDNF) puede ser de utilidad,
puesto que ya se ha demostrado que la administraciéon conjunta de estos

factores incrementa la actividad neuroprotectoram’ 230,
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Por Gltimo, el hecho de que se trate de patologias degenerativas que requieren
un tratamiento cronico pone de manifiesto la necesidad de desarrollar sistemas
de cesion controlada que permitan la liberacién de cantidades de las sustancias
activas que den lugar a concentraciones terapéuticas en su lugar de accion

durante periodos prolongados de tiempo.

En base a estos hechos, el planteamiento del trabajo fue el siguiente:

1. Desarrollo de nuevas formulaciones microparticulares cargadas con

agentes neuroprotectores (GDNF y BDNF) y vitamina E.

2. Esterilizacion de las formulaciones desarrolladas mediante radiacion

gamma en las mismas condiciones descritas en el segundo trabajo.

3. Caracterizacion in vitro de las formulaciones esterilizadas mediante el
estudio de su morfologia, tamafio, eficacia de encapsulacion y perfil de

liberacion.

4. Determinacién de la tolerancia in vitro de las formulaciones elaboradas en
células endoteliales de corddén umbilical (HUVEC) y células del epitelio

pigmentario de la retina (ARPE-19).

5. Evaluacion in vitro de la posible actividad antiangiogénica de las nuevas

formulaciones en células endoteliales de cordén umbilical (HUVEC).

34 Ensayos preliminares de encapsulacién de GDNF en microesferas
de PLGA. Efecto de la vitamina E como coadyuvante en la
microencapsulacién de proteinas para administracion intravitrea.

Vitamin E effect as coadjuvant in protein microencapsulation for
intravitreal administration. (Note)

Enviado a European Journal of Pharmaceutics and Biopharmaceutics.

El objetivo del trabajo fue evaluar el efecto de la adicion de un aceite (vitamina

E) en la eficacia de encapsulacion del producto biotecnologico (GDNF), en la
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modulacion de la cesion y en la distribucion de ambos componentes (proteina y

aditivo oleoso) en las microesferas.

Con este fin, se elaboraron varias formulaciones de microesferas utilizando
distintas cantidades del factor neurotréfico y del agente oleoso siguiendo el
método (S/O/A) desarrollado en esta Tesis Doctoral, que consiste en la
preparacion de una suspension inicial de la proteina en el aceite y su posterior

incorporacion en la disolucion polimérica.

De esta forma, el planteamiento del trabajo fue el siguiente:

1. Desarrollo de microesferas de PLGA con distintas cantidades iniciales de
GDNF y vitamina E.

2. Caracterizacion in vitro de la formulacién desarrollada mediante el estudio
de la morfologia, tamafio, eficacia de encapsulacion y perfil de liberacion

del agente neuroprotector.

3. Determinaciéon de la distribucién de la proteina y el aditivo oleoso en la

matriz polimérica mediante microscopia confocal.

3.5 Integracién celular permanente a partir del transplante conjunto de
microesferas biodegradables de PLGA cargadas con MMP2 y células
progenitoras de la retina.

Robust cell integration from co-transplantation of biodegradable MMP2-
PLGA microspheres with retinal progenitor cells.

Biomaterials 2011;32(4):1041-50.

El objetivo de este trabajo fue evaluar la utilidad de la administracion conjunta
de células progenitoras de la retina con microesferas biodegradables cargadas
con MMP2. Se sabe que esta proteina promueve la ruptura de la barrera
formada por la matriz extracelular inhibitoria y las moléculas de adhesién

celular, favoreciendo la integracién efectiva de las células implantadas.
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En base a estos hechos los objetivos del estudio fueron:

90

1.

2.

3.

Desarrollo de microesferas de PLGA con distintos pesos moleculares
cargadas con metaloproteinasa 2 (MMP2), de un tamafio adecuado

para su administracion intraocular.

Caracterizacion in vitro de las formulaciones desarrolladas mediante el
estudio de la morfologia, tamafio, eficacia de encapsulacion y perfil de
liberacion de la proteina.

Administracién conjunta de las microesferas biodegradables
desarrolladas junto con células progenitoras de la retina (CPR) en un
modelo animal de degeneracién retiniana (ratéon) y evaluacion de su

efecto en la integracion celular.
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A novel microencapsulation procedure to increase RGC survival

4.1 Retinal ganglion cells survival in a glaucoma model by GDNF/Vit E
PLGA microspheres prepared according to a novel microencapsulation

procedure.

Patricia Checa-Casalengua, Caihui Jiang, Irene Bravo-Osuna, Budd A. Tucker,
Irene T. Molina-Martinez, Michael J. Young, Rocio Herrero-Vanrell.

Journal of Controlled Release 2011;156(1):92-100.
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ABSTRACT

The present experimental work describes the use of a novel protein
encapsulation method to achieve protection of the biological factor during the
microencapsulation procedure. With this aim, the protein is included in
Poly(lactic-co-glycolic acid) (PLGA) microspheres without any preliminary
manipulation, in contrast to the traditional S/O/W (solid-in-oil-in-water) method
where the bioactive substance is first dissolved and then freeze dried in
presence of lyoprotectors. Furthermore, the presented technique involves the
use of an oily additive, vitamin E (Vit E), useful from a technological point of
view, by promoting additional protein protection and also from a
pharmacological point of view, because of its antioxidant and anti-proliferative

properties.

Application of this microencapsulation technique has been performed for GDNF
(Glial cell line-derived neurotrophic factor) designed for the treatment of optic
nerve degenerative diseases, such as glaucoma, the second leading cause of
blindness in the western world. The protein was released in vitro in its bioactive
form for more than three months, demonstrated by the survival of their potential
target cells (photoreceptors and retinal ganglion cells (RGC)). Moreover, the
intravitreal injection of GDNF/Vit E PLGA microspheres in an experimental
animal model of glaucoma significantly increased RGC survival compared with
GDNF, Vit E or blank microspheres (p<0.01). This effect was present for at least
eleven weeks, which suggests that the formulation prepared may be clinically
useful as a neuroprotective tool in the treatment of glaucomatous optic
neuropathy.

KEYWORDS: Drug delivery, microencapsulation, protein, growth factors, retinal

ganglion cells survival.
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INTRODUCTION

The encapsulation of proteins has been one of the most interesting challenges
in the field of pharmaceutical technology over the past decades. Despite their
obvious attractiveness as therapeutic agents, they have some serious
restrictions. The most limiting of these is their high molecular weight and
structural complexity, which must be retained in order to maintain their
biological activity. The encapsulation preparation method should guarantee the
maintenance of the biological activity of the encapsulated protein throughout
microparticle elaboration, storage, and use [1-3]. Different techniques can be
used to encapsulate proteins in biodegradable polymeric microparticles, e.g.
emulsion solvent extraction-evaporation methods, phase separation, spray
drying or hot-melt extrusion. Each technique possesses their own advantages

and disadvantages.

The emulsion solvent extraction-evaporation methods are the most widely
employed. Among them, the formation of double emulsion W/O/W (water-in-oil-
in-water), in which the active protein is first dissolved in the aqueous inner
phase, has attracted attention for protein microencapsulation, resulting relatively
succesful. However, this method involves the use of proteins in solution, which
requires the evaluation of the specific circumstances surrounding each protein
nature and intended use, in order to avoid the associated potential important
risks that might compromise its stability [4,5]. Garbayo and co-workers [6,7]
proposed a novel protein microencapsulation method to overcome several
critical points of the microencapsulation of proteins via this W/O/W emulsion,
such as the shear stress applied or the presence of water/organic interface that
might compromise protein stability. These authors proposed also the use of
protein stabilizers, human serum albumin (HSA) and polyethylene glycol (PEG).
Although this procedure reduced the degradation protein risk, the protein was
always in its molecular state, since it was used in an aqueous solution, making
it more susceptible to destabilization. In contrast, the use of proteins in their
solid state avoids the majority of those risks regardless of the protein

encapsulated. It has been reported that protein in its solid state is kinetically
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trapped in the initial conformation, thus conformational changes could be largely
prohibited [8,9]. To this end, several laboratories are working on protein
microencapsulation following S/O/O (solid-in-oil-in-oil) methods. Solid protein is
then suspended in the inner organic phase. Once formed, protein unfolding is
extremely slow under these preparation conditions [4]. However, problems may
rise concerning residue of oily phases that may lead to immunity and regulatory
problems [10]. The S/O/W techniques might reduce these problems. Whatever
S/O/O or S/O/W techniques are employed, it is essential to employ a protein
powder with small particle size in the first S/O (solid-in-oil) suspension step [11].
In this method, lyophilisation of a water solution protein with additives is widely
employed [12,13]. In a recent publication, Yuan and co-workers prepared
dextran-BSA microparticles that were subsequently encapsulated via S/O/W
emulsion in PLGA microspheres, demonstrating that this strategy reduced the
protein agglomeration in comparison to the W/O/W emulsion method [14].
However, the effect of lyophilisation on protein integrity has been investigated
thoroughly, and denaturization and aggregation are common phenomena during
freezing and subsequent dehydration, even in the presence of lyo-protectors [4].
The problem remains thus far unresolved and there are many research groups
focused on the development of a protein microencapsulation method able to
ensure the stability of any protein, both in encapsulation and release
[10,14,15,186].

The strategy proposed in this work is the encapsulation of a combination of
several active substances using a method based on the S/O/W emulsion
solvent extraction-evaporation. The novelty of the technique developed in this
work is the fact that the protein is not pre-treated before encapsulation and
always remains in its solid state. Next, a less aggressive dispersion method is
proposed, based on the sonication of the powder protein at low power and
temperature with a very short contact time. In this case, the cavitation stress of
the protein in its particulate state is very low and unfolding is improbable at
these conditions [4]. Furthermore, an oily additive is also included in the internal
phase, promoting additional protein protection, release modulation and thus
pharmacological activity itself [17-20]. In this particular case glial-cell-line-

neurotrophic-factor (GDNF) was used as active proteic substance. It is known
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that GDNF can enhance the survival of dopaminergic and motor neurons [21],
being useful, for example, in the treatment of Parkinson’s disease [22].
Furthermore, at the retina it can improve the damaged retinal ganglion cells
(RGC) survival following intravitreal injection [23-26]. Vitamin E (Vit E) was
included in the formulation as oily additive. This compound presents
antiproliferative properties, protecting tissues against potential side effects
derived from repeated intravitreous injections. In addition, Vit E has
antioxidative properties that could be also useful in neural protection. In this
work, the structural and biological integrity of the protein after the
microencapsulation and release process was evaluated by ELISA and
extensive bioactivity assays using cultured RGC and photoreceptors. For in vivo
analysis, rats with chronic elevation of intraocular pressure (IOP), generated via
episcleral vein injection of hypertonic saline [27,28], were used as implant
recipents. This model allowed us to investigate the neuroprotective activity of
GDNF/Vit E PLGA biodegradable microspheres on the survival of RGC and
their axons.

MATERIALS AND METHODS

MATERIALS

Recombinant Human GDNF and the ELISA (enzyme-linked immunosorbant
assay) kit for GDNF quantification were supplied by R&D Systems
(Minneapolis, MN USA). Poly-(D,L-lactide-co-glycolide) PLGA ratio 50:50
(Resomer®503, Mw 35,000 g/mol (GPC)) was obtained from Boehringer
Ingelheim (Pharma Co., Germany). Polyvinyl alcohol 72,000 g/mol (PVA) was
supplied by Merck KGaA (Darmstadt, Germany). a-tocopherol acetate (Vit E),
bovine serum albumin (BSA) and albumin bovine-fluorescein isothiocyanate
(BSA-FITC) were purchased from Sigma-Aldrich (Schnelldorf, Germany). N-
(tetramethylrhodamine-6-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (TRITC-DHPE) was obtained from Invitrogen (Carlsbad,

CA, USA). All other chemicals were reagent grade and used as received.
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METHODS
Microspheres elaboration

GDNF/Vit E loaded PLGA microspheres were prepared using a novel S/O/W
emulsion-solvent evaporation technique. Briefly, 20 pg of recombinant human
GDNF was suspended in 20 ul of Vit E via gentle sonication at low temperature
(Sonicator XL, Head Systems, lowa, USA) for 30 sec in order to reduce the risk
of protein alteration [3]. This suspension was mixed with 1 ml of PLGA solution
in methylene chloride (20% w/v). The so-prepared organic phase was
emulsified with 5 ml of PVA MiIIiQ® water solution (2% w/v). Emulsification was
performed in a homogenizer (Polytron® RECO, Kinematica GmbH PT 3000,
Lucerna, Switzerland) at 5,000 rpm for 1 min. This emulsion was subsequently
poured onto 100 ml of an aqueous PVA solution (0.1%) and stirred constantly
for 3 hours, to allow organic solvent evaporation. Once formed, microspheres
were washed with MiIIiQ® water to eliminate the PVA and separated according
to their particle size by filtration under vacuum conditions. Particles were rapidly
frozen (methanol/ice mixture) and freeze-dried to obtain a free flowing
microspheres powder. Microspheres were kept at -20 °C under dry conditions
until use. Microspheres were performed in aseptic conditions and all the liquids
were filtered through sterilising membranes (0.22um). After filtration the

aqueous solvents were autoclaved.

Among the polymers employed for microencapsulation of active substances.
PLGA 50:50 (Mw 35,000 g/mol) was chosen to prepare the microspheres
because it has shown high biocompatibility after intraocular injection [29].
Microspheres characterization

The production yield percentage (PY%) of each batch was calculated.

Mean particle size and particle size distribution were measured by light

scattering in a Beckman Coulter LS series instrumented with fluid module
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(Coulter Corporation, Miami, Florida, USA). Samples were prepared by

suspending the microspheres in distilled water.

Morphological evaluation. The morphology of the microspheres was
evaluated by scanning electron microscopy (SEM; Jeol, JSM-6335F, Tokyo,

Japan). Samples were gold sputter-coated prior to observation.

Protein and additive distribution: The protein and additive distribution into
microspheres was achieved by confocal microscopy. Briefly, a model labelled-
protein (BSA-FITC) was encapsulated (20 pg) in the same conditions described
for GDNF. A second formulation of microspheres was prepared including in the
O-phase a combination of the additive (Vit E, 20 pl) with a small proportion (8
pl)  of fluorescently labelled phospholipids (TRITC-DHPE, 2 mg/ml).
Subsequently, a third formulation was prepared incorporating the two
mentioned fluorescent species. A forth formulation of PLGA microspheres was
elaborated according to the previously described method by physically mixing
the organic phase with 20 pl of nile red(4 mg/ml). This fluorescent marker has
been already used to label PLGA [30,31]. Once prepared, the different
formulations were observed by confocal microscopy (Nikon Eclipse TE300,
MRC-1024 BioRad).

Encapsulation efficiency: 5 mg of microspheres were dissolved in 0.7 ml of
methylene chloride. Then, 0.7 ml of the diluent reactive provided in the ELISA
kit (PBS 7.4 and BSA 1%) was added. After vigorous mixing, the
heterogeneous system was centrifuged (7,880 g, 15 min), and the aqueous
phase extracted. The so-performed liquid/liquid extraction was repeated four
times, in order to recover all of the encapsulated protein. Assays were
performed in triplicate. GDNF content in the agueous medium was quantified by

immunoassay.

In vitro release studies: Replicates of 5 mg of microspheres of each batch
were suspended in 1.5 ml of PBS pH 7.4 isotonized with NaCl. “Low binding”
Eppendorf® vials were used in all cases. Samples were placed in a shaker with

a constant agitation speed of 100 rpm (Clifton Shaking Bath NE5, Nikel Electro
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Ltd Avon United Kingdom) at 37°C. At pre-set times (1h, 24h and once a week
until the end of the assay) the microspheres suspensions were gently
centrifuged (490 g for 3 min) and the supernatant was recovered (approximately
1.5 ml) and replaced with the same volume of fresh medium, for continuation of
the release test. Aliquots from supernatant were diluted with the diluent reactive
provided in the ELISA kit (DY995 R&D System) to obtain a protein
concentration in the suitable range (15-1,000 pg/ml) to be quantified by the
ELISA technique. A first set of experiments was carried out to establish the
most adequate in vitro release conditions. In this context, the inclusion in the

release media of a protein carrier (BSA) was analyzed.

In vitro bioassays

Photoreceptor sheet isolation, explantation and survival assay:
Photoreceptor sheets were isolated from 30-60 day old adult B6 mice. Retina
were carefully dissected and flattened by making 4 radial cuts. Flattened retinas
were placed, photoreceptor side down, on a 20% gelatin block that had
previously been secured to a vibratome chuck. Gelatin solution was flushed
under the retina with a flame polished pasture pipette and aspirated
immediately. The gelatin was allowed to dry for at least 2 minutes to allow the
retina to adhere to the underlying base, and the vibratome bath was
subsequently filled with ice-cold CO, independent media (Invitrogen). The
vibratome chamber was kept at 4°C to prevent the gelatin from melting and the
retina from detaching. Starting at the vitreal surface, sequential 20-50 pum
sections were cut until the photoreceptor layer was reached (approximately 120
pm in depth; the appropriate retinal layer was determined by microscopic
analysis of each section and remaining tissue). After the photoreceptor layer
was reached, a 200 pm thick section was taken and the photoreceptor layer and
attached gelatin sheet were collected. Isolated photoreceptor sheets were
released from the underlying cutting surface, explanted in permeable transwell
inserts and placed in media containing either control PLGA microspheres (Opg
GDNF/20 pl Vit E) or GDNF secreting microspheres (20 uyg GDNF/20 pl Vit E)
for 24-48 hrs. Photoreceptor sheet explants were subsequently harvested, fixed
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and analyzed via tunnel labelling to determine the percentage of cell death in
each condition.

Retinal ganglion cell isolation and survival assay: RGC were isolated as
described previously [32]. Briefly, retinas from 30-60 day old adult B6 mice were
dissected in Mg*/Ca®*-free Hanks’' balanced salt solution (HBSS) and
dissociated by incubating for 10 minutes at 37°C in HBSS containing 1% papain
and 5 U/mL DNase. Retinal cells were then transferred to a solution with the
papain inhibitor ovomucoid (1%, Worthington Biochemicals) and triturated.
Dissociated cells were treated for 15 minutes at 4°C with rabbit anti-Thy1.2
antibody conjugated to the micrometal beads in elution buffer. The cell
suspensions were loaded onto a metal column and separated with the elution
buffer in the presence and absence of a magnetic field. Selected cells were
released from the magnetic column, rinsed and subsequently plated in
conditioned media released from GDNF-loaded microspheres (1hr, 4 weeks
and 7 weeks of the release assay). At 24-48 hrs-post plating, cultures were
fixed and analyzed via tunnel labelling to determine the percentage of cell death

in each condition.
In vivo assays
Animals:

Adult male Brown Norway rats (350-450g, Charles River Laboratories,
Wilmington, MA) were housed with a 12 h light/dark cycle and with water and
food provided ad libitum. All animals were acclimatized to the environment and
to IOP measurements for at least two weeks before the experiment. All
experiments were performed in compliance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, and all experimental
protocols were approved by the Animal Care and Use Committee of the

Schepens Eye Research Institute.

Intraocular pressure elevation and measurement: Unilateral elevation of

IOP was produced in adult male Brown Norway rats as previously described by
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Morrison [27,28]. In brief, anesthesia was induced by intraperitoneal injection
consisting of ketamine (75 mg/kg), xylazine (10 mg/kg), and acepromazine (2
mg/kg; all from Phoenix Pharmaceutical Inc., St. Joseph, MO). Hypertonic
saline (1.9 M) was injected into the episcleral vein of the left eye through a glass
microneedle (generated in a pipette puller) while the right eye served as a
normal control. A syringe pump (Harvard apparatus, Holliston, MA) was used to
standardize the injection pressure, volume, and duration. Two weeks later, the
injection procedure was repeated on a second episcleral vein on the opposite
side of the same eye in all treated animals. IOP was measured using a
TonoPen XL tonometer (Medtronic Ophthalmics, Jacksonville, FL). Baseline
IOP was obtained before the first hypertonic saline injection and twice per week
thereafter. All IOP measurements were performed in conscious rats using only
topical corneal anesthesia (0.5% Proparacaine Hydrochloride, Akorn Inc.
Buffalo Grove, IL). Fifteen consecutive readings were taken, and the average
served as the measured IOP. In addition, all IOP measurements were
performed around 2:00 PM to minimize fluctuations due to diurnal variability [33-
34].

Intravitreal injection: One week after the first hypertonic saline injection, eyes
were randomly chosen to receive intravitreal injections of either blank
microspheres, microspheres loaded with GDNF/Vit E, or GDNF or Vit E alone.
Intravitreal injection was performed under general anesthesia as previously
described [24]. 0.5% of (w/v) suspensions of microspheres were prepared in
PBS and briefly vortexed immediately before each injection to ensure a uniform
dispersion of microspheres in the injected fluid. A 30-gauge hypodermic needle
was used to perforate the sclera 1.5 mm behind the limbus. Five microliters of
test sample was then injected by way of this opening into the vitreous using a
50 pl Hamilton Syringe (Hamilton Co, Reno, NV). Care was taken not to
damage the lens. Following intraocular injections, the needle was held in place
for one min and withdrawn slowly. In addition, paracentesis was simultaneously
performed to relieve pressure and thereby prevent reflux. Animals with retinal
bleeding or lens injury following the injection procedure were excluded from the

study.
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Tissue preparation and histopathology: Tissue preparation and
histopathology were performed as previously described [24]. In brief, rats were
killed by CO, inhalation ten weeks after the second hypertonic saline injection.
Enucleated eyes were immediately fixed in 4% paraformaldehyde (PFA). Optic
nerve specimens were taken 1 mm posterior to the globe and placed into a
fixative consisting of 2.5% glutaraldehyde and 2% formaldehyde in PBS. The
eyes, together with an additional subset of optic nerve (ON) segments were
fixed in 4% PFA overnight, cryoprotected in serial sucrose solution, frozen in
optimal cutting temperature compound (Tissue-Tek, Miles Diagnostic Division,
Elkhart, IN), sectioned in their entirety at 10 um, mounted on Superfrost Plus
slides (VWR Scientific, West Chester, PA), and stored at -80 °C for further
study. ON segments were washed in 0.1 M cacodylate buffer and post-fixed in
2% agueous osmium oxide. The segments were then dehydrated in graded
alcohols and embedded in epon. One micrometer section was cut and stained
with 1% toluidine blue in 1% borate buffer. Optic axons were counted in nine
fields per ON cross section viewed at 1000X magnification. Axon survival
percentage was calculated based on the number of ON axons in elevated IOP
eyes divided by the number of axons in untreated contralateral eyes. For
immunohistochemical analysis, mouse anti-Neuronal Nuclei (1:100, Chemicon,
Temecula, CA) was used as the primary antibody, and FITC-conjugated
AffiniPure Goat anti-Mouse IgG (1:200) was used as the secondary antibody.
Negative controls for immunostaining consisted of substituting normal serum in
place of the primary antibodies. Anti-NeuN positive cells in the RGC layer were
counted from the superior aspect of an average of five vertical sections through
the optic disc for each eye. A grid was placed over the retinal section and the
mean number of NeuN+ cells in the equivalent area of RGC layer from each
eye was calculated.

Statistical Analysis: The data were expressed as means + SD. Data between
groups was compared using Student’s t-test. The significance of RGC and axon
rescue was assessed by one-way ANOVA. Statistical significance was declared
at p<0.05.
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RESULTS AND DISCUSSION

Microspheres elaboration

The microspheres elaboration method proposed in this work is described in
Scheme 1. Protein is sonicated in its solid state, in an oily medium (Vit E), under
very mild conditions (low power, low temperature and short time). At these
parameters proteins are protected from cavitation stress due to both its solid

state and to the presence of the oily additive.

Preparation of protein dispersion S/O/W emulsion
— — — |®
& ol ®
N L ®
Soliq Oi_ly Sonice_;\tion Homogeneo_us PLGA solution O-phase: Addition of S/o/wW
protein adqmve 1 Ta(ice) protein s_olld in CH,Cl, Vit E + protein + W-phase (PVA
(Vit E) 1t(30”) dispersion PLGA solution 2% in H,0)
| power in CH,Cl,

Scheme 1: Preparation of protein dispersion and S/O/W emulsion.

Microspheres characterization

The microencapsulation method utilized in this work leads to a high production
yield of 76.3 + 8.4%. As shown to Fig. 1, these particles were spherical and
showed a high amount of small pores in addition to some large pores on their
surfaces. The presence of large pores in the formulation is generally correlated
with rapid removal of organic solvents that could cause a local reaction inside
the polymer droplets leading to the formation of a porous structure [3]. The
additional appearance of many small pores on the surface was related to the
presence of Vit E in the organic phase. The fatty additive potentially slows the
diffusion of the organic solvent out of the drop, leading to a golf-ball-like
morphology [35]. A bimodal distribution of particle size, with a small population

of microspheres in the 1-2 um range, and a second larger population, in the 10-
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30 um range, was observed (Fig. 1). The mean particle size was 19.1 £ 9.4 um.
As the objective of the formulation prepared in this work is the sustained release
of GDNF for extended periods of time, relatively large particles are preferred
[36]. However, as microspheres are intended for intravitreal injection through
standard needles (27-34G) [37] as an agqueous suspension, there is an upper
limit of size that has to be respected. In this work, experimental conditions were
established to obtain particle size suitable to balance those two essential

aspects.

SEI 5.0kV X950 10um WD 39.4mm

Fig. 1: SEM images of GDNF-loaded microspheres. The particle size

distribution has been included.

PLGA microsphere internal structure

To allow for examination of the internal microsphere matrix, PLGA MSs were
prepared including nile red [30]. This dye has been previously employed to
determinate the localization of PLGA in microcapsules [31] and to monitor the
behaviour of particles on the ocular surface of rabbits [38]. In this work the
combination of PLGA with this dye, and the posterior evaluation by confocal
microscopy was performed as an attempt to determine the inner matrix

structure, by the assumption that the absence of dye (totally dissolved in the

106



A novel microencapsulation procedure to increase RGC survival

organic internal phase during the microparticles preparation) might be related
with the presence of pores on the matrix structure. According to that, as shown
in Fig. 2A, some of the surface pores observed in SEM images continued into

and through some of the larger microspheres.

Protein and additive distribution

To identify protein distribution the labeled protein BSA was used. Fluorescently
marked BSA was chosen as a model protein for confocal studies, as it is
commercially available. Although GDNF and BSA differ in molecular weight and
structure, a similar behaviour for both proteins might be expected as both are in
their solid state and undergo the same microencapsulation procedure. As
shown in Fig. 2B, the labeled protein (BSA-FITC) remained close to the
spheres’ surface, showing a non-homogeneous distribution. Concerning Vit E
distribution, although spots of lipid were distributed throughout the entire
microsphere matrix, high levels of fluorescence were noted close to the
spheres’ surface (Fig. 2C), indicative of the presence of the oil at this level.
Finally, both BSA-FITC and TRITC-DHPE were included in the formulation (Fig.
2D). Results demonstrated an intimate contact between both elements, mainly

located closed to the microsphere surface.

Fig. 2: Confocal microscopy images of nile red labelled PLGA microspheres.

(A) MS elaborated with PLGA and nile red. The absence of dye might be related
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with a inner porous structure. (B) MS elaborated with PLGA, vit E and BSA-
FITC. Protein was mainly located near to MS surfaces. (C) MS elaborated with
PLGA, Vit E and TRITC-DHPE as lipid dye. The oily lipids (vit E and dye) were
distributed in all the MS, but were mainly located close to the MS surface. (D)
MS elaborated with PLGA, Vit E, TRITC-DHPE, and BSA-FITC. A
heterogeneous distribution was observed with higher quantities of protein and

oily additive close to the MS surface.

According to the observations made by this technique, a microsphere formation
mechanism can be suggested (Scheme 2). Initially, a homogeneous drop of O-
phase suspension is placed in the agqueous media (i). Rapidly, organic solvent
from the drop surface begins to diffuse into water creating a hardened shell.
Some amounts of vitamin and protein are entrapped at this level (ii). As the
GDNF is first suspended in the Vit E, both components migrate together
through the microsphere (iii). Finally, due to the presence of Vit E on this
concentrated layer close to the surface, the remaining organic solvent tends to
evacuate slowly, diffusing through this layer, forming the small pores on the

microsphere surface (iv).

Scheme 2: Microspheres formation hypothesis (m = protein; o = fatty additive;

arrows = solvent movement).
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Stabilization of GDNF during in vitro release

Although several authors described pH 5.5 as the most appropriate level for
GDNF stability [39], the release studies of this work have been performed at pH
7.4, because it is the physiological pH of most body fluids, including the vitreous
[40]. Once released, proteins can adhere to the container surface, reducing
their recovery. To overcome this issue, “low-binding” Eppendorf® tubes were
used. Furthermore, protein molecules in the release media can also adsorb to
PLGA surfaces, promoting the unfolding and aggregation phenomena.
Albumins, such as BSA, have been extensively used as protective agents at
this level. They are thought to occupy the interfaces and shield the therapeutic
proteins from contact with hydrophobic surfaces, so they act with competitive
adsorption to PLGA. In addition, they act as a proton scavenger during release
of some proteins and also have a moderate buffering effect [1,2,4]. Although a
BSA concentration of 0.1% is generally incorporated in most protein release
studies [6,39,41], the BSA concentration that offers full protection has not been
established. For this reason, release assays of GDNF were performed in PBS
buffer alone and with different concentrations of BSA (0.1 and 1%). The
cumulative release of GDNF from PLGA microspheres during the 19 weeks of

in vitro release in the different release media employed is presented in Fig. 3.
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Fig. 3: Cumulative GDNF release profile, release media: PBS (pH 7.4) with
different BSA content: (0.0% ¢; 0.1% m; 1.0% A).

Low GDNF released was quantified when BSA-free media was used. Although
0.1% BSA showed a benefit in the recovery of released GDNF, better results
were observed for release media containing 1% BSA. After the 19 weeks of the
release assay no GDNF was found, indicating that no release or release lower
than 15 pg/ml (low detection limit) occurred. At this point the resting material
was collected and the remaining GDNF quantified. In all cases lower than 1% of
encapsulated protein was recovered. When 1% BSA was included in the
release media, the total cumulative release value of GDNF at the end of the
study was in good agreement with those obtained after encapsulation efficiency
assays. The loading data initially obtained was 25.4 £+ 2.9 ng GDNF/mg MS
(encapsulation efficiency 27.8 + 3.1%) while 27.8 £ 1.8 ng GDNF/mg MS was
recovered at the end of the release study. A typical three-phases profile was
observed for the formulation analyzed. According to Morita and co-workers [12]
this behavior can be explained as follows: first, water penetration into the matrix
and diffusion of protein through the channels. Once water channels or aqueous
pores are formed through the polymer, protein may be continuously released
according to its own diffusivity. Furthermore, the degradation rate of the polymer
would influence the later phase of protein release [12]. We noted that BSA
protection was more evident at this time of the release assay, which might be
related with a high GDNF-PLGA hydrophobic interaction, improving GDNF
recovery. The GDNF release profile had an initial burst of 16.0 £ 0.9 ng
GDNF/mg MS in the first 24 h. After that, the progressive surface erosion of the
microspheres provoked a sustained protein release, observed for the following
41 days, with a release rate of 117.3 + 11.1 pg GDNF/mg MS/day. From day
42 to day 77 the release rate was 175.2 + 14.3 pg GDNF/mg MS/day. From day
77, residual amounts of GDNF were released until the end of the assay (day
133) at a release rate of 13.5 + 3.6 pg GDNF/mg MS/day.
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Microsphere behaviour in release media

Microspheres were incubated in release media and recovered by centrifugation
at established sampling times and evaluated by SEM (Fig. 4). The particles kept
their spherical and smooth surface up to 2 weeks of incubation. However,
surface erosion was evident at 4 weeks when rough surfaces were observed.
The spheres maintained their spherical shape and remained as individual
entities. After 6 weeks of the release assay the erosion was more evident and
particles began to aggregate losing their initial shape. The aggregation of

microspheres was completed for samples after 8 weeks of the assay.

2 weeks 6 weeks

8 weeks

Fig. 4: SEM images of PLGA microspheres incubated in PBS at different

release time points.

In vitro bioassays

The therapeutical efficacy (and hence the three-dimensional integrity) of a
protein should be assessed by monitoring the biological activity both at the end
of the microencapsulation process and once released. For this reason,
bioassays were assessed to demonstrate the biological activity of released
GDNF with their potential target cells (photoreceptors and retinal ganglion
cells). As shown in Fig. 5, when compared to the negative controls (Oug

GDNF/20ul Vit E), significantly less photoreceptor cell death was observed at
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48hrs post-plating when photoreceptor sheets were cultured in the presence of
either 10 ng, 25 ng or 50 ng of GDNF delivered exogenously (Fig. 5 B-D & H) or
from microspheres (Fig. 5 E-G & H). Results of additional negative controls (Opg
GDNF/20pl Vit E microspheres and blank) were not found to be different from
the one presented in the Fig. 5 (data not shown). Although no significant
difference in photoreceptor cell survival was detected between exogenous
GDNF and microparticle released GDNF at either of the tested concentrations
(Fig. 5 B,E,H 10 ng; C,F,H 25 ng; D,G,H 50 ng), a trend toward increased
photoreceptor cell survival, with less cell death in the microspheres condition as
compared to the exogenous GDNF condition, was detected at the lower 10 ng
concentration. To further identify whether GDNF released from microspheres
was maintained in an active state, the ability of conditioned media (collected
post-microsphere degradation) to induce retinal ganglion cell survival was
studied. The release media “1h point” was evaluated as a representative point
of the initial burst. Subsequently, the “4-weeks point” was chosen as a
representative point in which the GDNF has diffused from the polymeric matrix.
Additionally, the “7-weeks time point” was also evaluated as in vitro studies
showed a change in the profile shape at this point. As shown in Fig. 5I, a
significant increase in retinal ganglion cell survival was detected in cultures
treated with GDNF release media collected at 1hr, 4 weeks and 7 weeks of the
in vitro study, in comparison to fresh release media. Collectively, this data
suggest that GDNF encapsulated and released from microspheres is
maintained in its functional form following microsphere fabrication and

degradation.
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Fig. 5: Analysis of GDNF function post microsphere fabrication and
degradation. A-G: Tunnel assay performed on photoreceptor sheets cultured in
the presence (B-G) or absence of GDNF (A), delivered either exogenously (B-
D) or via microsphere degradation (E-G). H: percent photoreceptor survival at
48 hrs post-plating I: percent retinal ganglion cell survival at 48 hrs post plating
from the release media at 1 hr, 4 weeks and 7 weeks of the release assay.

Scale bar = 100 um. * p<0.05, ** p<0.001. MS = microspheres.
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In vivo intravitreal implantation

Effective neuroprotection in glaucoma will likely require the sustained availability
of the active agent for prolonged periods of time. Neurotrophic factors present in
the vitreous humor are rapidly degraded by free extracellular proteases
including any released as a consequence of RGC degeneration. Additionally,
neurotrophic factors may be taken up and degraded in the retina by resident
microglia. Repeated injections of unprotected neurotrophic factors might not be
sufficient to confer a significant effect and may be expected to result in an
unacceptable rate of serious complications such as retinal detachment and

endophthalmitis.

As shown in Fig. 6, ten weeks of IOP elevation resulted in substantial loss of
RGC as labeled with the anti-neuronal nuclear antibody NeuN (Fig. 6B-E) when
compared to eyes without IOP elevation (Fig. 6A). The effects of GDNF/Vit E
microspheres on RGC survival were quantified by counting anti-NeuN positive
cells in the ganglion cell layer (GCL) (Fig. 6P). In normal eyes without IOP
elevation, the average number of anti-NeuN positive cells in the GCL was
67.4+4.2/mm. Ten weeks of IOP elevation resulted in a significant loss of the
RGC: 20.8+2.1/mm with blank microspheres treatment and 21.9+2.4/mm with
Vit E treatment. GDNF/Vit E microspheres treatment resulted in preservation of
RGCs: 51.6+3.2/mm with 0.5% GDNF/Vit E microspheres (0.64 ng/eye)
compared with 22.8+3.2/mm using an equivalent amount of GDNF in a single
dose. Chronic IOP elevation resulted in significant loss of RGC compared to
uninjected control eyes without IOP elevation (p<0.01). 0.5% of GDNF/Vit E
microspheres significantly increased RGC survival compared with GDNF, Vit E
or blank microspheres (p<0.01). GDNF/Vit E microspheres implantation was
also found to have a positive effect on optic nerve axonal survival. As shown in
Fig. 6, after ten weeks of IOP elevation, there was evidence of substantial axon
degeneration (Fig. 6F-J) compared with untreated normal controls (Fig. 6E).
Axonal degeneration can be identified by the appearance of swollen axons that
lack apparent axoplasm as well as axons that appear dark due to the collapse
of the myelin sheath. The effects of GDNF/Vit E microspheres on axon survival

were quantified by counting intact axonal profiles (Fig. 6Q). The percentage of
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axon survival was calculated from the number of axons in elevated IOP eyes
compared to the number of axons in the contralateral eye without IOP elevation.
The survival percentage was 72.68% with GDNF/Vit E microspheres compared
to 36.58% with GDNF, 30.65% with Vit E, and 28.96% with blank microspheres
(p<0.01). There were no significant differences among GDNF, Vit E, and blank
microspheres alone (p>0.05).

Normal GDNF MS GDNF VitE Blank MS

Fig. 6: GDNF/Vit E microspheres increased retinal ganglion cell survival and
axonal integrity. A-E: Effects of GDNF/Vit E microspheres (MS) treatment on
the survival of RGC (anti-NeuN positive cells) due to chronic IOP elevation
(magnification 200X): Normal retina without IOP elevation (A). GDNF/Vit E MS
treatment (B) resulted in the preservation of RGCs compared with GDNF (C) Vit
E (D) and Blank MS (E). F-O: Effects of GDNF/Vit E MS treatment on axon
survival due to chronic IOP elevation: Normal ON axons without IOP elevation
(F). GDNF/Vit E MS treatment (G) resulted in a preservation of axons compare
with GDNF (H), Vit E (I) and blank MS (J). Corresponding representative EM
photos (K-O). F-J: magnification 1000X; K-O: magnification 7100X. Quantitative
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analysis of GDNF/Vit E MS treatment on the survival of RGC (P). Chronic IOP
elevation resulted in a significant loss of the RGC (p<0.01). GDNF/Vit E MS
treatment significantly increased the RGC survival compared GDNF, Vit E and
blank MS treatment (p<0.01). Quantitative analysis of GDNF MS treatment on
the ON axon survival (Q). GDNF/Vit E MS treatment increased the survival
percentage compared with GDNF, Vit E, and blank MS treatment (p<0.01). MS

= microspheres.

It has been reported that GDNF selectively enhances the survival and
development of dopaminergic neurons with an EDsq of 40 pg/ml in vitro.
However, there is no available data concerning the therapeutic concentration
and half-life of exogenous GDNF in the vitreous in order to calculate the optimal
GDNF release from the microspheres. Koeberle and Ball [23] determined that 1
Mg of exogenous intravitreally administered GDNF was able to promote RGCs
survival following optic nerve transection in rats for 14 days, but no GDNF
quantification was performed. Yan and co-workers [42] administered 1 ug and 5
Mg of GDNF into axotomized rat eyes and they observed that the GDNF
treatment resqued the neurons, achieving a 43.8% RGC survival with 1 ug of
GDNF and 47.8% with 5 ug of GDNF, two weeks after nerve damage. In our
study we have used a glaucoma model less aggressive (by increasing the 10P)
and closer to a real situation. The total amount of GDNF administered in the
vitreous was 0.64 ng (25.4 ng/mg MSs). This low amount released from the
microspheres was able to protect RGC at least for 77 days. Furthermore,
considering the reduced half-life of GDNF into the vitreous and the low release
rate observed for example during the 3-7 weeks of contact, it seems that even
extremely low amounts of GDNF achieved (0.8 pg/day) have a therapeutic
effect on the retina, protecting RGC in the glaucoma model used. According to
Ward and co-workers [25], such a slow release delivery systems of GDNF in the
vitreous might then not only reduce the number of intravitreous injections but

also could make the system more economically feasible.
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CONCLUSIONS

The method described in this work allowed for the encapsulation and controlled
release of proteins ensuring their bioactivity, for prolonged periods of time (at
least three months). The neurotrophic factor (GDNF) in combination with Vit E
released from the microspheres was demonstrated to be effective for at least
eleven weeks after a single intravitreal injection in an animal model of
glaucoma. This approach may be a useful tool in the future treatment of retinal

degenerative diseases.

Significantly, we found the regimen of intravitreal PLGA administration to be
safe and effective, with no obvious side effects on the retinal integrity noted.
We submit that future work involving intraocular delivery of proteins should
make use of the many advantages presented here to maintain activity of the

protein, and deliver sustained release of the chosen molecule(s).
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4.2 Preservation of biological activity of glial cell line-derived neurotrophic
factor (GDNF) after microencapsulation and sterilization by gamma
irradiation.
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ABSTRACT

A main issue in controlled delivery of biotechnological products from injectable
biodegradable microspheres is to preserve their integrity and functional activity
after the microencapsulation process and final sterilization. The present
experimental work tested different technological approaches to maintain the
biological activity of an encapsulated biotechnological product within PLGA
[poly (lactic-co-glycolic acid)] microspheres (MS) after their sterilization by
gamma irradiation. GDNF (glial cell line-derived neurotrophic factor), useful in
the treatment of several neurodegenerative diseases, was chosen as a labile
model protein. In the particular case of optic nerve degeneration, GDNF has
been demonstrated to improve the damaged retinal ganglion cells (RGC)

survival.

GDNF was encapsulated in its molecular state by the water-in-oil-in-water
(W/O/W) technique or as solid according to the solid-in-oil-in-water (S/O/W)
method. Based on the S/O/W technique, GDNF was included in the PLGA
microspheres alone (S/O/W 1) or in combination with an antioxidant (vitamin E,
Vit E) (S/O/W 2). Microspheres were sterilized by gamma-irradiation (dose of 25
kGy) at room and low (-78°C) temperatures. Functional activity of GDNF
released from the different microspheres was evaluated both before and after

sterilization in their potential target cells (retinal cells).

Although none of the systems proposed achieved with the goal of totally retain
the structural stability of the GDNF-dimer, the protein released from the S/O/W
2 microspheres was clearly the most biologically active, showing significantly
less retinal cell death than that released from either W/O/W or S/O/W 1

particles, even in low amounts of the neurotrophic factor.
According to the results presented in this work, the biological activity of

biotechnological products after microencapsulation and sterilization can be

further preserved by the inclusion of the active molecule in its solid state in
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combination with antioxidants and using low temperature (-78°C) during gamma

irradiation exposure.

KEYWORDS: Poly (lactic-co-glycolic acid), microencapsulation, polymeric drug
delivery systems, protein delivery, gamma irradiation, neuroprotection, GDNF

(glial cell line-derived neurotrophic factor), biological activity, sterilization.
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INTRODUCTION

Encapsulation of biotechnological products within biodegradable polymers has
been intended to avoid frequent administrations in the treatment of chronic
diseases. Drug delivery systems such as biodegradable microspheres are
promising therapeutic tools to provide sustained delivery of the active agent for
long term avoiding successive administrations. To date, however, there are still
problems associated to protein stability after microencapsulation and
sterilization that remain unresolved. The microencapsulation of biological
products in polymeric matrix is compromised by the high molecular weight,
structural complexity, easy degradation and instability of these active
molecules™. The choice of an appropriate method to microencapsulate
macromolecules is critical, not only because it influences the physical or
technological properties of microspheres, but also because the selected method
should ensure the integrity of the biotechnological product during the
preparation and storage of the systemsl’G. Furthermore, it is necessary to select
an appropriate process to guarantee that the final sterilization of the
microspheres will not negatively affect biological activity of the encapsulated

biotechnological compounds.

Among the different sterilization procedures available, gamma irradiation has
been extensively used for microspheres prepared with biodegradable polyester

7-13

polymers such as PLGA"™. However, it is well known that y-radiation can

induce structural changes in both the polymer and on the encapsulated drug,

especially if the active molecule is a protein® .

Irradiation can produce
denaturation and degradation that affect the integrity and bioactivity of the
therapeutic agent'®. Several groups have reported the effects of gamma

1521 One of

irradiation on PLGA microspheres entrapping peptides and proteins
the most frequent problems is the formation of free radicals and reactive oxygen
species (ROS) from both PLGA chains and proteins due to ionization
phenomena, which might promote non-desired events. Among them, oxidation
of side-chain groups, protein scission, backbone fragmentation and

conformational changes of the loaded macromolecule are the most common. It
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is generally accepted that large proteins are more prone to the alterations

induced by gamma irradiation than peptides®.

Several strategies have been proposed to overcome the risk associated to
ionizing radiation of microparticulate formulations. The use of low temperatures
(dry ice) during the sterilization of microspheres loaded with low molecular
weight drugs (i.e. aciclovir, ganciclovir, ibuprofen and indomethacin) has
demonstrated to undergo no changes in the properties of the formulation after

1122223 However, this is not the case of

gamma irradiation exposure
microspheres loaded with biological products in which the use of low
temperatures during irradiation does not provide the complete protection
against undesirable reactions (i.e. protein carbonylation and hydroperoxide
generation)24. These findings indicate that the use of low temperatures as an
isolated procedure is not enough to assure preservation of biotechnological

products exposed to irradiation.

The removal of free radical intermediates or inhibition of other oxidation
reactions produced by ionizing radiation, which can be achieved by

antioxidants™ 2% 24

, could also offer protection of the encapsulated compounds.
In this sense, the use of antioxidants as additives in the microspheres loaded

with biological products results very attractive.

Furthermore, the inclusion of the active agent in its solid form has been
proposed as another strategy that could promote the drug stability during
sterilization, maintaining the initial conformation and minimizing the structural
changes, compared with the use of the biomacromolecule in its molecular

state’.

To the best of our knowledge, the effects of gamma-irrradiation in proteins
microencapsulated in its solid state combined with antioxidants have not yet

been reported in the literature.

The objective of the present study was the evaluation of three technological

approaches targeted at retaining protein biological activity after
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microencapsulation and sterilization. GDNF, a dimer protein of 15-20
KDa/monomer, was chosen as a labile model protein. GDNF has been
proposed as a therapeutic agent in neuroprotection because of its both

neuroprotective and neurorestorative properties 2>

. In the particular case of
optic nerve degeneration, GDNF has been demonstrated to improve the
damaged retinal ganglion cells (RGC) survival after its intravitreal injection
emerging as a good candidate for the treatment of glaucomatous optic

neuropathy® .

The biotechnological product (GDNF) was encapsulated in PLGA microspheres
in its solid or in its molecular state. To this, GDNF was included in its molecular
state using the solvent evaporation technique from a water-in-oil-in-water
emulsion (W/O/W) and as solid employing the solid-in-oil-in-water emulsion
(S/O/W). Based on the S/O/W technique, the protein was included in the
presence (S/O/W 2) or absence of vitamin E (S/O/W 1). The inclusion of vitamin
E in the microspheres (S/O/W 2) was tested as an approach to prevent radical
induced degradation. Microspheres obtained from the different techniques were
sterilized by gamma-irradiation (25 kGy) at room and low (-78°C) temperatures.
Loading efficiency, morphology, mean particle size and particle size distribution,
scanning electron microscopy (SEM), gel permeation chromatography (GPC)
and in vitro release assays for 133 days were performed to evaluate the
sterilization effect on microsphere characteristics. Functional activity of GDNF
released from the different microspheres was evaluated both before and after

sterilization in their potential target cells (retinal cells).
MATERIALS AND METHODS
MATERIALS

Recombinant Human GDNF and the ELISA (enzyme-linked inmunosorbant
assay) kit for GDNF quantification were supplied by R&D Systems
(Minneapolis, MN USA). Poly-(D,L-lactide-co-glycolide acid) PLGA ratio 50:50
Mw 35000 Da (Resomer®503) was purchased from Boehringer Ingelheim

(Pharma Co., Germany). Polyvinyl alcohol 72000 g/mol (PVA) was supplied by
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Merck KGaA (Darmstadt, Germany). a-tocoferol acetate (Vit E) and Bovine
Serum Albumin (BSA) were obtained from Sigma-Aldrich (Schnelldorf,
Germany). Primary antibody anti-GDNF and secondary antibody anti-goat for
WB was purchased from R&D Systems and Santa Cruz Biotechnology (Santa
Cruz, CA), respectively. ECL Western Blotting Detection Kit was supplied by GE
Healthcare (Little Chalfont, UK). C57BL6 mice were provided by Charles River
Laboratories, Wilmington, MA. All experiments were performed in compliance
with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research, and all experimental protocols were approved by the Animal Care

and Use Committee of the Schepens Eye Research Institute.
METHODS
Microspheres elaboration

GDNF-loaded PLGA microspheres were prepared using three different
emulsion-solvent extraction evaporation methods, W/O/W, S/O/W 1 and S/O/W
2 (including Vit E in the inner phase). In the first method (W/O/W), 50 pul of the
internal aqueous phase (PBS pH 7.4) containing 20 pg of recombinant human
GDNF was emulsified, via sonication at low temperature (Sonicator XL, Head
Systems, lowa, USA), with an organic solution composed of 1 ml of PLGA in
methylene chloride (CH,Cl,) (20% w/v). This first W/O emulsion was emulsified
with 5 ml of PVA MilliQ® water solution (2% w/v) to form the final W/O/MW double
emulsion. The S/O/W 1 method was performed by suspending 20 pg of
recombinant human GDNF in 100 pl of methylene chloride using sonication in
the same conditions mentioned above. The suspension obtained was added to
0.9 ml of PLGA/CH,CI, solution (22% w/v), mixed and subsequently emulsified
with 5 ml of PVA solution in MilliQ® water (2% wi/v). In the third method (S/O/W
2), 20 pg of recombinant human GDNF were suspended in 20 pl of Vit E
throughout gentle sonication at low temperature. This suspension was mixed
with 1 ml of PLGA solution in methylene chloride (20% wiv)*'. After that, the
prepared organic phase was emulsified with 5 ml of PVA MilliQ® water solution
(2% wiv) to create the S/O/W emulsion.
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In all cases, the final emulsification was performed in a homogenizer (Polytron®
RECO, KinematicaGmbH PT 3000, Lucerna, Switzerland) at 5000 rpm for 1
min. The formed emulsions were subsequently poured onto 100 ml of an
aqueous PVA solution (0.1% w/v) and were kept under constant stirring for 3
hours, to allow organic solvent evaporation. Once formed, microspheres were
washed with MilliQ® water to eliminate the PVA and separated according to
their particle size by filtration under vacuum conditions using 20 um and 40 pm
sieves. Particles were rapidly frozen (methanol/ice mixture) and freeze-dried to
obtain a free flowing powder. Microspheres were kept at -20 °C under dry

conditions until use.
Microspheres characterization
The Production yield percentage (PY%) of each batch was calculated.

Morphological evaluation. The morphology of microspheres was evaluated by
scanning electron microscopy (SEM; Jeol, JISM-6335F, Tokyo, Japan). Samples

were gold sputter-coated prior to observation.

Mean particle size and particle size distribution were measured by light
scattering in a Microtrac® S3500 Series Particle Size Analyzer
(Montgomeryville, PA, USA). Samples were prepared by suspending the
microspheres in MiIIiQ® water. The data were presented as mean volume

diameter + SD of three independent measurements.

Encapsulation efficiency of GDNF: 5 mg of microspheres were placed in 0.7
ml of methylene chloride. Once the polymer was dissolved, the same volume of
the diluent reactive provided in the ELISA kit composed by PBS 7.4 and BSA
1% (w/v) was added. After strong mixing, both immiscible phases were
separated by centrifugation (7880 g, 15 min). After separation, the aqueous
phase was recovered. The so-performed liquid/liquid extraction was repeated
four times, in order to recuperate the encapsulated protein. Assays were
performed in triplicate. GDNF content in the aqueous medium was quantified by

immunoassay.
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In vitro release studies: 5 mg of microspheres were suspended in 1.5 ml of
PBS pH 7.4 with BSA 1% (w/v) and sodium azide 0.02% (w/v). “Low binding”
Eppendorf® vials were used in all cases. Samples were placed in a shaker with
constant agitation at 100 rpm (Clifton Shaking Bath NE5, Nikel Electro Ltd Avon
United Kingdom) at 37°C.

At pre-set times (1h, 24h and once a week until the end of the assay) the
microsphere suspensions were gently centrifuged (490 g for 3 min), the
supernatant was recovered (aprox. 1.5ml) and replaced by the same volume of
fresh medium to continue the release test. Aliquots from the supernatant were
diluted with the diluent reactive provided in the ELISA kit (DY995 R&D System)
in order to obtain a protein concentration in the suitable range (15-1000 pg/ml)

to be analysed by the ELISA technique.
Polymer integrity:

High-performance Gel Permeation Chromatography (GPC): The molar
mass of the polymer (PLGA) was evaluated by GPC at different times during
the release assay (1 hour, 4, 7, 12 and 19 weeks). Two columns PLgel 3um
MIXED-E and PLgel 5um MIXED-D, both of 7.8mmx300mm preceded by a
PLgel 5 pm guard column 50mmx7.5mm (Varian, Polymer Laboratories,
Church Stretton, Shropshire, UK), were connected consecutively to increase the
accuracy of the procedure. The apparatus included a Waters 1525 binary HPLC
pump and a Waters 2414 Refractive Index Detector (Waters, Saint-Quentin en
Yvelines, France). The temperature of column was maintained at 33°C using a
Waters heating column system. THF was filtered (Sartolon Polyamid, 0.45 pm,
Gottingen, Germany) and degassed before use. Flow rate was 1 ml/min of THF.
Before injection, samples were filtered using a PTFE membrane (0.2mmx13
mm, Teknokroma). 20 pL was injected via a 100 pL Hamilton syringe (Hamilton
Company, Nevada, US). The column was calibrated using polystyrene
standards of different molar masses: 381, 1100, 2950, 6520, 18600, 43700
g/mol, purchased from Waters (Mainz, Germany), 10100, 24600, 72450 g/mol,
supplied by Varian (Polymer Laboratories) (Church Stretton, Shropshire, UK).
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Solutions of standard polystyrene were prepared by the dissolution of the
polymers in THF at a concentration ranging from 0.4 to 1.6 mg/ml depending on
the molar mass. Experimental samples were dissolved in THF at concentrations

ranging from 1 to 2 mg/ml.
Sterilization process

Microspheres elaborated by the three microencapsulation methods were sealed
in glass vials. All samples were irradiated using ®Co in the Gamma Sterilization
Unit of Aragogamma S.A. (Barcelona, Spain). Following the USP
recommendations, a dose of 25 kGy was applied to ensure an effective
sterilization®”. Microspheres were sterilized both at room temperature and in
presence of dry ice (-78°C), in order to determine the effect of the temperature
during the irradiation process. The sterilized formulations were characterized as

described above.
Protein integrity
Western blot analysis

GDNF samples were obtained by extraction from microspheres following the
same protocol used to determine the encapsulation efficiency. Non-reducing
and reducing SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) was performed onto 15% polyacrylamide gels. After
separation, protein samples were transferred onto nitrocellulose membranes.
Western blot was performed by sitting the membrane with the blocking solution:
5% non-fat dry milk in TBST (10 mM Tris pH 7.5, 150 mM NacCl, 0.05% Tween-
20) for 1 h, followed by the incubation with anti-GDNF antibody 1:100 (R&D
Systems) in blocking buffer overnight at 4 °C. After washing with TBST, the blot
was incubated in blocking solution with the secondary antibody anti-goat 1:5000
(Santa Cruz Biotechnology). Detection was achieved using the ECL Western
Blotting Detection Kit (GE Healthcare). Unless specified, all incubations were

performed at room temperature.
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In vitro bioassays

Retinal cell isolation and survival assay: Mouse retinal cells were isolated as
described previously®’. Briefly, retinas from postnatal day 10 B6 mice were
dissected free from the posterior eyecup. Pooled retinal tissues were finely
minced in Mg*/Ca®*-free Hanks’ balanced salt solution (HBSS) and dissociated
by incubating for 20 minutes at 37°C in HBSS containing 0.1% collagenase.
The supernatant containing liberated cells was centrifuged at 233 g for 5 min at
room temperature and the pellet was resuspended and seeded into 16-well
chamber slides in neurobasal medium supplemented with B-27 supplement and
N-2 supplement. Once isolated, retinal cells were exposed to various
conditioned media released from different GDNF loaded microspheres prepared
by the three different methods (W/O/W, S/O/W 1 and S/O/W 2) in the three
different conditions [non sterilized (NS), sterilized at room temperature (SRT)
and sterilized at low temperature (SLT)]. In order to compare biological activity
of GDNF from the different microspheres, aliquots of the same concentration
from the release study according to ELISA quantification were chosen for each
condition (NS, SRT and SLT). Three different GDNF amounts were tested: 250
pg for non sterilized formulations (9 weeks of the release assay for W/O/W, 11
weeks for S/IO/W 1 and 10 weeks for S/O/W 2), 70 pg for sterilized
microspheres (with dry ice) (11 weeks of the release study for W/O/W, 10
weeks for S/IO/W 1 and 9 weeks for S/IO/W 2), and 5 pg for sterilized
microspheres (at room conditions) (17 weeks for W/O/W, 16 weeks for S/IO/W 1
and 13 weeks for S/IO/W 2). At 40 h post plating, cultures were fixed and

analyzed via tunel labelling to determine the percentage of cell death.
Statistical Analysis: The data were expressed as means + SD. Data between

groups were compared using an analysis of variance (one-way ANOVA).
Results were taken as significantly different at P<0.05.
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RESULTS

Microsphere characterization

The microencapsulation methods used in this work are described in Scheme 1.

PROTEIN TREATMENT |MICROSPHERES FORMATION |
Addition to Sonication Addition to Polytron®
(A) GDNF/ PBS solution PLGA/CH,Cl, () Wi/0 PVA 2% ng)/W
solution (Aqueous-phase)
(Qily-phase)
[©)]
(B) Solid (B) Protein/CH,Cl, S/IO/W 1
GDNF/CH,Cl, — suspension —
Sonication Addition to Polytron®
PLGA/CHCl,
solution
‘}:.’ (Oily-phase)
) (C) GDNF/Vit E U ©
G(E():l)\l:?/IiIthE suspension PVA 2% S/O/W 2

(Aqueous-phase)

Scheme 1: Different techniques employed to encapsulated GDNF in PLGA

microspheres

The different techniques led to a high production yield in all cases (72.4 = 7.0%
for W/O/W, 79.7 = 4.4% for S/O/W 1 and 80.2 + 3.9% for S/O/W 2). Scanning
electron microscopy showed spherical particles with different aspects in the
three formulations (Fig. 1A-C). Microspheres prepared by the W/O/W technique,
possessed irregular surfaces with large concavities. On the contrary, the S/O/W
1 method produced microparticles with smooth surfaces and absence of pores.
When Vit E was included in the inner O-phase (S/O/W 2), microspheres
remained spherical and a large number of small pores were observed on the

surface. The mean particle size values obtained for the three formulations
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ranged from 19 to 26 um (Table 1), which is suitable for administration as

suspension through standard injection needles (27-34G)33.

W/O/W non-sterilized MS W/O /W sterilized MS (at low temperature) 'W/O/W sterilized MS (at room temperature) G

S/0/W 1 non-sterilized MS

$/0/W 2 non-sterilized MS

C. &
(’ YL

P

n &

Fig. 1: SEM images of microspheres (non-irradiated and irradiated at low or
room temperature) generated with the following three methods. W/O/W (A, D
and G), S/IO/W 1 (B, E and H) and S/O/W 2 (C, F and I). An example of the

particle size distribution has been included for each formulation.

Mean particle size (um)

CONDITIONS W/O/W S/O/W 1 S/OIW 2
Non-sterilized MS 26.11 + 1.14 2255 + 265 19.80 + 1.03
(at I?)t/srtigﬁp?elr\:l?ure) 25.23£1.19 24222195 2052116
Sterilized MS 2567 +1.60 22.09 + 3.90 20.39+1.29

(at room temperature)
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Table 1: Mean particle size presented as the diameter of the volume

distribution. The data are shown as mean + SD.

Encapsulation efficiency, in vitro release of GDNF and degradation of

microspheres:

Table 2 summarizes the GDNF loading data of the particles elaborated by the

different emulsification techniques.

The inclusion of the neurotrophic factor GDNF in its molecular state (dissolved
in the inner phase of the first emulsion) (W/O/W) resulted in higher
encapsulation efficiency (30.0 £ 0.9%) when compared to that obtained when
the protein was included as a solid in S/IO/W 1 (23.4 + 0.5%). The inclusion of
Vit E in the inner phase of the S/O/W 2 preparation increased the protein
entrapment rendering similar values to the double emulsion technique (30.4 +
1.1%).

Protein content (ng GDNF/mg MS)

CONDITIONS W/O/W S/O/wW 1 S/OIW 2
Non-sterilized MS 273409 21.4+05 27.7+1.0
Sterilized MS
(at low temperature) 8809 130+21 100204
Sterilized MS 54+0.1 52+0.2 74+14

(at room temperature)

Table 2: GDNF encapsulation values obtained for each formulation. The data

are shown as mean * SD.
The cumulative in vitro release profiles of GDNF from microspheres fabricated

by the different techniques are shown in figure 2. The profile obtained showed

the typical triphasic shape of PLGA systems for the three formulations.
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Protein content: 21.4 + 0.5 ng GDNF/mg MSs

100

90

80

70

60

% released GDNF

50

40

Protein content: 27.7 + 1.0 ng GDNF/mg MSs

30

Protein content: 27.3 + 0.9 ng GDNF/mg MSs

Fig. 2: Cumulative GDNF release profile (%) for microspheres prepared by
each of the three techniques: W/O/W (o), S/IO/W 1 (m) and S/O/W 2 (m).
Release media: PBS (pH 7.4) with 1.0% of BSA and 0.02% Sodium Azide.

According to table 3A, the initial phase was characterized by a burst effect

(protein release during the first 24 hours of the release assay) followed by a

short rapid release period (1 week for W/O/W and 2 weeks for S/IO/W 1 and

S/O/W 2), and a second long period of slow release. In the third phase, the

release rate was clearly higher for the W/O/W formulation in comparison to

S/IO/MW 1 and S/O/W 2. The protein remaining after the third phase
progressively the

pgGDNF/mgMS/day,

released
48 +

until

the end of

assay:
0.4 pgGDNF/mgMS/day and 14.4 =

223 £

was

1.3
0.4

pgGDNF/mgMS/day for W/O/W, S/O/W 1 and S/O/W 2 respectively (Fig. 3A).

Phases W/O/W S/O/W 1 S/IO/W 2
Phase | Burst: 16.1 + 0.1 Burst: 12.7 £ 0.2 Burst: 19.3 + 0.8
ngGDNF/mg MS ngGDNF/mg MS Day 1- | ngGDNF/mg MS
Day 1-7: 14: Day 1-14:
210.5+10.1 362.4 +44.3 274.6 +36.9
pgGDNF/mg MS/day | pgGDNF/mg MS/day pgGDNF/mg MS/day
Phase Il Day 8-56: Day 15- 42: Day 15- 49:
21312 23.9+2.0 pgGDNF/mg | 16.4+4.9
pgGDNF/mg MS/day | MS/day pgGDNF/mg MS/day
Phase lll | Day 57-84: Day 43-84: Day 50-98:
292.4+12.3 65.0 £ 1.7 pgGDNF/mg | 95.7 £ 7.6
pgGDNF/mg MS/day | MS/day pgGDNF/mg MS/day
(A)
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Phases W/O/W S/O/W 1 S/IO/W 2

Phase | Burst: 5.5+ 1.3 Burst: 9.1+ 0.5 Burst: 11.5 £ 0.8
ngGDNF/mg MS ngGDNF/mg MS ngGDNF/mg MS
Day 1-7: Day 1-14: Day 1-14:
449+ 4.6 154.1 +11.0 246.3+76.4
pgGDNF/mg MS/day | pgGDNF/mg MS/day pgGDNF/mg MS/day

Phase Il Day 8-56: Day 15-42: Day 15- 49:
3.3+04 11.8+0.4 6.7 + 0.3 pgGDNF/mg
pgGDNF/mg MS/day | pgGDNF/mg MS/day MS/day

Phase lll | Day 57-84: Day 43-84: Day 50-98:
335+99 18.8+4.3 13.4 £ 1.5 pgGDNF/mg
pgGDNF/mg MS/day | pgGDNF/mg MS/day MS/day

(B)

Phases W/O/W S/O/W 1 S/IO/W 2

Phase | Burst: 2.4 £ 0.0 Burst: 3.2 £ 0.2 Burst: 5.1 + 0.3
ngGDNF/mg MS ngGDNF/mg MS ngGDNF/mg MS
Day 1-7: Day 1-14: Day 1-14:
119+1.1 18.4+5.7 104.9+2.7
pgGDNF/mg MS/day | pgGDNF/mg MS/day pgGDNF/mg MS/day

Phase Il | Day 8-56: Day 15-42: Day 15- 49:
1.2+09 2.8 £ 0.1 pgGDNF/mg | 1.7 £ 0.6 pgGDNF/mg
pgGDNF/mg MS/day | MS/day MS/day

Phase lll | Day 57-84: Day 43-84: Day 50-98:
10.0+5.5 9.4+ 0.4 pgGDNF/mg | 7.1 + 1.3 pgGDNF/mg
pgGDNF/mg MS/day | MS/day MS/day

©

Table 3: Release rate of GDNF from both unsterilized (A) and sterilized

microspheres ((B) at low temperature (C) at room temperature) fabricated using

three different methods (W/O/W, S/O/W 1 and S/O/W 2).

t (days)

180 1

160 A

140 A

120 A

100 A

80 A

pg GDNF/mg MS/day

60 A

40 A

20 1

(b)

t (days)
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Fig. 3: Release rate of GDNF from microspheres generated by W/O/W (A),
S/IO/W 1 (B) and S/O/W 2 (C) in the each of the different conditions: non
sterilized microspheres (m), sterilized microspheres (with dry ice) (=) and
sterilized microspheres (at room temperature) (m).

The evolution of the polymer molecular weight in the microspheres prepared by
the S/O/W 2 technique was evaluated by GPC. Spheres were incubated in the
release media following exactly the same protocol used for the protein release
studies. A homogeneous Mw reduction of PLGA (initial Mw 35076.8 + 292.4
g/mol) occurred across each condition during the first 28 days, which led to a
critical molecular weight of 13445.5 + 566.4 g/mol (Fig. 4A).
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Fig. 4. Evolution of mean molecular weight (Mw) of (A) non-sterilized
microspheres (- - -), (B) microspheres sterilized at low temperature (—) and (C)
microspheres sterilized at room temperature (-----) generated by S/O/W 2 upon
exposure to PBS (pH 7.4), 1% BSA and 0.02% Sodium Azide at 37°C.

Sterilized microspheres:

Regardless of sterilization conditions or fabrication process, the morphology of
microspheres was unmodified by the sterilization procedure (Fig. 1D-I).
Moreover, no changes in the mean particle size were detected (P = 0.73, P =
0.66 and P = 0.79 for W/O/W, S/O/W 1 and S/O/W 2 respectively) (Table 1).
The protein content in the microspheres after gamma irradiation was reduced in
all formulations (Table 2). The percentage of protein contained into the
microspheres sterilized in presence of dry ice was decreased by 68% for
W/O/W and 40% for both S/IO/W 1 and S/O/W 2, as determined by ELISA
guantification. When irradiation was performed at room temperature, only 20%,
24% and 27% of the initial loaded protein was quantified for W/O/W, S/O/W 1
and S/O/W 2 preparations respectively.

The effect of gamma irradiation on the GDNF release profile for each of the

three different types of microspheres was investigated (Fig. 3 and Table 3B-C).
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The biotechnological product released from microspheres after sterilization (at
room and low temperature) maintained the triphasic profile. However, the initial
burst release increased for the three formulations. Although no changes in the
periods of time of each phase were identified, a reduction in the GNDF release
rates was observed for W/O/W and S/O/W 1 microspheres during the first
phase of the release assay. This was not the case of the S/O/W 2 formulation
that released the same amount of GDNF during the first 14" days, both before
and after sterilization when the samples were protected with dry ice (Table 3).
Afterwards, significantly lower amounts of protein, compared with non sterilized
microspheres, were progressively released until the end of the assay (133 days)
for all microsphere batches: 57 = 0.6, 32 +* 01 and 21 = 0.0
pgGDNF/mgMS/day for W/O/W, S/O/W 1 and S/O/W 2 formulations sterilized at
low temperature and 1.7 + 1.1, 1.4 £ 0.1 and 1.0 £ 0.7 pgGDNF/mgMS/day for
W/O/MW, SIO/W 1 and S/O/W 2 formulations sterilized at room temperature.

When the PLGA molecular weight from microspheres prepared according to
S/IO/MW 2 method was quantified by GPC after sterilization, a significant
reduction (from 35076.8 + 292.4 g/mol to 28441.0 + 279.3 g/mol) was observed.
The reduction in PLGA Mw was similar for microspheres sterilized both at room
temperature and with dry ice (Fig 4B-C). The evolution of the microsphere
morphology at different time points of the release assay (Oh, 1h, 4, 7 and 12
weeks) is shown in Fig 4. As it can be seen, microspheres significantly changed
their initial shape at 6 weeks. Subsequently, a shapeless mass of polymer was

observed at 8 weeks of the release study.
Western blot analysis:

Western blot analysis was carried out to evaluate the structural integrity of
encapsulated protein before and after sterilization process (in presence or
absence of dry ice) for W/O/W and S/O/W 2 microspheres. In non-reducing
conditions, bands for the native dimer (25-37 kDa) appeared for samples
obtained from both W/O/W and S/O/W 2 formulations. In both cases, additional
bands of approximately 15-20 kDa were also detected, demonstrating that the

quaternary structure of this labile protein was modified.
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Fig. 5: Analysis of GDNF structural integrity by western blot using non-reducing
and reducing conditions: (A) GDNF, (C) GDNF from W/O/W microspheres
(sterilized at room temperature, SRT), (E) GDNF from W/O/W microspheres
(sterilized at low temperature, SLT), (G) GDNF from W/O/W microspheres (non
sterilized, NS), (C") GDNF from S/O/W 2 microspheres (sterilized at room
temperature, SRT), (E") GDNF from S/O/W 2 microspheres (sterilized at low
temperature, SLT), (G") GDNF from S/O/W 2 microspheres (non sterilized, NS)
employing non-reducing conditions: (B) GDNF, (D) GDNF from W/O/W
microspheres (sterilized at room temperature, SRT), (F) GDNF from W/O/W
microspheres (sterilized at low temperature, SLT), (H) GDNF from W/O/W
microspheres (non sterilized, NS), (D) GDNF from S/O/W 2 microspheres
(sterilized at room temperature, SRT), (F) GDNF from S/O/W 2 microspheres
(sterilized at low temperature, SLT), (H) GDNF from S/O/W 2 microspheres

(non sterilized, NS) employing reducing conditions.

In vitro bioassays

Bioactivity assays were performed to determine the biological activity of the

protein after microencapsulation, sterilization, and release. To test, mouse
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retinal cells were exposed to GDNF released from microspheres generated by
each of the different techniques and sterilization conditions (non sterilized,
sterilized at low temperature and sterilized at room temperature). As shown in
figure 6, when comparing the three methods employed (W/O/W, S/O/W 1 and
S/IO/W 2), significantly less retinal cell death (P<0.001) was always observed at
40 h post-plating when cells were cultured in the presence of GDNF released
from microspheres fabricated by the S/O/W 2 method. Biological activity of
GDNF at 250 pg (detected by ELISA) from non sterilized microspheres
fabricated by the S/O/W 2 method resulted in a lower retinal cell death (8.2%)
compared with S/O/W 1 (15.9 %) and W/O/W (20.4%). Similarly, the retinal cell
survival detected using GDNF released from sterilized microspheres, protected
and non protected with dry ice, (70 pg and 5 pg GDNF determined by ELISA,
respectively) was significantly higher (p<0.001) for the S/O/W 2 technique when
compared to the W/O/W and S/O/W 1 methods. The percentage of cell death
was resulted in 28.4% for W/O/W, 17.7% for S/O/W 1 and 14.1% for S/O/W 2 in
microspheres sterilized at low temperature and 31.3% for W/O/W, 24.3% for
S/O/W 1 and 19.5% for S/O/W 2 in microspheres sterilized at room temperature

(Fig. 6).
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Fig. 6: Analysis of GDNF function post-microsphere degradation. A-l: Tunel
assay performed on retinal cells culture in presence of released GDNF from
microspheres generated by W/O/W (A, D and G), S/IO/W 1 (B, E and H) and
S/IOMW 2 (C, F and 1) in each of the different conditions: non-sterilized
microspheres (A-C), sterilized microspheres (with dry ice) (D-F) and sterilized
microspheres (at room temperature) (G-I). J: Tunel assay performed on retinal
cells culture in presence of BSS. The amounts of GDNF cultured were 250 pg
(A-C), 70 pg (D-F) and 5 pg (G-l) according to ELISA quantification. (*** P <
0.001).

DISCUSSION

The encapsulation of neurotrophic factors in biodegradable PLGA microspheres
provides a desirable therapeutic approach for the treatment of chronic
neurodegenerative diseases. GDNF loaded PLGA microspheres have been
already prepared and tested for the treatment of Parkinson’s disease® or
glaucomatous optic neuropathy3l. The manufacturing of these formulations for
clinical use requires to either produced under aseptic conditions or terminally
sterilized. The goal of this study was to evaluate whether the use of the active
protein in its solid state combined with the inclusion of antioxidants would be
considered as a useful strategy to preserve the bioactivity of neurotrophic
factors such as GDNF after microencapsulation in PLGA microspheres and
subsequent sterilization by gamma irradiation. The technological approaches
can be extended to other biotechnological products encapsulated in PLGA

microspheres.

Biological activity of active agents is essential and it must be assured in all
steps of the microencapsulation process as well as after sterilization in the final
formulation. As the pharmacological activity of the protein can be substantially
altered due to the manufacturing conditions, the protection of the active agent
employing technological strategies is critical to avoid immunogenicity
complications35. Previous studies have demonstrated that the use of the protein
in its solid state can reduce non-desired denaturation and the aggregation

phenomena observed after its dissolution and posterior precipitation® .
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Three solvent evaporation methods, W/O/W, S/O/W 1, and S/O/W 2 (including
Vit E), were applied to prepare PLGA microspheres containing GDNF. In the
W/O/W method, the neurotrophic factor was first dissolved in the aqueous
internal phase (W;: PBS, pH 7.4). On the contrary, in the S/O/W methods,
GDNF was encapsulated in its solid state, employing very mild conditions (short
time, low power and low temperature) to reduce cavitation stress during the
formation of a homogeneous suspension of the protein (Scheme 1). GDNF was
dispersed as solid in a volume of vitamin E in the inner phase of the emulsion

(S/IO/W 2 technique) resulting both compounds entrapped in the microspheres.

As expected, the different microencapsulation techniques employed had a
significant effect on GDNF entrapment, as well as release kinetics. The W/O/W
technique has been described as the most efficient means of loading PLGA

microspheres with water-soluble proteins® ® "%

. In our conditions, the inclusion
of GDNF in the aqueous solution (W/O/W) led to an encapsulation efficiency of
around 30%. Although this method allows protein loading up to 90%, the
optimization of the procedure was beyond the scope of these experiments.
Regarding the content of GDNF in the PLGA microspheres prepared with the
solid protein, it is interesting to note that the inclusion of Vit E in the inner phase
of the emulsion (S/O/W 2 method) had a beneficial effect increasing the amount
of protein encapsulated compared to the S/O/W 1 technique. As shown in a
previous report, the higher entrapment observed could be related to the
disposition of the fatty additive close to the particle surface®!, which might
reduce the diffusion of the protein to the external phase during particle
hardening. The cumulative in vitro release profiles of GDNF from microspheres
fabricated by the diverse techniques showed the typical triphasic shape
characteristic of PLGA systems.

Injectable drug delivery systems loaded with biological products require

effective sterilization. Gamma irradiation is one of the most widely used and

23, 33, 39, 40

effective sterilization procedures available . However, ionizing radiation

can have effects on the biodegradable polyesters, mainly by the formation of
reactive radicals that might compromise the active substances included in these

41, 42

systems . Therefore, one approach to optimize the irradiation process could
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be the addition of substances able to protect the protein from the reactive
oxygen species (ROS) produced as by-products of irradiation®’. In this sense,
the use of an oxidation scavenger (ascorbate) has previously been shown to
prevent radical induced degradation, favoring the stability of the proteins in
gamma sterilized plasma sample524. To our knowledge, this is the first study in
which the microencapsulation of an active protein (GDNF) in its molecular or in
its solid state are compared in terms of biological activity after gamma
sterilization as well as the beneficial effects of an antioxidant (Vit E) included in
the formulation as a potential protection agent against bioactivity loss of the

microencapsulated protein.

The effect of gamma-irradiation on GDNF release profile from microspheres
prepared by the different methods led to a higher initial burst for the three
formulations. These results are in accordance with a previous work in which a
higher burst effect release of the peptide rhiGF-1 (insulin like growth factor-I)
was observed for irradiated microspheresle. Other authors also observed a
faster release of the microencapsulated peptide (SPf66) after irradiation®. In
the present work, comparing the three methods employed to fabricate the
microspheres, the release rate of the protein after sterilization was less modified
using the S/O/W 2 technique. During the first period of the release assay (1-14
days), the amount of GDNF released from the S/O/W 2 microspheres remained
practically unchanged after y-sterilization (protected with dry ice), with values of
274.6 + 36.9 pg GDNF/mg MS/day for non sterilized microspheres and 246.3 +
76.4 pg GDNF/mg MS/day for microspheres sterilized at low temperature. In
contrast, a significant reduction (more than two fold) was observed for the
GDNF released from microspheres prepared according to W/O/W and S/O/W 1

techniques for the first 7 and 14 days of the release assay, respectively.

Since the successful development of injectable drug delivery systems
containing proteins requires the protection of the protein biological function
throughout microencapsulation and sterilization, the structural integrity and
biological activity of GDNF into the microspheres were analyzed.
Electrophoresis studies demonstrated the existence of bands corresponding to

native protein (25-37 kDa) and additional bands for monomers (15-20 kDa),
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indicating structural changes in the protein. However, we cannot assure that the
modifications observed were consequence of microencapsulation and
sterilization because GDNF was extracted from the microspheres with the help
of an organic solvent (methylene chloride). It is well known that this condition
often perturb protein structure, inducing protein aggregates and/or accelerate

chemical degradation®”.

The most relevant results of the present study are related to functional activity
of GDNF in their potential target cells (retinal cells) from the different
formulations and conditions. In all cases, the S/IO/W 2 formulation seemed to
offer better perspectives, according to the evaluation of retinal cell survival of
GDNF released from the three formulations. In bioassays, equal amounts of
GDNF (quantified by ELISA) released from each formulation in each condition
(non sterilized, sterilized at low temperature and sterilized at room temperature)
were compared. Three different amounts of the biotechnological product (250
pg for NS, 70 pg for SLT and 5 pg for SRT) were tested. In all cases, the cell
survival resulted always higher for the GDNF released from the S/O/W 2
microspheres. However, considering that ELISA can determine both monomers
and dimers and only the latest are active, the higher bioactivity observed for the
protein released from all microspheres prepared by the S/O/W 2 technique
would be related to a more preservation of the native structure due to the use of

protein in its solid state and the inclusion of antioxidants.
CONCLUSIONS

Although none of the systems proposed achieved with the goal of totally retain
the structural integrity of GDNF, the use of solid proteins in combination with
antioxidants, can be considered an appropriated start-point to develop
formulations able to preserve the biological activity of microencapsulated
biotechnological products after sterilization by gamma irradiation at low

temperature (-78°C).
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4.3 Anti-angiogenic effect of glial cell line-derived neurotrophic factor
(GDNF)-vitamin E combination encapsulated in a novel microsphere
delivery system.

P. Checa-Casalengua, C. V. Regatieri, I. Bravo-Osuna, |.T. Molina-Martinez,
M.M. Puebla-Gonzalez, R. Herrero-Vanrell, M. J. Young.
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ABSTRACT

Purpose: To develop a novel microsphere long-term delivery system combining
neurotrophic factors and vitamin E, for alternative or complementary therapy to
the administration of anti-VEGF agents in the treatment of retinopathies

involving vascular growth.

Methods: Poly(lactic-co-glycolic) acid PLGA microspheres loaded with a
combination of GDNF/Vit E or GDNF/BDNF/Vit E were prepared by an solid-in-
oil-in-water (S/O/W) solvent evaporation method in a micro-range of 20-40 pm.
Microspheres were characterized in terms of size, morphology and in vitro
release studies. Cytotoxicity of the systems was evaluated in both, human
umbilical vein endothelial cells (HUVECs) and adult human retinal pigment
epithelial (ARPE-19) cell lines. Subsequently, the anti-angiogenic effect of the
microspheres was explored by measurement of the inhibition of capillary tube

formation of endothelial cells (HUVECS).

Resuslts: The encapsulation method led to GDNF/VitE and GDNF/BDNF/VitE
microspheres (MSs) of 25um size. The protein loading for neurotrophic factors
in both formulations were 14.4 + 1.2 ng GDNF/mg MSs (15.8 + 1.3 %) for
GDNF/Vit E microspheres and 29.8 + 3.2 ng GDNF/mg MSs (22.3 + 2.4 %) and
146 + 1.9 ng BDNF/mg MSs (17.29 + 2.3%) for GDNF/BDNF/VitE
microspheres. Furthermore, the vitamin E content was also estimated to be
86.9 £ 0.2 pg Vit E/mg MSs for GDNF/Vit E microspheres and 159.9 + 2.7 ug
Vit E/mg MSs for GDNF/BDNF/Vit E microspheres. The PLGA microspheres
were able to deliver the neurotrophic factors in a sustained manner for 12
weeks and did not show any cytotoxic effects in ARPE-19 and HUVEC cells
lines. Tube formation experiments demonstrated that the novel microsphere
system GDNF/Vitamin E prepared in this work possessed anti-angiogenic
properties. However, the inclusion of the neuroprotective agent BDNF in the

formulation did not offer any benefit in terms of reduction of tube length.
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Conclusions: The GDNF-Vitamin E combination in a novel microsphere
delivery system emerges as a promising therapeutic approach that can be used
as alternative or complementary to the administration of anti-VEGF agents in
the treatment of CNV associated to AMD as well as in other retinopathies
involving vascular growth.

KEYWORDS: GDNF, BDNF, Vitamin E, anti-angiogenic effect, microspheres.
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INTRODUCTION

In the industrialized world, age-related macular degeneration (AMD) is the
leading cause of severe vision loss in individuals over 60 years of age’. In
exudative or neovascular AMD, new capillaries sprout from the choroid through
Bruch’s membrane and enter the retina®. Choroidal neovascularization (CNV) is
a complex process controlled by numerous angiogenic agents such as growth
factors, cytokines and extracellular cell matrix (ECM) components3' *. Inhibition
of angiogenesis is critical in the prevention and treatment of neovascular age-

related macular degeneration (AMD)°.

Currently, intravitreous administration of anti-VEGF (Vascular Endothelial
Growth Factor) monoclonal antibody therapy is in use®, even though the
treatment is not totally effective and it is necessary to combine biologic
therapies to improve the quality and duration of responses while reducing
frequency of treatments and diminishing side effects’. Furthermore, recent
research suggests that repeated exposure to these drugs may damage retinal
neurons® °. In its natural course, AMD results in a submacular fibrotic scar,
causing degeneration of the sensory retina and photoreceptor loss in the
macula’. Therefore, one therapeutic approach for vascular retinal diseases
should be one in which simultaneously mitigates choroidal angiogenesis and
protects retinal neurons. Follow this tendency, some authors have pointed out
the benefits of neuronal protection in neovascularization diseases. In this sense,

the use of neurotrophic factors becomes an interesting implement.

The neuroprotective effect of factors such as GDNF (Glial cell line-derived
neurotrophic factor), BDNF (Brain-derived neurotrophic factor) or CNTF (Ciliary
neurotrophic factor) has been extensively reported, with a recognized potential
for the treatment of a wide variety of neurodegenerative diseases™*°.
Furthermore, recent studies have demonstrated that some of them, GDNF for
example, showed some effects at vascular endothelium level’’, so the
administration of this neurotrophic factor indicated an additional benefit in the

maintenance of the blood-retinal barrier in diseases such as age-related
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macular degeneration (AMD) or diabetic retinopathy (DR). However, the
advantage of using neuroprotective factors in AMD is not only limited to
complementary therapy. This is the case of PEDF (Pigment epithelium-derived
factor), presenting neuroprotective and anti-angiogenic  properties.
Nevertheless, under the best knowledge of the authors there is not reported an

anti-angiogenic activity for other neuroprotective agents as GDNF or BDNF.

In parallel, as cumulative oxidative damage has been proved to be a possible
cause of AMD, another therapeutic strategy is the reduction of oxidant

1819 Furthermore,

substances, currently being tested in undergoing clinical trials
local delivery of antioxidants is an area of current interest, avoiding secondary
effects of oral antioxidant supplementation®’. Hence, one interesting approach
would be the co-administration of antioxidant agents and neurotrophic factors in

a local delivery manner in formulations intended for AMD.

Under the therapeutic point of view, the treatment of chronic diseases, such us
AMD, requires an effective concentration of the active agents in the target side
for prolonged periods of time. However, it is difficult to achieve this purpose via
topical or systemic administration. The intravitreal injection of drugs is the most
accepted method to treat vitreoretinal disorders, nevertheless a high dose and
repeated injections are necessary to maintain drug levels in the therapeutic

range?* %,

Biodegradable microparticulate systems possess several
characteristics that make them interesting as drug delivery vehicles. First,
microspheres provide an alternative to multiple injections, controlling the
release of the active substances over time and consequently, reducing the
frequency of intraocular injections a patient must endure each year and the
associated risks as retinal detachment, endophthalmitis, vitreous hemorrhage
and cataract™. Furthermore, they are biocompatible and practically inert into the

vitreous cavity, showing good tolerabilityzs' 26

. In addition, these systems can be
easily eliminated from the bodyzz. According to that, the use of microspheres
made with poly (lactic-co-glycolic) acid (PLGA) and loaded with neurotrophic
factors and antioxidants emerges as a promising strategy in the treatment of

this chronic disease.
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As the neuroprotective effects of GDNF and BDNF are well established, the aim
of the present work was to test the potential usefulness of the neurotrophic
factor, GDNF alone and in combination with BDNF, released from sustained
delivery systems as a new therapy against the angiogenic components of CNV.
To this, PLGA microspheres loaded with a combination of GDNF and Vit E or a
combination of GDNF, BDNF and Vit E were prepared and characterized. As
angiogenesis process involves endothelial cell migration and proliferation®, the
potential anti-angiogenic effect of these systems was explored by measurement
of the inhibition of capillary tube formation of endothelial cells. Prior to that, the

citotoxicity of the systems were evaluated in both, endothelial and retinal cells.
MATERIALS AND METHODS
MATERIALS

Recombinant Human GDNF, Recombinant Human BDNF and the ELISA
(enzymo-linked inmunosorbant assay) kits for GDNF and BDNF quantification
were supplied by R & D Systems (Minneapolis, MN USA). Poly-(D,L-lactide-co-
glycolide) PLGA ratio 50:50 (Resomer® 503) was purchased from Boehringer
Ingelheim (Pharma Co., Germany). Polyvinyl alcohol 72,000 g/mol (PVA) was
supplied by Merck KGaA (Darmstadt, Germany). a-tocopherol acetate (Vit E)
was obtained from Sigma-Aldrich (Schnelldorf, Germany). Matrigel was
purchased from BD Biosciences (Bedforf, Massachusetts, USA). All other

chemicals were reagent grade and used as received.
METHODS
Microspheres elaboration

GDNF/Vit E and GDNF/BDNF/Vit E-loaded PLGA microspheres (MSs) were
prepared using the S/O/W emulsion-solvent evaporation technique previously
described®’. The first formulation was performed suspending 20 pg of
recombinant human GDNF in 20 ul of Vit E. In the second one, 35 pg of

recombinant human GDNF and 20 pg of recombinant human BDNF were
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suspended in 40 ul of Vit E. In both cases, the suspensions were carried out
throughout gentle sonication at low temperature (Sonicator XL, Head Systems,
lowa, USA) for 30 sec in order to reduce the risk of proteins alteration®®. The
formed suspensions were mixed with 1 ml of PLGA solution in methylene
chloride (20 % w/v). The so-prepared organic phases were emulsified with 5 ml
of PVA MilliQ® water solution (2% wi/v). Both emulsifications were performed in
a homogenizer (Poly'cron® RECO, Kinematica GmbH PT 3000, Lucerna,
Switzerland) at 5,000 rpm for 1 min. The resulting S/O/W emulsions were
subsequently poured onto 100 ml of an aqueous PVA solution (0.1%) and
continuously stirred for 3 hours at room temperature, to allow complete
evaporation of the organic solvent. Once formed, microspheres were washed
with MiIIiQ® water to eliminate the PVA and separated according to their particle
size by filtration under vacuum conditions using different sieves sizes filters (20
and 40 um). Solid particles were rapidly frozen (methanol/ice mixture) and
freeze-dried to obtain a free flowing powder. The dried microspheres were kept
at -20 °C under dry conditions until use. Vit E microspheres were prepared in
the same manner that GDNF/Vit E microspheres except that no neurotrophic
factor was included. Additionally, blank microspheres without neurotrophic

factors and Vit E were fabricated.

Microspheres sterilization

Microspheres were placed in glass vials. The vials were labelled and packed
surrounded with dry ice into a polyurethane container, assuring a low
temperature during de irradiation process. All samples were irradiated using
®Co as the irradiation source in the Gamma Sterilization Unit of Aragogamma
S.A. (Barcelona, Spain). Following the EMA recommendations, a dose of 25
kGy was applied to ensure an effective sterilization®®.

Microspheres characterization

The Production yield percentage (PY%) of each batch was calculated.
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Morphological evaluation. The morphology of microspheres was evaluated by
scanning electron microscopy (SEM; Jeol, JSM-6335F, Tokyo, Japan).

Microspheres were gold sputter-coated before observation.

Mean particle size and particle size distribution were measured by light
scattering in a Microtrac® S3500 Series Particle Size Analyzer
(Montgomeryville, PA, USA). A suitable amount of freeze-dried microspheres
was suspended in deionized water. The average particle size was expressed as

the volume mean diameter in micrometers + SD for 3 measurements per batch.

Encapsulation efficiency of neurotrophic factors: The content of
encapsulated proteins in PLGA microspheres was determined by a liquid/liquid
extraction method. Briefly, 5 mg of microspheres were placed in 0.7 ml of
methylene chloride. Once the polymer was completely dissolved, 0.7 ml of PBS
7.4 and BSA 1% (diluent reactive provided in the ELISA kit) was added and the
mixture was shaken in order to extract the proteins from the organic solution.
After centrifugation at 7880 g for 15 min, the aqueous phase was collected and
the GDNF and BDNF content in the solution was quantified using ELISA
technique. The liquid/liquid extraction was repeated four times to recuperate the
totally of the entrapped proteins and the assays were performed in triplicate.
The amount of proteins recovered in each formulation was divided by the total

mass added in the formulations to calculate proteins loading efficiency.

Encapsulation efficiency of Vit E: 10 mg of microspheres were dissolved with
1 ml of methylene chloride. Then, 4 ml of ethanol was added and mixed in a
vortex for 1 min to precipitate the polymer and dissolve a-tocopherol acetate.
The mixture was centrifuged (8500 g, 15 min), and the supernatant was filtered
through a 0.45 pm syringe filter. Assays were performed in ftriplicate. a-
tocopherol acetate content in the filtrate was determined by HPLC technique.
HPLC was performed on a Waters 717 Plus system using a Tracer Extrasil
ODS2 column (5 pm, 25 mm x 0.4 mm, Tecknokroma), and methanol-water
(97:3 v/v) as mobile phase (1.5 ml/min). Absorbance was monitored at 294 nm
(UV detector, Waters 486). The column was eluted in isocratic conditions over

18 min. Data acquisition and peak areas were determined with the Empower
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Login software. The concentration of Vit E was calculated from a calibration
curve between 100-500 pg/ml. The absence of adsorption of Vit E to filters was

previously checked.

In vitro release studies of neurotrophic factors: For determination of
proteins release profiles, 5 mg of microspheres were suspended in 1.5 ml of
PBS pH 7.4 containing 1.0% BSA and microbiologically preserved with 0.02%
Sodium Azide. Incubation took place in “Low binding” Eppendorf® vials
maintained at 37°C in a shaker with a constant agitation of 100 rpm (Clifton
Shaking Bath NE5, Nikel Electro Ltd Avon United Kingdom). At defined time
intervals (1h, 24h and one at week until the end of the assay) the microsphere
suspensions were centrifuged at 490 g for 3 min and the supernatants were
removed and replaced by an equal volume of fresh medium to continue the
release test. The released proteins were analysed by ELISA previous dilution
with the diluent reactive provided in the ELISA kit to obtain a protein
concentration in the suitable ranges (15-1000 pg/ml for GDNF and 24-1500
pg/ml for BDNF).

Cell culture and cytotoxicity assay: Adult human retinal pigment epithelial
cells (ARPE-19) were grown in basal DMEM/F12 medium (Invitrogen, San
Diego, CA) containing 10% fetal bovine serum (Invitrogen, San Diego, CA), 15
mM HEPES, 2.0 mM L-glutamine, 0.5 mM sodium pyruvate, and 20 mM sodium
bicarbonate. Human umbilical vein endothelial cells (HUVEC) were grown in
F12 medium (Invitrogen) containing 10% fetal bovine serum (Cultilab) and 20
mM sodium bicarbonate 26. Cytotoxicity was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. For this
assay, 10° ARPE-19 cells or 2x10* HUVEC cells were seeded in 96-well plates
and cultured for 5 days. Afterwards, the medium was removed and fresh
medium containing different amounts of Vit E microspheres (40 and 80 pg in
200 pL/well), GDNF/Vit E microspheres (40 and 80 pg in 200 pL/well) and
GDNF/BDNF/Vit E microspheres (40 and 80 pg in 200 pL/well) were added to
the wells, and the cells maintained for 24 hours at 37°C, 5% CO, in a humidified

incubator. Subsequently, the cells were washed with PBS and serum-free
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medium containing MTT (0.5 mg/mL) added. After 2 hours of incubation,
isopropanol extraction was performed and the absorbance measured at 570 nm
with an ELISA reader (ELx800 BioTek Instruments, Winooski, VT).

Capillary-like tube formation on reconstituted basement membrane:
Matrigel (BD Matrigel Matrix, BD Bioseciences, Bedforf, Massachusetts, USA)
was thawed at 4°C on ice and plated on the bottom of 24 well-plates, and left at
37°C for 16 hours for gelification. HUVECs (105 cells) were seeded on Matrigel
in F12 medium containing 10% FBS and different amounts of heparinoid (90,
900, 9000 ng/mL) or saline (control). The cultures were maintained at 37°C in a
2.5% CO, humidified atmosphere for 24 hours®. Taking into consideration that
the volume of rat vitreous is approximately 50 pL31, the concentrations of the
heparinoid used for the cells mimic those used in direct intravitreous injection
showed bellow. Each treatment was performed in triplicate. Tube formation was
examined under an inverted light microscope at 100x magnification. Three
images were randomly taken in different areas and quantified by two different
observers. The total length of connected cells forming tubular structures on the
matrigel was measured and determined using image analysis software (Image

J, NIH, Bethesda, MD, USA) expressed as mm tube Iength/cm2 area.
RESULTS
Microspheres characterization

The encapsulation method proposed in this work leaded to a high production
yield in both formulations 76.3 + 3.4% for GDNF/VitE microspheres and 79.9 +
2.4% for GDNF/BDNF/ViItE microspheres. The morphology of the sterilized
microspheres was evaluated by scanning electron microscopy (Fig. 1A). In all
cases spherical particles were obtained showing some porous on the surface.
Microspheres were performed in the micro-range 20-40 um. The particle size
distribution evaluation, observed in Fig. 1B, denoted a mean particle size of
25.0 £ 0.9 pum for GDNF/VitE microspheres and 255 = 0.4 pm for
GDNF/BDNF/VitE microspheres.

165



Anti-angiogenic effect of GDNF-vitamin E combination loaded microspheres

Fig. 1A

w
=]
w
=

(a) (b)

ra ra
=) o
=) [
=] el

—
o
-
73]

Volume %
=
=]
Volume %
=
(=]

w
[

Y 04004

=]

=}

n
én

1 10 100 1000 1 10 100 1000

Diameter um Diameter um

Fig. 1B

Fig 1. (A) SEM image of GDNF/Vit E microspheres (a) and GDNF/BDNF/Vit E
microspheres (b). (B) Particle size distribution of GDNF/Vit E microspheres (a)
and GDNF/BDNF/Vit E microspheres (b).

In vitro release studies

The protein loading for neurotrophic factors in both formulations were 14.4 + 1.2
ng GDNF/mg MSs (15.8 * 1.3 %) for GDNF/Vit E microspheres and 29.8 * 3.2
ng GDNF/mg MSs (22.3 + 2.4 %) and 14.6 + 1.9 ng BDNF/mg MSs (17.29 +
2.3%) for GDNF/BDNF/VitE microspheres. Furthermore, the vitamin E content
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was also estimated to be 86.9 + 0.2 ug Vit E/mg MSs for GDNF/Vit E
microspheres and 159.9 = 2.7 pg Vit E/mg MSs for GDNF/BDNF/Vit E
microspheres. According to Fig. 2, the initial burst effects released in the first
24h were 11.3 = 0.3 ng GDNF/mg MSs for GDNF/Vit E microspheres and 27.5
+ 0.4 ng GDNF/mg MSs and 10.7 + 0.1 ng BDNF/mg MSs for GDNF/BDNF/Vit
E microspheres. After that, a rapid release short phase until 2 weeks was
observed in both proteins for both formulations. The progressive surface
erosion of microspheres would provoke the sustained proteins release observed
for the following 34 days for GDNF and 69 days for BDNF. Finally, a rapid
release was observed for GDNF until the end of the assay (day 84) (Table 1).

167



Anti-angiogenic effect of GDNF-vitamin E combination loaded microspheres

15 4

14 4

13 4

12 4

11 A

10 +

ng GDNF/mg MSs

=)

Fig 2A

33 q
32 A
31 A
30 A
29 1
28 1

ng GDNF/mg MSs

27 A
26 A
25 1

20

40 60
t (days)

80

100

24

14 4

13 4

12 A

ng BDNF/mg MSs

11 A

40 60
t (days)

80

10
0

Fig 2B

20

40 60
t (days)

100

100

pg GDNF/img MSs/day

200
180
160
140
120
100
=
0

4
20

0

0 20 40 60 80 100
t(days)

N
5]
1=}

—
=1
S o
P

pg GDNF/mg MSs/day
® 3 :

P =
885288

20 40 60 80 100
t(days)

)
@ o
S S

g
= 60
w
2 404
B a0
-
—
g —
g w0
20
0 . ; - - ,
0 20 40 60 80 100
t(days)

Fig 2. (A) Cumulative GDNF release profile (ng GDNF/mg MSs) and release
rate of GDNF (pg GDNF/mg MSs/day) from GDNF/Vit E microspheres. (B)
Cumulative GDNF and BDNF release profile (ng GDNF or BDNF/mg MSs) and
release rate of GDNF and BDNF (pg GDNF or BDNF/mg MSs/day) from
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GDNF/BDNF/Vit E microspheres. GDNF (m) and BDNF (o). Release media:

PBS (pH 7.4) with 1.0% of BSA and 0.02% Sodium Azide.

pgGDNF/mg MSs/day

Phases GDNF/Vit E MSs GDNF/BDNF/Vit E MSs
Phase | Burst: 11.3+0.3 Burst: 27.5+ 0.4 Burst: 10.7 £ 0.1
ngGDNF/mgMSs ngGDNF/mgMSs ngBDNF/mgMSs
Day 1-14: Day 1-14: Day 1-14:
1449 +12.7 1395+2.2 1449+0.8
pgGDNF/mg MSs/day | pgGDNF/mg MSs/day pgBDNF/mg MSs/day
Phase Il Day 15-49: Day 15- 49: Day 15- 84:
7.4 +0.1 pgGDNF/mg | 15.4 + 0.7 pgGDNF/mg | 5.8 + 0.0 pgBDNF/mg
MSs/day MSs/day MSs/day
Phase lll | Day 50-84: Day 50-84:
203+1.1 28.1 + 1.8 pgGDNF/mg

MSs/day

Table 1: Release rate of neurotrophic factors from GDNF/Vit E microspheres

and GDNF/BDNF/Vit E microspheres.

Cell viability of GDNF/Vit E and GDNF/BDNF/Vit E microspheres

The potencial citotoxicity of GDNF/Vit E microspheres and GDNF/BDNF/Vit E
in both ARPE-19 cells and HUVECSs.

Furthermore, Vit E microspheres was also tested. Fig 3. and Fig 4. Show values

microspheres was

investigated

close to 100% of cell viability demonstrating non cytotoxic effects upon in

ARPE-19 cells nor in HUVEC cells up to 80 ug of the three preparations.
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Fig 3. Cell viability of retinal pigmented epithelium cells (ARPE-19) assessed by
the MTT assay. 40 and 80 pg of (A) GDNF/Vit E microspheres, (B)
GDNF/BDNF/Vit E microspheres and (C) Vit E microspheres do not promote

cell death.
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Fig 4. Cell viability of endothelial cells (HUVEC) assessed by the MTT assay.
40 and 80 pg of (A) GDNF/Vit E microspheres, (B) GDNF/BDNF/Vit E
microspheres and (C) Vit E microspheres do not promote cell death.

Inhibition of capillary tube formation of endothelial cells on matrigel with
GDNF/Vit E and GDNF/BDNF/Vit E microspheres

In order to evaluate whether the GDNF/Vit E and GDNF/BDNF/Vit E
microspheres were capable of affecting tube formation, endothelial cells were
plated in the presence or absence of the different amounts of the microspheres
on top of a reconstituted basement membrane (Matrigel). Furthermore, Vit E
microspheres and plain PLGA microspheres (blank microspheres) were also
evaluated. All doses of the GDNF/Vit E and GDNF/BDNF/Vit E microspheres
(40 and 80 png) inhibited capillary tube formation when compared with the
control (BSS group) (Fig. 5 and Fig. 6). The decrease in total mm of tube length
was statistically significant for all doses of both formulations when compared

with the control (BSS group). There was no difference between the two
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amounts of GDNF/Vit E and GDNF/BDNF/Vit E microspheres tested (40 and 80
ng). Additionally, it was observed a statistically significant decrease in total mm
of tube length of all doses of Vit E microspheres (40 and 80 ng) when compared
with the BSS control (Fig. 5 and Fig. 6). Results of blank microspheres were not

found to be significant different from the BSS control (data non shown).

Control

Control

=

Fig 5. Matrigel-based capillary-genesis assay was performed using endothelial
cells exposed to GDNF/Vit E microspheres (A), GDNF/BDNF/Vit E
microspheres (B) and Vit E microspheres (C). Each treatment was performed in
triplicate. Tube formation was examined under an inverted light microscope at

40X magnification. BSS, balanced salt solution (control group).
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Fig 6. The total length of connected cells forming tubular structures on the
Matrigel was measured and determined using image J analysis software, and is
expressed as mm tube Iength/cm2 area. 40 and 80 pg of GDNF/VItE
microspheres, GDNF/BDNF/Vit E microspheres and Vit E microspheres were
tested. BSS, balanced salt solution (control group). P-values represent the
results of statistical analyses (ANOVA); * represents P < 0.05 in Bonferroni’s

post-test, comparing all the groups with BSS.
DISCUSSION

The neuroprotective properties of neurotrophic factors make them a useful
therapeutic approach for the treatment of retinal degenerative diseases®” **.
Among them, GDNF has demonstrated to have strong neurotrophic properties
in the retina by preserving photoreceptor cells functionality in animal models of
retinal degeneration (rd mouse), enhancing rod outer segment maintenance

and increasing the number of photoreceptors expressing opsin®**°.

Treatment of ocular multifactorial diseases with a combination of active
substances is currently in the research pipeline. In some cases, the combination
of two or more active substances has demonstrated positive effects as different

pathways of the diseases at multiple levels are blockaded. This is the case of
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administering GDNF with docosahexaenoic acid (DHA) presenting an additive
effect both on photoreceptor survival and on opsin expression®®. Another
example is the co-administration of both neurotrophic factors (GDNF and
BDNF) in an animal model of optic nerve axotomy, enhancing the survival of
retinal ganglion cells (RGC) compared with the injection of either, GDNF or
BDNF, alone®” *. One of the formulations tested in the present work, combining
GDNF and vitamin E, has demonstrated to be effective in RGC rescue for at
least eleven weeks after a single intravitreal injection in an animal model of
glaucoma27. In the field of vascular retinal diseases such as AMD, the triple
therapy based on intravitreal administration of anti-VEGF monoclonal antibodies
(bevacizumab or ranibizumab) with dexamethasone and verteporfin
photodynamic therapy provided visual and anatomy improvement compared
with anti-VEGF alone®.

Furthermore, recent studies have pointed out the possibility of using
neurotrophic factors as anti-angiogenic agents’®*?. PEDF has demonstrated to
inhibit the migration of endothelial cells in a dose-dependent manner and
reduce pathological blood vessel formation in the eye*®. The possibility of using
neurotrophic factors as anti-angiogenic agents make them an interesting

platform for the treatment of vascular retinal pathologies.

The search for a combination of several active substances in drug delivery
systems results very interesting under the therapeutic point of view. To our
knowledge, this is the first study demonstrating that GDNF in association with
an antioxidant agent (vitamin E) in a novel microsphere delivery system may
contribute to the control of angiogenesis. This finding may have therapeutic
relevance for chronical diseases in which choroidal neovascularization is

present and sustained amounts of active substances are required.

The therapeutic approach proposed in the present work combines two front
lines (neuroprotection and anti-angiogenesis) against devastating pathologies
as age-related macular degeneration (AMD) and diabetic retinopathy (DR). For
these chronic diseases the single intravitreal injection of active substances is

19, 43, 44

not enough and it is patent the need to develop drug delivery systems to
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provide drug concentrations in the therapeutic range for extended periods of
time®. To this, the development of biodegradable microspheres including
neurotrophic factors as GDNF and BDNF, which could be injected into the
vitreous cavity to treat chronic vascular retinal pathologies, reducing choroidal
angiogenesis and simultaneously protecting retinal neurons results of great
interest.

However, the microencapsulation of neurotrophic factors jeopardizes their
biological activity due to the easy degradation and instability of the proteins*®*®.
For this reason, it is extremely important the employment of an appropriate
method to encapsulate these biotechnological products, that maintain the
bioactivity during and after microencapsulation process. A successfully
approach has been achieved in a previous work carried out by the authors in
which a new microencapsulation method based on the S/O/W emulsion solvent
evaporation technique was proposed”. For this purpose, the neurotrophic factor
was incorporated in its solid state in PLGA microspheres. Moreover, vitamin E
was also included in the formulation. The inclusion of the protein in its solid
state reduces the risk of alteration during manipulation and the addition of Vit E
offered additional protection to protein due to its antioxidant nature®. The so
prepared GDNF/Vit E loaded PLGA microspheres were able to promote the
survival of retinal ganglion cells and their axons for at least eleven weeks in a
glaucoma animal model (rats)27. In the reported work, microspheres loaded with

vitamin E alone did not produce survival of RGC (anti-NeuN positive cells).

The microspheres developed in the present experimental work were optimized
to obtain spherical particles in the micro-range 20-40 um, suitable for injection
them as an aqueous suspension into the vitreous using standard needles (27-
34G) and adequately to control the drugs release during weeks (Fig. 1B). The
GDNF and BDNF release profiles from these microspheres were characterized
by a high initial burst followed by a sustained release for 84 days in amounts of
pg/mg MS (Fig 2 and Table 1). Such small amounts of neurotrophic factors
have been demonstrated to be neuroprotective in the retina®’. However, their

potential anti-angiogenic activity has not been tested yet.
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Considering that the formulation is going to be in contact with the target tissue
for prolonged periods of time, the potential cytotoxicity of the prepared
formulations was in vitro assayed in the model target cells (HUVECs)*® *! as
well as retinal cells (ARPE-19 )**. As expected, none of the formulations tested
resulted toxic for these cells, which might guarantee a good tolerance of

formulations once administered in the vitreous cavity.

Once assured the good tolerance of the formulations, the anti-angiogenic effect
of the compounds including in the formulations (GDNF, BDNF and Vit E) was
studied by monitoring the capillary tube formation of endothelial cells on
Matrigel. In the final stages of angiogenesis endothelial cells organize in a 2-D
network, so these experiments represent a good scenario for evaluating the
functional activity of the microspheres. The inhibition of tube formation of
HUVECs after incubation in presence of substances under study is considered
indicative of the anti-angiogenic activity of the tested formulations®® *.
According to the encapsulation efficiency, the amounts of neurotrophic factors
included in the microspheres (40 and 80 pg of MS) were 0.58 and 1.15 ng of
GDNF for GDNF/Vit E MS and 2.38 and 1.19 ng of GDNF and 0.58 and 1.17 ng
of BDNF for GDNF/BDNF/Vit E MS. The amount of Vit E incorporated were
3.48 and 6.96 pg for GDNF/Vit E MSs and 6.40 and 12.80 pg for
GDNF/BDNF/Vit E MSs (40 and 80 ug of MS respectively). It was clear that
small amounts of neurotrophic factors were able to induce the inhibition on the
capillary tube formation in high extent, compared with the BSS control. The
cytotoxicity evaluation of these formulations performed in the potential target
cells (endothelial cells - HUVEC -) showed that the systems did not interfere in
their normal development, so the anti-angiogenic effect observed might be

directly related with the formation of blood vessels.

According to the results of tube formation, the inclusion of BDNF in the
formulation did not seemed to offer any benefit in terms of anti-angiogenic effect
in the experimental condition employed, so its inclusion in the formulation could
be questionable. However, at stated above, it is well known that both,
neuroprotection and anti-angiogenic activities, are essential to control

40, 43

pathologies such as AMD and DR . As BDNF has demonstrated a
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remarkable positive effect as neuroprotector increasing the RGC survival in

axotomized rats®* >3

, the inclusion of this neurotrophic factor in the formulation
would result very useful to protect neurons in the retina of AMD patients.
Furthermore, as previously mentioned, it has been demonstrated that the

combination of GDNF and BDNF enhance their neuroprotective activity37' %,

One exceptional result presented in this work is the inhibition of the angiogenic
process in endothelial cells produced by Vit E loaded microspheres (without
neurotrophic factors). Although the anti-angiogenic effect of tocopherols is
controversial, it has been already demonstrated that a-tocopherol can reduce
the number of capillary tubes in HMEC-1 (immortalized human dermal capillary
cells) on Matrigel in a dose-dependent manner®. The action mechanism seems
to be related with the inhibition of the formation of intracellular oxidants™.

In summary, the results presented in this work demonstrate, first, that small
amounts of GDNF released from the PLGA microspheres prepared posses anti-
angiogenic properties. Secondly, that the inclusion of the neuroprotective agent
BDNF did not offer any benefit in terms of anti-angiogenicity, at least, in the
experimental conditions tested, and finally, that the combination of Vit E and

GDNF has a beneficial effect in the reduction of tube length.
CONCLUSIONS

In the present study, we have demonstrated that a novel formulation of PLGA
microspheres loaded with neurotrophic factors in combination with an
antioxidant (vitamin E) inhibits in vitro angiogenesis of human umbilical vein
endothelial cells (HUVECSs) without cytotoxic effects in RPE and HUVEC cell
lines. Herein, we suggest that GDNF combined with an antioxidant (vitamin E)
may have therapeutic potential in the treatment of CNV in AMD as well as in
other retinopathies involving vascular growth.

This therapeutic approach can be used as alternative or complementary to the
administration of anti-VEGF agents. Furthermore, the use of controlled delivery
systems would allow the maintenance of neurotrophic factors levels for

prolonged periods of time reducing the number of intravitreal injections.
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4.4 Vitamin E effect as coadjuvant in protein microencapsulation for
intravitreal administration.
Note

P. Checa-Casalengua, C.G. Garcia-Caballero, I.T. Molina-Martinez, R. Herrero-

Vanrell, |. Bravo-Osuna.
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ABSTRACT

The purpose of this work was to evaluate the effect of the presence of an oily
additive (a-tocopherol acetate) on the encapsulation and in vitro release
behaviour of a model protein (GDNF glial cell line-derived neurotrophic factor)
encapsulated in PLGA [poly (lactic-co-glycolic acid)] microspheres fabricated
via solid-in-oil-in-water (S/O/W) solvent emulsion evaporation method. To this,
six formulations elaborated with different amounts of GDNF and a-tocopherol
acetate (Vit E) were prepared. The morphology of microspheres, the mean
particle size, the encapsulation efficacy, the protein release profile and the
distribution into the spheres of both compounds, the protein and the oily
additive, were analyzed. The data obtained demonstrated that the inclusion of
Vit E in the inner phase during the preparation of PLGA microspheres increased
the protein entrapped, reduced the initial burst of GDNF and was useful in the

modulation of neurotrophic factor release.

KEYWORDS: Microencapsulation, PLGA, protein delivery, a-tocopherol

acetate, glial cell line-derived neurotrophic factor.
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INTRODUCTION

Glial cell line derived neurotrophic factor (GDNF) is a proteic factor that has
demonstrated a neuroprotective effect for retinal ganglion cell (RGC) promoting
the survival of axotomized cells after intravitreal injection’. However, the
applicability of this neuroprotective therapy is totally linked to the development
of effective administration forms able to supply therapeutic concentrations at
neuronal level for an extended period of time. In fact, several authors are
currently working on the development of biodegradable microsystems loaded
with GDNF for intravitreal application2'4. In a previous work, we recently
developed a microencapsulation method of GDNF in PLGA microspheres using
a S/O/W solvent emulsion evaporation method modified by the inclusion of an
oily additive (vitamin E) in the O-phase. This system allowed the in vitro release
of the protein in its bioactive form up to 19 weeks. This formulation was
intravitreally administered in an animal model of glaucoma (rats), resulting
effective in the protection of RGC for at least three months, even when low

amounts of GDNF were released”.

Alpha-tocopherol (Vit E), possess very interesting properties to be included in
intravitreal formulations destined to treat neurodegenerative chronic diseases.
From a pharmacological point of view, vitamin E has antioxidative effects®; so it
could offer additional benefit in the treatment of neurodegenerative diseases,
since it is well known that neurons death is associated to massive release of
oxidative molecules that can damage healthy neurons in the proximity.
Additionally, it has been proposed that vitamin E can also develop
antiproliferative behaviour’, which could supply additional benefit in the
reduction of side effects typically linked to repeated intravitreal injections. From
a technological point of view, it has been determined that the presence of this
oily additive in PLGA microspheres loaded with GDNF can protect the protein
from degradation during sterilization by gamma irradiation, thanks to its
antioxidant nature®. The aim of the present work is to explore a fourth
suggested benefit of the inclusion of vitamin E; the modulation of protein
encapsulation and release from microspheres due to its oily nature. In our

research group we have already demonstrated that the inclusion of this oily

186



Vitamin E as coadjuvant in protein microencapsulation

additive in PLGA microspheres can modulate the drug release of low molecular
weight drugs®. However, to our best knowledge, the effect of the presence of
vitamin E on the encapsulation and distribution of proteins within the PLGA
matrix and hence on the posterior release has not been studied yet. With this
aim, this experimental work has been conceived to evaluate the effect of the
presence of different amounts of vitamin E on the microencapsulation and in
vitro release of GDNF. Several parameters have been evaluated and
compared, such as the morphology of microspheres and the distribution into the
microspheres of both, the protein and the oily additive, the protein
encapsulation efficacy and its release profile,. As the final objective is to
administrate the microspheres into the vitreous cavity, both an adequate particle
size for being injected as a conventional suspension and a sustained controlled

release of GDNF for an extended period of time were researched.
MATERIALS AND METHODS
MATERIALS

Recombinant Human GDNF and the ELISA (enzymo-linked inmunosorbant
assay) kit for GDNF quantification were supplied by R&D Systems
(Minneapolis, MN USA). Poly-(D,L-lactide-co-glycolide) PLGA ratio 50:50
(Resomer®503) was purchased from Boehringer Ingelheim (Pharma Co.,
Germany). Polyvinyl alcohol 72,000 g/mol (PVA) was obtained by Merck KGaA
(Darmstadt, Germany). N-(tetramethylrhodamine-6-thiocarbamoyl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TRITC-DHPE) was
purchased from Invitrogen (Carlsbad, CA, USA). a-tocopherol acetate (Vit E),
bovine serum albumin (BSA), nile red and albumin human fluorescein
isothiocyanate (HSA-FITC) were obtained from Sigma-Aldrich (Schnelldorf,
Germany).
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METHODS
Microspheres elaboration

GDNF-loaded PLGA microspheres were prepared using a S/O/W emulsion-
solvent evaporation technique. Briefly, 10-50 pg of recombinant human GDNF
was suspended in 0-40 pl of Vit E via gentle sonication at low temperature
(Sonicator XL, Head Systems, lowa, USA) for 30 sec in order to reduce the risk
of protein alteration. This suspension was mixed with 1 ml of PLGA solution in
methylene chloride (20% w/v). The so-prepared organic phase was emulsified
with 5 ml of PVA MilliQ® water solution (2% wi/v). Emulsification was performed
in a homogenizer (Polytron® RECO, Kinematica GmbH PT 3000, Lucerna,
Switzerland) at 5,000 rpm for 1 min. This emulsion was subsequently poured
onto 100 ml of an aqueous PVA solution (0.1%) and kept under constant stirring
for 3 hours, to allow organic solvent evaporation. Once formed, microspheres
were washed with MiIIiQ® water to eliminate the PVA and separated according
to their particle size by filtration under vacuum conditions. Particles were rapidly
frozen (methanol/ice mixture) and freeze-dried to obtain a free flowing
microspheres powder. Microspheres were kept at -20 °C under dry conditions

until use.

Microspheres characterization

The Production yield percentage (PY%) of each batch was calculated.

Mean particle size and particle size distribution were measured by light
scattering in a Microtrac® S3500 Series Particle Size Analyzer
(Montgomeryville, PA, USA). Samples were prepared by suspending the

microspheres in MilliQ® water. The data were presented as mean volume

diameter + SD of three independent measurements.
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Morphological evaluation. The external morphology of microspheres was
evaluated by scanning electron microscopy (SEM; Jeol, JSM-6335F, Tokyo,

Japan). Samples were gold sputter-coated prior to observation.

Inner structure of microspheres. PLGA microspheres were elaborated
according to the previously described method, including 20 pl of nile red (4
mg/ml) in the o-phase by physically mixing. This fluorescent marker has been
already used to label PLGA™. The inner structure of the spheres was observed
by confocal microscopy (Leica TCS SP2, Leica Microsystems Heidelberg
GmbH).

Protein and additive distribution: The protein and additive distribution within
microspheres was achieved by confocal microscopy. Briefly, a model labelled-
protein (HSA-FITC) was encapsulated in the same conditions described for
GDNF. Combinations of the additive (Vit E) with small proportions (12-24 pl) of
fluorescently lipid dye (TRITC-DHPE, 0.5 mg/ml in CH,Cl,) were also included
in the O-phase®.

Samples of these formulations were placed in release media for 24 hours, in a
shaker with a constant agitation speed of 100 rpm (Clifton Shaking Bath NES5,
Nikel Electro Ltd Avon United Kingdom) at 37°C. After that, the microsphere
suspensions were gently centrifuged (490 g for 3 min) and particles were
recovered and freeze-dried. Once prepared, microsphere samples (at time 0
and 24h after release) were observed by confocal microscopy (Leica TCS SP2,

Leica Microsystems Heidelberg GmbH).

In vitro release studies: Replicates of 5 mg of GDNF loaded microspheres of
each batch were suspended in 1.5 ml of PBS pH 7.4 isotonized with NaCl. “Low
binding” Eppendorf® vials were used in all cases. Samples were placed in a
shaker with a constant agitation speed of 100 rpm (Clifton Shaking Bath NES5,
Nikel Electro Ltd Avon United Kingdom) at 37°C. At pre-set times (1h, 24h and
once a week until the end of the assay) the microsphere suspensions were
gently centrifuged (490 g for 3 min) and the supernatant was recovered

(approximately 1.5 ml) and replaced by the same volume of fresh medium, for
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continuation of the release test. Aliquots from supernatant were diluted with the
diluent reactive provided in the ELISA kit (DY995 R&D System) to obtain a
protein concentration in the suitable range (15-1,000 pg/ml) to be quantified by
the ELISA technique.

RESULTS AND DISCUSSION

Biodegradable microparticulate systems, capable of controlling drug release,
are becoming a very interesting alternative in the development of intravitreous
formulations. These systems can be administered in suspensions as a
conventional injection, without surgery“. Furthermore, as they can control the
active substance release for months, the number of applications per year
resulted considerably reduced. The method used for the microencapsulation of
GDNF was optimized to obtain a particle size range suitable for injection as
suspension through the needles typically used for intravitreal administration (27-
32G).

Table 1 shows a summary of formulation content. It also compiles results of
microspheres characterization. In all cases, the mean particles size was around

20 um. All formulations showed spherical particles (Fig. 1).

Formulation png GDNF ul Vit E Production yield Mean particle

(%) size (um)
A 10 0 73.6 18.3+0.2
B 10 20 73.3 21.7+0.3
C 20 0 75.2 20.1+0.3
D 20 20 71.7 222+1.0
E 20 40 82.9 249+0.3
F 50 40 78.8 246+04

Table 1: Formulations composition, production yields and means particle size

(n= 3) for each formulation (A-F).
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100KV X800

SEI 100KV X1,300 ~ 10zm M 8 100KV X1900  10pm WD 389mm

Fig. 1: SEM images of different GDNF-loaded microparticles: formulation A (10
Hg GDNF, 0 ul Vit E); formulation B (10 ug GDNF, 20 pl Vit E); formulation C
(20 pg GDNF, 0 pl Vit E); formulation D (20 pg GDNF, 20 pul Vit E); formulation
E (20 pg GDNF, 40 pl Vit E) and formulation F (50 pg GDNF, 40 pl Vit E). One

example of particle size distribution is added for each formulation.
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Microspheres elaborated without additive showed a non-porous surface
(Formulations A and C). On the contrary, a high amount of small pores in
addition to some big pores were observed on the particle surfaces prepared
when Vit E was included in the inner phase of the emulsion (Formulations B, D,
E and F). The inner structure of microparticles was evaluated by confocal
microscopy by including in the formulation a fluorescent marker with high affinity
for PLGA™. According to figure 2, microparticles exhibit a matrix system, typical
of PLGA microparticles elaborated by emulsion solvent extraction-evaporation
process. Although SEM pictures did not reveal any porous on the surface of
microparticles prepared without vitamin E, the confocal images showed some
big porous across the matrix. When vitamin E was included in the formulation a
big amount of small porous appeared close to the surface. According to figure
2, these small porous do not cross the entire matrix but are exclusively located

close to the surface.
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A W N

Fig. 2: Confocal microscopy images of nile red for labelled PLGA microspheres:
(A) blank microspheres and (B) microspheres elaborated with 20 pg of HSA
and 20 pl of Vit E. Images represent five cuts in different sections through

microspheres.

During the formation of microparticles by the solvent evaporation technique,
droplets of the organic inner phase are suspended in the external agueous
phase and the organic solvent is being progressively eliminated causing

polymer precipitation and by hence entrapment of the active substances
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inside™. The presence of an oily component in the inner phase would influence
the diffusion of the organic solvent, and hence the internal matrix structure.
According to the results presented in this work, the inclusion of vitamin E in the
PLGA matrix provoked the formation of small surface porous. This phenomena
could be explained considering that the presence of Vit E on the droplets could
promote a slowly evacuation of the organic solvent which might form then small

pores on the microsphere surface.

The distribution of the fluorescently marked protein and the oily additive is
presented for the six formulations in figure 3. The presence of the oily additive
in the inner phase might modify the distribution of the active substance in the
final solid microsphere. Unfortunately, to our knowledge, it does not exist GDNF
fluorescently labelled commercially available. That is why fluorescently marked
HSA was used in this work. However, the method presented in this work is
intended for any protein of interest while it is in its solid state during the
microencapsulation procedure, so it can be assumed that despite of the
different molecular weight a similar behaviour can be expected for GDNF and
HAS if both proteins are in solid state®. The oily additive resulted
homogeneously distributed on the polymeric matrix, although more density
seems to appear close to the particles surface. In the case of protein, a
homogenous distribution at t = 0 was observed when microparticles were
prepared in absence of vit E (Formulations A and C). However, when the oily
additive was included in the formulation, zones of more intense fluorescence
were clearly observed on the proximity of particle’s surface. Comparing
formulations prepared with different amounts of vitamin E (Formulations D and
E), it can be observed that the higher the amount of vitamin included, the higher
the intensity and thickness of the fluorescent ring. An increment in the amount
of protein during the microparticle’s preparation (Formulations E and F) led to a
more density in fluorescence and a more definition in the protein halo close to
the particles’ surface. After 24h of release, microparticles prepared without
vitamin E resulted less fluorescents than particles prepared with the same
amount of protein but including vit E. The protein ring was scarcely visible in

formulations D, E and F.
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VITE
VITE
HSA-FITC  {RTC.DHPE COMPOSITION HSA-FITC TRITC-DHPE COMPOSITION [EezZl]

A (10/0)

B (10/20)

C (20/0)

D (20/20)

E (20/40)

Fig. 3: Confocal microscopy images of fluorescently marked protein (HSA-
FITC) and the oily additive (Vit E-TRITC-DHPE) distribution into the
microspheres for the six formulations elaborated (A-F) at time 0 and 24 hours

after release. Composition with both compounds is also included.

GDNF release profiles obtained for the different formulations showed the typical
triphasic shape well described in literature™. In all cases, formulations were
able to release GDNF for months, condicio-sine-qua-non to be useful in the
treatment of chronic diseases in the back of the eye.Loaded active substances
are progressively released from PLGA matrixes thanks to the homogeneous
erosion underwent by the polymeric matrix in the release media™®. In this
condition, the distribution of the active compound and the presence of

hydrophobic compounds on the matrix might modify the release profile.
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Influence of vit E on GDNF encapsulation and release

GDNF loading in all cases was lower than expected, probably due to the loss of
protein in the interphase during microspheres maturation. Comparing values
obtained for formulations A (10 ug GDNF/0 pl Vit E) and B (10 ug GDNF/20 pl
Vit E), it can be observed that the inclusion of 20 ul of the additive (Vit E)
increased the percentage of encapsulated protein. This increment in GDNF
encapsulation was also observed contrasting the protein loading values
obtained for formulation C (20 yg GDNF/0 ul Vit E) and D (20 ug GDNF/20 ul
Vit E). The presence of vitamin E in the droplet might reduce the protein mobility
and hence increasing the protein entrapment during the microsphere hardening.
This fact would explain the presence of a high density of protein forming a ring

close to the surface of microparticles according to figure 3.

As shown in Fig. 4A and 4B, the presence of the oily additive (Vit E) affected
not only the GDNF encapsulation percentage but also seems to influence the
release profiles obtained. Firstly, the presence of vitamin E reduced the
percentage of protein rapidly released from the microparticles. According to
confocal images, the protein released in the first 24 hours for microparticles
containing vitamin E was located in the ring close to the microparticles” surface.
The reduction in this burst effect promoted by the inclusion of Vit E could be
related with the difficulty of the release media to diffuse through the matrix
pores, increasing the time needed for proteins to dissolve and diffuse from the

polymer in presence of the oily additive.

The influence of the vit E on GDNF in vitro release was evaluated by comparing
formulations prepared with the same amount of protein and different amounts of
the oily additive. The GDNF release data of these formulations (A + B) and (C +
D + E) are presented in Figs. 4A and 4B. After the initial burst (62.4 %
formulation B, 60.5 % formulation C, 57.7% formulation D and 52.7%
formulation E) a sustained triphasic release was observed for formulations B-E.
According to figures 4.A.2, 4.A.3, 4.B.2 and 4.B.3, a first phase of slow release
rate (28-39 pg GDNF/mg MP/day) was followed by a relatively rapid release
rate phase Il (125-187 pg GDNF/mg MP/day). Finally, the small amount of
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remaining protein was steadily released (8-14 pg GDNF/mg MP/day) until the
end of the assay. For formulation A (initial burst 83.4%), this triphasic form was
not evident. For this formulation, the low amount of encapsulated protein was
continuously released at a release rate coincident with the third phase. For
better understanding, these values have been graphically represented in bars
(Fig. 4A3 and 4B3).

The main influence of Vit E on the GDNF release rate was observed on the
duration of the relatively rapid second phase. While for formulation C (20 ug
GDNF/0 ul Vit E) and D (20 ug GDNF/20 pl Vit E) the second phase was
observed at day 49 and lasted for 28 days. In the case of formulation E,
prepared with more amount of oily additive (20 ug GDNF/40 ul Vit E), the
second phase began earlier, at day 35, and was maintained for 59 days.

The results of formulation D is in agreement with previous, in which it was
demonstrated that PLGA microparticles prepared including 20 pl of Vit E in the
formulation, lost their shape and collapse between weeks 6 and 8 of the release
assay, promoting an increment in the release rate®. On that basis, it can be
argued that the inclusion in the formulation of more amount of oily additive
would induce a faster collapse of the matrix structure and then a more rapid
appearance of the second phase. This hypothesis might explain the behaviour

observed for formulation E.
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Fig. 4. (A1) GDNF loading (m) and GDNF released in the first 24 hours of
release test (o) for formulation A (10 uyg GDNF, 0 ul Vit E) and formulation B (10
Mg GDNF, 20 pl Vit E); (A2) Cumulative amount of GDNF released from
formulation A (10 ug GDNF, 0 ul Vit E) (m) and formulation B (10 ug GDNF, 20
pl Vit E) (o). Release media: PBS (pH 7.4) with 1.0% BSA; (A3) Schematic
representation of the release rate for formulation A (10 pg GDNF, 0 pl Vit E)
and formulation B (10 pug GDNF, 20 ul Vit E); (B1) GDNF loading (m) and GDNF
released in the first 24 hours of release test (o) for formulation C (20 yg GDNF,
0 plI Vit E), formulation D (20 pg GDNF, 20 pl Vit E) and formulation E (20 pg
GDNF, 40 pul Vit E); (B2) Cumulative amount of GDNF released from
formulation C (20 ug GDNF, 0 ul Vit E) (=), formulation D (20 pg GDNF, 20 pl
Vit E) (o) and formulation E (20 ug GDNF, 40 pl Vit E) (m). Release media: PBS
(pH 7.4) with 1.0% BSA; (B3) Schematic representation of the release rate for
formulation C (20 pg GDNF, 0 pl Vit E), formulation D (20 pg GDNF, 20 pl Vit E)
and formulation E (20 pg GDNF, 40 pl Vit E).

Effect of the initial amounts of GDNF on its encapsulation and release

As the final objective is to administrate the microspheres into the vitreous cavity,
attempts were made to try to increase the protein loading on the PLGA
microspheres. To this, formulation F including a high amount of GDNF (50 ug
GDNF/40 ul Vit E) was elaborated. According to the results offered in this work,
effectively, the inclusion of more amount of protein during the microparticles
preparation led to a higher protein loading but most of the encapsulated protein
was released in the first 24 hours (79.7%) (Fig. 5A). After that, the release
profile was quite similar to those observed for microspheres prepared with less
amount of GDNF and the same amount of Vit E (Formulation E, 20 uyg GDNF/40
pl Vit E) (Figs. 5B and 5C).
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CONCLUSIONS

The inclusion of an oily additive (vit E) in the inner phase during the
microencapsulation of proteins in PLGA matrixes using the S/O/W emulsion
solvent extraction-evaporation method promoted: (i) An increment in the protein
loading, which appears mainly located forming a ring close to the particle
surface; (ii) A reduction in the amount of protein rapidly released in the first 24
hours of the in vitro release assay and (iii) A modification of the release rate
with more prolonged periods of relatively rapid release of protein from the PLGA

matrix.

The inclusion of a higher amount of GDNF in the formulation increases protein

loading and also the burst effect.
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4.5 Robust cell integration from co-transplantation of biodegradable
MMP2-PLGA microspheres with retinal progenitor cells.
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ABSTRACT

The failure of the adult mammalian retina to regenerate can be partly attributed
to the barrier formed by inhibitory extracellular matrix (ECM) and cell adhesion
molecules, such as CD44 and neurocan, after degeneration. These molecules
act to separate a sub-retinal graft from integrating into the host retina. It has
been shown that matrix metalloproteinase 2 (MMP2) can promote host-donor
integration by degrading these molecules. In order to enhance cellular
integration and promote retinal repopulation, we co-transplanted biodegradable
poly(lactic-co-glycolic acid) (PLGA) microspheres that have the ability to deliver
active MMP2 with retinal progenitor cells (RPCs) to the sub-retinal space of
adult retinal degenerative Rho-/-mice. Following delivery, significant
degradation of CD44 and neurocan at the outer surface of the degenerative
retina without disruption of the host retinal architecture was observed.
Coincident with this, we observed a significant increase in the number of cells
migrating beyond the barrier into the degenerative retina. No changes in the
differentiation characteristics of RPCs were observed. Cells in the outer nuclear
layer (ONL) could express the mature photoreceptor markers recoverin, make
contacts with residual protein kinase C (PKC)-positive cells and express the
ribbon synapse protein bassoon. Thus, co-transplantation of MMP2-PLGA
microspheres with RPCs provides controlled release of active MMP2 to the site
of retinal degeneration, stimulating inhibitory barrier removal and enhancing cell

integration. This suggests a practical and effective strategy for retinal repair.

KEYWORDS: Progenitor cell, metalloproteinase, microsphere, drug delivery,
retina
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INTRODUCTION

Age-related macular degeneration (AMD) and retinitis pigmentosa (RP) are two
causes of irreversible blindness in which photoreceptor loss occurs. As the
inner retinal circuitry remains intact until advanced stages of retinal
degeneration, cell transplantation is one of the most feasible strategies of retinal
repair. It has been shown that RPCs have the ability to migrate into and
integrate with the host retina to form new connections and generate functional
photoreceptors following transplantation into degenerative retina [1-3].
However, very low numbers of grafted cells are able to integrate into the ONL
and differentiate into new photoreceptors. This is in part due to the barrier
formed by inhibitory ECM and cell adhesion molecules associated with reactive

gliosis after degeneration or injury.

CD44 and Neurocan are two inhibitory ECM and cell adhesion molecules.
CD44, a hyaluronan-binding glycoprotein, and neurocan, a chondroitin sulfate
proteoglycan, have been shown to inhibit cellular migration and neurite
outgrowth in a variety of central nervous system (CNS) compartments. As with
other CNS locations, CD44 and neurocan are both expressed in the adult
normal retina: CD44 is found in the Miuller cell apical processes, whereas
neurocan is expressed at the level of the inter-photoreceptor matrix and in the
nerve fiber layer. After degeneration or injury, the expression of these proteins
is up-regulated at the outer surface of the retina by reactive glia and radial
Muller cells. This tends to limit integration of a sub-retinal graft into the host
retina [4-7].

In an attempt to alleviate this inhibition and promote integration, Kinouchi et al
used adult mice deficient in glial fibrillary acidic protein and vimentin as the host
and demonstrated that the transplanted cells integrated robustly into the host
retina with distinct neuronal identity and appropriate neuronal projections [8].
This result suggested that removal of ECM barrier produced by reactive glial
cells in the damaged host retina is important in encouraging the integration of
grafted cells. DL-alpha-aminoadipic acid, chondroitinase ABC and MMP2 have

all been shown to have the ability to disrupt the outer limiting membrane or
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degrade ECM molecules or their hyaluronan-binding targets, alleviating inhibi-

tion and allowing robust integration [9-11].

Our previous studies have shown that grafted RPCs can induce the host retina
to increase MMP2 secretion, which resulted in proteolysis of CD44 and
neurocan, allowing significantly increased neurite outgrowth across the border
between abutting nondystrophic and rd1 retinas [4]. However, the endogenous
level of MMP2 is clearly not enough to promote sufficient cell integration. We
then transplanted RPCs/biodegradable MMP2-PLGA polymer constructs to
adult retinal degenerative Rho-/-mice and found enhancement of cell integration

in vivo [12].

Transplantation of RPCs/PLGA composite constructs without MMP2 loading
can also significantly improve cellular survival and integration [13]. In order to
exclude the influence of polymer scaffolds on cell integration and to allow for
injection of the cells with MMP2 through small caliber pipette, we have
developed biodegradable MMP2-PLGA microspheres with controlled delivery of
active MMP2. We hypothesize that co-transplanting these microspheres with
RPCs will result in controlled degradation of CD44 and neurocan without
disrupting host retinal architecture, thereby enhancing RPC integration into the

retina of degenerative hosts.

MATERIALS AND METHODS

Animals

Rhodopsin-null C57BI6 mice (Rho-/-, Peter Humphries, Trinity College, Dublin)

were used as retinal degenerative recipient animals. Green fluorescent protein

positive (GFP+) C57BI6 mice (PO) were used as RPC donors (Jackson
Laboratory, Bar Harbor, ME, USA). All experiments were performed according
to the Schepens Eye Research Institute Animal Care and Use Committee and
the ARVO Statement for the Use of Animals in Ophthalmic and Vision

Research.
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MMP2 microspheres fabrication

PLGA microspheres containing MMP2 were prepared by a water-oil-water
solvent evaporation technique. Briefly, 20 ml of MMP2 solution (0.1 mg/ml,
Calbiochem, Madison, WI, USA) was mixed by sonication (30 s) at low
temperature (Sonicator XL, Head Systems, lowa, USA) in a solution containing
PLGA (20% wiv) (Resomer®502, Resomer®503, Boehringer Ingelheim, Pharma
Co., Germany) dissolved in a mixture acetone:dimethyl chloride (20:80) to form
a W,/O emulsion. This inner emulsion was added to 5 ml of poly (vinyl alcohol)

®
(PVA) water (MilliQ , Billerica, MA, USA) solution (2% w/v) and homogenized

(Polytron® RECO, Kinematica GmbH PT 3000, Lucerna, Switzerland) at 9000
rom for 1 min. The resulting W,/O/W, emulsion was subsequently poured into
100 ml PVA (0.1% wl/v, 72,000 g/ mol, Merck KGaA, Darmstadt, Germany) and
continuously stirred for 3 h at room temperature to allow complete evaporation

®
of the organic solvent. Once formed, microspheres were washed with MilliQ
water to eliminate the PVA and separated in different size fractions (2-10 um,
10-20 pym and 20-40 pm) by filtration under vacuum conditions. Solid

microspheres were frozen using a methanol/ice mixture and freeze-dried to

obtain a free flowing powder. The dried microspheres were stored at -20 °C until
use. Blank microspheres were fabricated in the same manner except that no
MMP2 was loaded.

MMP2 microspheres characterization
Production yield percentage (PY%)

PY% was calculated from the following equation where My is the mass of each

component in the formulation.

PY (%)= Mt(microspheres) x 100/(M:(PLGA)+ M+(MMP2))
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Morphological evaluation

The morphology of the microspheres was observed by scanning electron
microscopy (SEM, Jeol, JSM-6335F, Tokyo, Japan). Samples were gold

sputter-coated before observation.

Release study

MMP2 microspheres and blank microspheres were prepared by adding 0.5 ml
®
of PBS to 5 mg of microspheres in tubes pretreated with Sigmacote (Sigma, St.

Louis, MO, USA). The mixtures were then incubated at 37 °C on a shaker
(Thermo, Waltham, MA, USA). At specific time points (1 h (H1), 8 h (H8), 1 day
(D1), 3 days (D3), 5 days (D5), 10 days (D10) and 30 days (D30) after
incubation), the mixture was centrifuged, and the supernatant was removed.

Fresh PBS was added and the microspheres were returned to the shaker. The

supernatant for each of the microspheres was frozen and stored at -80 °C for
subsequent analysis using an MMP2 activity assay kit (GE Healthcare,
Piscataway, NJ, USA).

RPC isolation and culture

Eyes from PO GFP+ mice were removed and placed in Hank’s Balanced Salt
Solution (HBSS). Neural retinas were carefully dissected away from the optic
disc and ciliary marginal zone. Retinal tissue was minced and digested with
0.1% type 1 collagenase (Sigma) for 20 min at room temperature. Liberated
cells were collected through a 100 pm mesh strainer, centrifuged at 1000 rpm
for 5 min and re-suspended in neurobasal medium (NB; Invitrogen, Carlsbad,
CA, USA) containing 20 ng/ml epidermal growth factor (EGF; Promega,
Madison, WI, USA), 2% B-27 (Invitrogen), 1% N2 (Invitrogen), 100 pg/ml
penicillin/streptomycin (Sigma), 2 mM L-glutamine (Sigma) and 2000 U nystatin
(Sigma). Cells were transferred to a 6-well plate and cultured at 37 °Cin a 5%
CO, incubator. 0.5 ml of fresh medium was added to each well every 2 days.
Primary neurospheres formed within the first 2 weeks in culture. These

proliferating cultures were passaged 1:3 every 14 days.
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Explant cultures

The procedure used for retinal explants has been described previously [5,14].
Briefly, Adult Rho-/-mice were euthanized and eyes were enucleated
immediately and placed in ice cold PBS. Neural retinas were dissected away
from the optic disc and ciliary marginal zone, transferred to freshly prepared
modified NB media and cut into four equal-sized pieces. Each piece of retina
was mounted onto 0.4 pm Millicell®-CM Organotypic porous culture well inserts
(BD, Franklin Lakes, NJ, USA) with its vitreal surface down, closest to the filter.
Culture well inserts containing explants were placed into six-well culture plates.

2 ml of modified NB was added to each culture well. 1 pl of MMP2 microspheres
4
(5 ng/ml of released active MMP2) with or without RPCs (2 x 10 /ul) were put on

the outer surface (sub-retinal) of each retinal explant, and incubated at 37 °c
with 5% CO, for 1-5 days.

Sub-retinal transplantation

Mice were placed under general anesthesia with an intraperitoneal injection of
ketamine (5 mg/kg) and xylazine (10 mg/kg), followed local anesthetization with
0.5% proparacaine (Accutome, Malvern, PA, USA) and dilation of the pupil with

1% tropicamide (Akorn, Lake forest, IL, USA). The temperature of the mice was

maintained at 37 °C using a heating pad and heat lamp during surgery. Trans-
plantation was performed under an operating microscope. The tip of a 30-gauge
needle (BD) was inserted through the sclera into the intravitreal space to reduce

intraocular pressure and then withdrawn. 1 pl of MMP2 microspheres (5 ng/ml

of released active MMP2) with or without RPCs (2 x 105/pl) was inserted
tangentially through the sclera into the sub-retinal space and injected slowly to
produce a retinal detachment in the superior hemisphere around the injection
site using a glass microneedle attached to a 50 pl syringe (Hamilton, Reno, NV,
USA) via polyethylene tubing. Following transplantation, mice were allowed to
recover, returned to their normal housing and allowed to survive for 1 day-2

months post transplantation.

212



Co-transplantation of MMP2-PLGA MSs with RPCs

Semi-thin histology

Enucleated eyes were fixed in 10% formalin for 48 h prior to dehydration and
caste in rapid polymerizing methyl methacrylate (Technovit 7100, VWR, West
Chester, PA, USA). Samples were removed, mounted on microtome chucks
and semithin sectioning was performed. H&E staining was performed as per
standard protocols.

Immunohistochemistry

Enucleated eyes and explants were fixed in 4% paraformaldehyde for 12 h, and

cryoprotected in 10%, followed by 30% sucrose for 12 h each at 4 °c. Eyes and
explants were then embedded in Optimal Cutting Temperature Compound
(Tissue-Tek, Miles Diagnostic Division, Elkhart, IN, USA), frozen on dry ice, and
cryosectioned at 16 pm using a Minotome Plus (Triangle Biomedical Sciences,
Durham, NC, USA). All samples were rinsed 3 times for 5 min each in PBS,
blocked in PBS containing 10% goat serum, 3% BSA and 0.3% Triton-X for 1 h.

After rinsing 1 time for 5 min in PBS, samples were incubated with the primary

antibodies overnight at 4 °C in a humidified chamber: CD44 (BD, 1:500),
neurocan (gift from Dr. Richard Margolis, Department of Pharmacology, NYU,
1:500), Laminin (Sigma, 1:400), glial fibrillary acidic protein (GFAP, Chemicon,
Temecula, CA, USA, 1:400), green fluorescent protein (GFP, Abcam,
Cambridge, MA, USA, 1:500), GFP (Chemicon, 1:500), recoverin (Chemicon,
1:500), rhodopsin (Chemicon, 1:100), PKC (Santa Cruz, Santa Cruz, CA, USA,
1:100) and Bassoon (Thermo, 1:100). Normal serum was used for negative
control. Sections were subsequently incubated in either Cy2 (1:100), Cy3
(1:300) or Cy5 (1:150)-conjugated secondary antibodies (Jackson
Immunochem, West Grove, PA, USA). The nucleus was counter-stained with
DAPI and sections were analyzed using confocal microscopy. Microscopic
analysis was performed in such a way that exposure time, gain and depth of
field remained constant between experimental conditions. Similarly, for each
experiment all staining was performed at the same time using the same staining

parameters.
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TUNEL

TUNEL staining was performed using an in situ cell death detection kit TMR red
(Roche Diagnostics, Indianapolis, IN, USA). Every sample was counter-stained

with DAPI and viewed under fluorescent microscopy.
Cell counting

Cell counts presented in Fig. 6 were performed by counting the total number of
cells that crossed the host retinal border in 10 randomly selected microscopic
fields taken from each of 3 experimental samples. Thus, statistical analysis was

based on counts from 30 microscopic fields.
Immunoblotting

For Western blot analyses, retinas from retinal explants or transplanted eyes
were homogenized in lysis buffer (50 mM Tris-HCI, pH 7.6, 150 mM NacCl, 10
mM CacCl,, 1% Triton X-100, 0.02% NaNs3), centrifuged, supernatants isolated
and protein concentrations determined using a BCA protein assay (Pierce
Chemicals, Rockford, IL, USA). Equivalent amounts of protein (30 ug) were
subjected to SDS-PAGE (7% acrylamide), transferred to PVDF membrane and
probed with the following antibodies: CD44s (Chemicon, 1:1000), neurocan
(Abcam, 1:1000), and B-actin (Abcam, 1:5000). Blots were cut and re-probed
sequentially, visualized with ECL reagents (NEN, Boston, MA, USA) and
exposed to X-ray film (Kodak/Carestream Health, Bio Max Light Film,
Rochester, NY, USA). Developed films were subsequently digitized and
densitometrically analyzed using the Image J software (NIH image, each
substrate was normalized against B-actin). Digital images of western blots were
used to make composite figures with Adobe Photoshop® graphics software
(Adobe Corp, Mountain View, CA, USA).

Statistical analysis

Each experiment was repeated 3 times using a minimum of 4 retinas per

experimental condition. Where appropriate, data are plotted as mean + SEM
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and significance is noted only if p < 0.05, as determined by using one-way
ANOVA with Tukey testing for post-hoc comparisons or standard students T-

test.
RESULTS
Active MMP2 release

In order to achieve controlled release of active MMP2, we constructed PLGA
microspheres containing MMP2. The microencapsulation method used in this
study gave a production yield of 38%. After filtration, different size fractions (2-
10 pm, 10-20 pm and 20-40 um) were separated. Microspheres were spherical
and showed some porosity on their surface (Fig. 1A-C, arrows). We
hypothesized that MMP2 with appropriate release kinetics could degrade
inhibitory ECM without disruption of host retina. The ideal release kinetics of
active MMP2 for this study was an initial burst, lower release for one week, and
then cessation of release. To select an ideal type of MMP2-PLGA microspheres
to be used in this study, we performed a release study using a MMP2 activity
assay kit in vitro. The MMP2 activity assay kit had the same sensitivity as Elisa,
but it can also examine MMP2 in its active form. The results indicated that these
microspheres had sustained delivery of active MMP2 from an initial burst up to
30 days. We found optimal release kinetics from the microspheres of 10-20 um
from Resomer®502, as about 0.35 ng/ml of active MMP2 was released
immediately following immersion of the microspheres in PBS (from H1 to D1).
The maximum release of active MMP2 from this type of microspheres occurred
at D3 and then began to decrease (Fig. 1E). The other size fractions from
Resomer®502 showed lower maximum concentration than 10-20 pm (Fig. 1D).
The microspheres from Resomer®503 demonstrated delayed maximum release
of active MMP2 (at D10 or D30) (Fig. 1F), which was not suitable for this study.
These results collectively indicate that MMP2 can be loaded into, and released
from the biodegradable PLGA microspheres via a water-oil-water solvent

evaporation technique without enzymatic inactivation.
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Fig. 1. Release of active MMP2 from biodegradable PLGA microspheres. A-C:
Scanning electron microphotographs of MMP2-PLGA microspheres of different
sizes and materials (A: 2-10 um, Resomer®502, B: 10-20 um, Resomer®502, C:
20-40 pm, Resomer®503, arrow: porous structure). D-E: Release curve of
corresponding MMP2-PLGA microspheres from H1 to D30 in vitro.

To determine the effective concentration of MMP2-PLGA microspheres, we
injected different concentration of active MMP2 (10 ng/ml, 25 ng/ml, 50 ng/ml
and 100 ng/ml) with HBSS as a control into the sub-retinal space of adult Rho-/-
mice. Five days after injection, degradation of CD44 and neurocan could be
seen with 25 ng/ml of active MMP2, clearly evident with 50 ng/ml and almost
abolished with 100 ng/ml (Fig. 2A-E). Based upon previous observations,
release kinetics and preliminary studies, we chose to test different concentration
of MMP2-PLGA microspheres (5 ng/ml, 10 ng/ml of active MMP2) with blank
microspheres as a control. Increased degradation of CD44 and neurocan at D5
could be seen in MMP2 group compared with control group. There seemed to
be a little more obvious degradation of CD44 and neurocan with 10 ng/ ml of
active MMP2 than that with 5 ng/ml (Fig. 2F-H). However, there was no
significant difference of cell integration between these two groups (data not
shown). In order to reduce any adverse effect on the host retina, we opted to

use the concentration of 5 ng/ ml in the subsequent studies.
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C
ONL

Fig. 2. Different concentration of active MMP2 induces degradation of CD44
and neurocan at the outer surface of adult Rho-/-mouse retina. A-E: 5 days after
injection of active MMP2 into sub-retinal space (A: HBSS, B: 10 ng/ml MMP2,
C: 25 ng/ml MMP2, D: 50 ng/ml MMP2, E: 100 ng/ml MMP2). F-H: 5 days after
injection of MMP2-PLGA microspheres into sub-retinal space (F: blank
microspheres, G: 5 ng/ml MMP2 microspheres, H: 10 ng/ml MMP2
microspheres). CD44-red, neurocan-pink, DAPI-blue. Scale bar: 15 um.

Degradation of CD44 and neurocan

It has been shown previously that inhibitory ECM and adhesion molecules are
expressed at the outer surface of the retina after injury or degeneration, which
separated grafted cells from the host retina. In order to promote cell integration,
removal of these proteins without further disruption of retinal architecture is
important. Increased degradation of CD44 and neurocan has been observed
from D3 to D7 with MMP2-PLGA polymer scaffolds in vitro, but whether MMP2-
PLGA microspheres can also efficiently degrade these molecules in the same
pattern in vitro is unknown. Moreover, it is unclear whether MMP2-PLGA
microspheres have the same effect on these molecules in vivo. To address
these questions, a series of in vitro retinal explants and in vivo sub-retinal
injection were performed. After tissue harvesting, immunohistochemistry and
western blotting directed against CD44 or CD44s (cleavage product of CD44)
and neurocan were carried out. Retinal explants were performed by incubating

MMP2 or blank microspheres on the outer surface of degenerative Rho-/-retinas
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for 1 day, 3 days and 5 days. There was no significant difference in either
protein between MMP2 group and control group at D1 postplating, but a
significant increase in CD44s (breakdown product of CD44) and a significant
decrease in neurocan were observed in MMP2 group at D3. Unlike MMP2-
PLGA polymer scaffolds, no further decrease in neurocan and even a decrease
in CD44s at D5 were detected (Fig. 3G-H). Immunostaining for CD44 and
neurocan at the outer surface of the degenerative retina in MMP2 group was
slightly decreased at D1. An obvious decrease and almost abolishment of these
proteins were observed in MMP2 group at D3 and D5 (Fig. 3A-F). These results
were consistent with the release curve of this type of MMP2 microsphere. The
highest concentration of active MMP2 at D3 resulted in most efficient

degradation of CD44 and neurocan.
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Fig. 3. Controlled release of active MMP2 from biodegradable MMP2-PLGA
microspheres induces degradation of CD44 and neurocan at the outer surface
of adult Rho-/-mouse retina in vitro. Retinal explants were cultured with blank
microspheres (A-C) or MMP2 microspheres (D-F) for 1 day, 3 days and 5 days
and then processed with immunohistochemistry (A-F, CD44-red, neurocan-pink,
DAPI-blue) and western blotting (G: CD44s, H: neurocan). Scale bar: 10 um.
**p < 0.001.

We next performed sub-retinal injections with MMP2 microspheres or blank
microspheres into the sub-retinal space of adult Rho-/-mice to see whether
these microspheres remained functional in the in vivo microenvironment. As
immunohistochemistry demonstrated degradation of CD44 and neurocan at D5
in vivo,we sacrificed the animals 1 and 5 days after injection. A significant
increase of CD44s was observed in MMP2 group at D1. At D5, the expression
of CD44s in both groups was decreased and the difference was not significant.
As for neurocan, an increase at D1 and then a significant decrease at D5 in
MMP2 group were observed (Fig. 4E-F). Compared to control group,
immunostaining demonstrated that the expression of neurocan and CD44 in
MMP2 group was decreased at D1 and D5, but the degree was less than that
seen in vitro (Fig. 4A-D). Thus, MMP2-PLGA microsphere can degrade the
inhibitory ECM and adhesion molecules (CD44 and neurocan) in vivo. There
were some differences between in vitro and in vivo results. It is speculated that
the degradation of CD44 and neurocan by MMP2 microspheres induced in vivo
regulation, perhaps by tissue inhibitors of metalloproteinases (TIMPs), to

prevent further degradation.
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Fig. 4. Controlled release of active MMP2 from biodegradable PLGA
microspheres induces degradation of CD44 and neurocan at the outer surface
of adult Rho-/-mouse retina in vivo. Blank microspheres (A, B) or MMP2
microspheres (C, D) were injected into sub-retinal space for 1 day and 5 days.
Retinas were collected and then processed with immunohistochemistry (A-D,
CD44-red, neurocan-pink, DAPI-blue) and western blotting (E: CD44s, F:
neurocan). Scale bar: 15 pm. *p < 0.05, **p < 0.001.
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It has been shown that increased MMP activity had the potential to induce
apoptotic cell death, disruption of vasculature and induction of
neovascularization [15-17]. Thus, to determine whether the concentration of
active MMP2 delivered via these microspheres would negatively affect the host
retina, a series of in vivo sub-retinal injection using MMP2 or blank
microspheres were performed. More GFAP immunostaining was shown in
MMP2 group at D1 and D5 compared with control group (Fig. 5A, B, D, E).
However, no significant difference was seen between these two groups in
laminin expression, which suggested that this concentration of MMP2
microspheres had no detrimental effect on basal lamina and/or retinal
vasculature (Fig. 5A, B, D, E). There was a slight increase of TUNEL positive
cells in MMP2 group 5 days after injection, but the difference was not significant
(Fig. 5C, F, I). Moreover, as indicated by H&E staining, the thickness of host
retina and laminar integrity were almost similar in both groups two months post-
injection (Fig. 5G, H). Thus, the MMP2-PLGA microspheres used in this study
can degrade CD44 and neurocan without further disruption of retinal

architecture and/or RPC viability.
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Fig. 5. Active MMP2 delivered via PLGA microspheres has no discernible
detrimental effect on host retinal architecture. Blank microspheres (A, B, C, G, |)
or MMP2 microspheres (D, E, F, H, I) were injected into sub-retinal space of
adult Rho-/-mouse retina. Retinas were collected and then processed with
immunohistochemistry (A, B, D, E, laminin-red, GFAP-green, DAPI-blue, 1 day
and 5 days after injection), TUNEL (C, F, I, TUNEL-red, DAPI-blue, 5 days after
injection), H&E (G, H, 2 months after injection). Scale bar: 30 um.

Retinal regeneration

It was hypothesized that degradation/removal of the inhibitory ECM and
adhesion molecules from the outer surface of the degenerative retina, via
controlled  delivery of actve MMP2, would enhance cellular
migration/integration. To test this, a series of in vitro retinal explants combining
RPCs with MMP2 microspheres/ blank microspheres were performed. No
significant difference in the number of integrated RPCs could be detected at D1

post-plating between the MMP2 group and the control group (Fig. 6A, D, G). At
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D3, a significant increase (approximately 3-fold) in RPC integration was
observed in the MMP2 group as compared to the control group (Fig. 6B, E, G).
A further significant increase in cellular integration was identified at D5
(approximately 2-fold) (Fig. 6C, F, G). The integrated RPCs took up residence
in all retinal layers including the degenerative outer nuclear layer. The time point
of these results was consistent with that of the degradation of inhibitory ECM
and adhesion molecules. The highest degree of degradation at D3 resulted in

most robust cell integration.

As reported above, there were some differences in the degradation of CD44
and neurocan between in vitro and in vivo. Less CD44 and neurocan were
degraded in vivo than that in vitro. Although the MMP2 microspheres could
enhance cellular integration in vitro, whether they could promote RPC
integration in vivo was still unclear. To address it, sub-retinal co-transplantation
of MMP2 microspheres/blank microspheres with RPCs was performed.
Compared to the control group, a significant 2-fold increase in cellular
integration was observed in the MMP2 group 3 weeks following injection into
the sub-retinal space of the adult Rho-/-mice. Cells migrated extensively and

took up residence in all retinal layers (Fig. 6H-J).
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Fig. 6. Degradation of CD44 and neurocan via MMP2-PLGA microspheres
enhances RPC integration into the adult Rho-/-mouse retina. Blank
microspheres (A-C, H) or MMP2 microspheres (D-F, I) with RPCs were put on
the outer surface of retinal explants for 1 day, 3 days and 5 days (A-F) or
injected into sub-retinal space for 3 weeks (H-l). Retinas were collected and
then processed with immunohistochemistry (A-F, H, |, GFP-green, DAPI-blue).
The average number of cells that migrated beyond the outer limits was counted

per microscopic field (G, J). Scale bar: 40 um. **p < 0.001.

Although the above-mentioned results were promising, the concern remained
as to whether MMP2 would have an adverse effect on cell differentiation [18].
We tested a series of retinal explants and sub-retinal co-transplantation of
MMP2 microspheres/blank microspheres with RPCs. RPCs that migrated into
the remaining ONL could express the pan-photoreceptor marker recoverin and
some began to resemble photoreceptor cells with newly formed outer segments
(Fig. 7A, C), but the rhodopsin-positive cells could not be detected in either 5-
day retinal explants or 3 week sub-retinal transplantation (data not shown).
Some of these cells were found to make contact with residual PKC-positive
cells (Fig. 7B, D). Three weeks after transplantation, some even expressed the
ribbon synapse protein bassoon (Fig. 7E). Thus, integrated cells assemble
structural components of the spherule synapse, an essential requirement if they
are to communicate with the inner retina [19]. These results suggested that
RPCs delivered via the biodegradable MMP2-PLGA microspheres retained their
ability to develop into photoreceptor phenotypes, aiding in repopulating the

outer nuclear layer of retinal degenerative recipients.
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Fig. 7. MMP2-PLGA microspheres do not change the differentiation of RPC in

vitro and in vivo. MMP2 microspheres with RPCs were put on the outer surface
of retinal explants for 5 days (A, B) or injected into sub-retinal space for 3 weeks
(C-E). Retinas were collected and then observed by immunohistochemistry.
GFP-green, DAPI-blue, recoverin-red (A, C, arrow shows recoverin-positive
cell), PKC-red (B, D, arrow shows contact between grafted cell and PKC-
positive cell), bassoon-red (E, arrow shows bassoon-positive structure). Scale

bar: 10 um.
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DISCUSSION

To achieve functional regeneration of a damaged retina in patients with AMD or
RP via cell transplantation, more efficient cell delivery and integration is needed.
Here we show that co-transplantation of biodegradable MMP2-PLGA
microspheres with RPCs could enhance cellular integration via degradation of
CD44 and neurocan at the outer surface of the degenerative retina without
disruption of the retinal architecture. Moreover, cells in the ONL could express
mature photoreceptor markers recoverin, make contacts with residual PKC-
positive cells and express the ribbon synapse protein bassoon.

Transplantation of RPCs provides a promising approach for retinal repair.
However, it has been limited by the low quantity of cell integration into the host
retina. This is in part due to the deposition of inhibitory ECM and cell adhesion
molecules, such as CD44 and neurocan, at the outer surface of the
degenerative retina, which separates sub-retinal grafts from host retina [4-7].
Our previous studies have shown that MMP2, either secreted by host retina [4]
or delivered via MMP2-PLGA polymer scaffolds [12] can promote host-donor
integration by degrading these molecules. However, endogenous MMP2 is not
sufficient to promote widespread cellular integration in vivo. Polymer scaffolds
can increase cell integration by preventing cellular efflux and death [13], which
may complicate analysis of the role of exogenous MMP2. In this study, we used
PLGA microspheres as a vehicle to deliver active MMP2 and confirmed that
MMP?2 itself could induce a significant increase of cellular integration, coincident
with a significant increase of degradation of CD44 and neurocan in vitro and in

Vivo.

We suggest that bolus injections of active MMP2 in solution would be short
acting and likely diffuse from the injection site, resulting in a continuous
decrease in enzymatic activity and eventual re-accumulation of inhibitory ECM
and adhesion molecules, which is in fact aggravated in many progressive
degenerative diseases. Moreover, a much higher concentration of active MMP2

would be needed to remove and prevent re-accumulation of these molecules by
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single bolus injection or multiple injections. This would risk further disruption of
the already compromised retina. The MMP2-PLGA microspheres have a
continuously controlled delivery of active MMP2 up to 30 days. The release
kinetics of the microspheres used in this study was an initial burst, followed by a
peak at D3 and then cessation of release. With this curve, we hypothesized that
the barrier would be degraded, allowing for cell integration, with minimal
negative impact on the host retina. Over the course of our study, there was no
discernible detrimental influence on the host retina when using 5 ng/ml of active
MMP2. The maximum release of this type of microspheres occurred at D3,
which resulted in maximum degradation of CD44 and neurocan, and robust
enhancement of cell integration at the same time point in vitro. It is possible that
most of the CD44 and neurocan at the outer surface of the degenerative retina
were removed at D3, so no further degradation of these molecules could be
detected at D5. Although a significant increase of cell integration could be
observed at D5, the increase rate began to slow. These results are somewhat
different from those using MMP2-PLGA polymer scaffolds [12], which may be
due to their different release kinetics. Moreover, there were some differences
between in vitro and in vivo results. It is speculated that in vivo regulation could
balance ECM degradation and deposition. Naturally occurring TIMPs could
inactivate MMP2 by binding to the catalytic site, thereby preventing further
degradation of inhibitory ECM [20]. In spite of this, the concentration of active
MMP?2 delivered via the microspheres still degraded these inhibitory molecules

and stimulated cellular integration.

Compared to bolus injections of active MMP2 in solution, both MMP2-PLGA
microspheres and MMP2-PLGA polymer scaffolds have the ability to achieve
precise graft placement and region-specific degradation of inhibitory ECM and
adhesion molecules. With a much lower effective concentration, active MMP2
delivered via either of them has minimal disruption of the host retina. With their
porous structure and non-laminar form, the space among the microspheres is
more helpful for nutrient exchange between the retinal pigmented epithelial
(RPE) and the neural retina. The MMP2-PLGA microspheres used in this study
were only 10-20 pm in diameter, thinner than the MMP2-PLGA polymer

scaffolds, resulting in a shorter distance between the RPE and the neural retina.
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Moreover, it is much easier to transplant the microspheres with RPCs than the
RPCs/ MMP2-PLGA polymer constructs, as a syringe and small caliber needle

can be used.

The photopigment rhodopsin-positive was not detected in the grafted cells. It
may relate to the complete absence of rhodopsin expression in Rho-/-hosts or
MMP2 or the polymeric delivery system may inhibit neuronal differentiation [18].
Interestingly, most of the integrated cell took residence in the inner nuclear layer
instead of the outer nuclear layer. Previous studies have shown that in the
apparent absence of injury cues for rod disease, the extensive migration of
RPCs to the inner retina may reflect a response to downstream remodeling,
including loss of rod bipolar cells [21,22]. In contrast, RPCs, when delivered via
MMP2-PLGA polymer scaffolds could differentiate into rhodopsin-positive cells
[12]. To achieve functional replacement, different cell types and delivery
systems need to be investigated. It has been shown that delivery of
photoreceptor precursors [1] and induced pluripotent stem cells [23] may
facilitate differentiation into photoreceptors. A new polymer material, Poly (3-
caprolactone) (PCL) has been shown to be well tolerated following sub-retinal
transplantation [24]. Except promoting cell integration, PCL polymer scaffolds
can enhance differentiation of RPCs by using microfabricated topographical
cues [25]. We are now investigating the role of a novel 5 pm-thick
microfabricated PCL polymer scaffolds on cell survival and differentiation.
Fabrication with MMP2 and/or other molecules that could direct cells towards a
photoreceptor fate in this kind of PCL polymer scaffolds is a promising strategy

for retinal repair.

CONCLUSIONS

We have developed a drug delivery vehicle which provides controlled release of
active MMP2. After delivering MMP2-PLGA microspheres, the inhibitory ECM
and adhesion molecules deposited at the outer surface of the degenerative
retina were degraded, resulting in enhancement of cellular integration without

disruption of the host retina. Thus, microspheres provide a practical and
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effective tool for retinal repair. Future work will likely involve cues to direct RPC

differentiation towards photoreceptors.
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5 DISCUSION GENERAL

Las enfermedades neurodegenerativas que afectan al segmento posterior del
0jo son devastadoras y comprometen la visibon de un gran numero de
pacientes. Representan un grupo de patologias de etiologia multifactorial,
generalmente cronicas, que cursan con un dafio progresivo del nervio 6ptico y
la pérdida de fotorreceptores y células ganglionares de la retina (CGR),
ocasionando como consecuencia una alteracion del campo visual, que si no se
trata puede conducir a ceguera irreversible. Independientemente de su
etiologia, la terapia frente a este tipo de enfermedades tiene como obijetivo el
blogueo de los mecanismos que desencadenan la degeneracién del nervio
Optico, por lo que una de las vias propuestas se orienta hacia la

neuroproteccion.

La neuroproteccion se centra en la proteccion de neuronas susceptibles de
sufrir “degeneracion secundaria”, que ocurre en neuronas inicialmente no
dafiadas pero que acaban muriendo por exposicion a agentes citotoxicos
liberados por la muerte de las neuronas con dafio axonal primario“o.
Basandose en estos hechos, la neuroproteccion resulta util incluso cuando se
desconoce la causa inicial de la enfermedad y tiene como finalidad limitar y

prevenir el dafio y muerte neuronal.

El gran interés despertado por el uso de la terapia neuroprotectora en este tipo
de patologias se ha materializado en los Gltimos afios en el creciente nimero
de investigadores dedicados a este campo. Los resultados positivos obtenidos
en el tratamiento de otras alteraciones neuronales, como la enfermedad de

Parkinson o Alzheimer®*" ?*

, auguran buenos presagios para el uso de esta
nueva estrategia en el tratamiento de las neuropatias oftdlmicas. En el caso del
glaucoma, la neuroproteccion resultaria una terapia coadyuvante al control de
la presion intraocular en pacientes con valores elevados de PIO y de eleccion

en aquellos que cursan con valores normales de PIO.
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Entre los agentes neuroprotectores susceptibles de ser administrados, los
factores neurotréficos han resultado ser de los mas interesantes, destacando
entre ellos el Factor Neurotréfico Derivado de la linea celular Glial (GDNF) o el
Factor Neurotrofico Derivado del Cerebro (BDNF), que ya han demostrado

promover la supervivencia de CGR dafiadas®® *** 148 151

. Sin embargo, la
aplicabilidad de las terapias neuroprotectoras requiere el desarrollo de formas
de administracién que permitan el tratamiento eficaz de las zonas afectadas de
la retina. En este sentido, la administracion intravitrea parace la via méas directa
y la que mejor puede controlar la cantidad de farmaco que llega a su lugar de
accion, eliminando la mayor parte de efectos secundarios sistémicos™. No
obstante, esta ruta no esta exenta de problemas. Ademas de los riesgos
inherentes a la utilizacion de una técnica invasiva como son las inyecciones
intravitreas (cataratas, desprendimiento de retina, endoftalmitis, etc), otro
inconveniente seria que la administracion del farmaco tendria que hacerse en
forma de bolus, lo que resulta insuficiente en el tratamiento de estas patologias
cronicas que precisan concentraciones de la sustancia activa en el lugar de

accion durante largos periodos de tiempo®.

Una vez descartada la administracién frecuente de inyecciones intravitreas,
debido a las complicaciones derivadas, se hace necesario el desarrollo de
formulaciones capaces de proporcionar concentraciones terapéuticas del
farmaco en su lugar de accién por periodos prolongados de tiempo. Con este
objetivo, los sistemas microparticulares biodegradables de liberacién controlada
se estan convirtiendo en una de las alternativas mas interesantes destinadas a
este fin, ya que pueden administrarse en forma de suspensién como una
inyeccion convencional y desaparecen del lugar de accion una vez ejercido el

efecto.

Teniendo en cuenta estos antecedentes, el desarrollo de esta Tesis Doctoral se
ha basado en el disefio de varias formulaciones de microesferas
biodegradables cargadas con agentes neuroprotectores destinadas a su
administracion intraocular para el tratamiento de patologias neurodegenerativas
gue afectan al segmento posterior del ojo. Ademas, se ha procedido a la

esterilizacion y a la evaluacion del posible efecto antiangiogénico de las nuevas
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formulaciones. El trabajo realizado durante esta Tesis Doctoral ha sido objeto
de cuatro publicaciones cientificas y varias presentaciones a congresos
(comunicaciones orales y en panel) recogidas en el apartado de divulgacién

cientifica.

El primer trabajo que se recoge en esta memoria esta basado en el disefio de
una formulacion de microesferas biodegradables de PLGA cargadas con el
agente neuroprotector GDNF y con vitamina E. Teniendo en cuenta las
caracteristicas del principio activo que se pretende encapsular (compleja
estructura, facil degradacién, alto peso molecular, etc), el primer objetivo fue
desarrollar un método de microencapsulacién para mantener tanto la integridad
de la proteina como su actividad biologica durante el proceso de elaboracién de

las microparticulas y su posterior liberacion.

El método empleado para la fabricacion de las microesferas se basé en la
técnica de extraccion-evaporacion del disolvente a partir de una emulsion
S/O/A, que a lo largo de la memoria se designara como S/O/A 2. La novedad
que present6 el método fue el hecho de que la proteina no se tratd previamente
a su encapsulacién y permanecié siempre en su estado soélido. Para ello, se
propuso un método de dispersién de la sustancia activa en condiciones poco
agresivas, que consisti6 en su sonicacion empleando baja potencia y baja
temperatura durante un tiempo muy corto (30 seg). Ademés, de forma
adicional, se incorporé un aditivo oleoso (Vit E) a la fase interna de la emulsién.
Este recurso tecnologico se utilizé con el fin de aportar una mayor proteccion
de la proteina durante el proceso de fabricacion y una liberacibn mas
prolongada de la misma. La vitamina E también posee propiedades
antioxidantes y antiproliferativas que resultan de gran interés como terapia
combinada a la administracion de agentes neuroprotectores. Desde el punto de
vista terapéutico, la vitamina E actia como secuestrador de radicales libres en
los procesos de estrés oxidativo implicados en los mecanismos de muerte

169, 233

celular , ademas su actividad antiproliferativa podria evitar algunos riesgos

derivados de las inyecciones intravitreas como es la retinopatia proliferativa™.
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Las microesferas obtenidas mediante este proceso de fabricacion se
caracterizaron in vitro mediante el estudio de su morfologia, tamafio de
particula, distribucion de los componentes en el interior de las particulas,
eficacia de encapsulacion, perfil de liberacion del agente neuroprotector y
comportamiento de las microesferas en el medio de liberacién. La morfologia
estudiada por microscopia electrénica de barrido permitié observar particulas
esféricas, bien definidas y con algunos poros en la superficie de las mismas,
debido fundamentalmente a la presencia de Vit E en la fase organica de la
emulsion, que provoca una lenta difusién del disolvente organico durante la
maduracion de las micropesferas. El tamafio de particula se optimizé con el
objetivo de conseguir microesferas de un tamafio adecuado para su
administracion en forma de suspension, por via intravitrea, empleando agujas
convencionales (27-34G) y a la vez, con un tamafio 6ptimo que permitiera una
liberacién controlada del principio activo durante periodos prolongados de
tiemposl. Asi, se prepararon microesferas a partir de 20 pug de GDNF y 20 pl de

vitamina E con un tamafio medio préximo a los 20 um.

La distribucion de los componentes en el interior de las particulas fue
determinada por microscopia confocal, empleando una proteina modelo
marcada con isotiocianato de fluoresceina (BSA-FITC) y un fosfolipido
fluorescente (DHPE-TRITC, dihexadecanoil-glicero-fosfoetanolamina marcado
con tetrametilrodamina). En ambos casos, se observdé una distribucion no
homogénea de los componentes (proteina y vitamina) en el interior de las
microesferas, con una mayor proporcién de fluorescencia en la superficie de las
particulas, denotando que ambos compuestos se sitlan mayoritariamente en

€Sa zona.

Tanto la eficacia de encapsulacion como el perfil de liberacion del GDNF fueron
determinados mediante la cuantificacién de la proteina empleando la técnica de
ELISA (Enzyme-Linked ImmunoSorbent Assay), previa validacién de la misma

cumpliendo los parametros preestablecidos de linealidad, exactitud y precision.

Las condiciones para la realizacion de los ensayos de liberacion in vitro de la

proteina, fueron optimizadas teniendo en cuenta la inestabilidad que presentan

238



DISCUSION GENERAL

estas macromoléculas. Se emplearon tubos eppendorf® especiales de baja
unién a proteinas para evitar la adhesion del GDNF a los tubos. Ademas, con el
objetivo de evitar los fendmenos de agregacion proteica, que surgen durante la
liberacién de proteinas debido a la tendencia adherente de éstas a la superficie
del PLGA, se ensayaron diferentes proporciones de albimina como
transportador (0%, 0,1% y 1%), en el tampdn fosfato isoténico (PBS, pH 7,4)

que compuso el medio de cesién®® %

. La cantidad total del producto biologico
liberado al final del ensayo de cesién (27,8 + 1,8 ng GDNF/mg MSs),
empleando en el medio de liberacion 1% de albamina sérica bovina (BSA),
coincidié con el resultado obtenido en el ensayo de eficacia de encapsulacion
(25,4 = 2,9 ng GDNF/mg MSs), indicando, por tanto, que esta concentracion de
transportador era 6ptima para llevar a cabo el ensayo de cesién. Como
consecuencia, el medio de cesion compuesto por PBS, pH 7,4 isotonizado con
NaCl y 1% de BSA fue seleccionado para estudios posteriores. La liberacion de
GDNF a partir de las microesferas se prolongé hasta las 19 semanas dando
lugar a un perfil trifsico, tipico en los sistemas de liberacion controlada

elaborados con PLGA**?

. Por dltimo, se evalué el comportamiento de las
microparticulas en el medio de cesiéon. Mediante microscopia electrénica de
barrido se observé que las particulas empezaron a erosionarse y perder su
forma inicial en la sexta semana del ensayo de liberacion, encontrandose

completamente aglomeradas en la octava semana del estudio.

Una vez comprobadas las propiedades generales de las microesferas, se
determiné la actividad biolégica de la proteina mediante el estudio del efecto
neuroprotector del GDNF en las células donde ejerce su accion
(fotorreceptores y células ganglionares de la retina (CGR)). Estos bioensayos
se realizaron tanto al final del proceso de microencapsulacion como después
de la liberacién de la proteina. Los datos obtenidos pusieron de manifiesto que
la muerte de fotorreceptores disminuia al administrar diferentes cantidades de
GDNF exégeno o contenido en las microparticulas (10, 25 y 50 ng),
obteniendose mejores resultados empleando los sistemas de liberacion
controlada. Por otro lado, se demostr6 que el GDNF continué en su forma
activa una vez liberado de las particulas, lo que se puso en evidencia con un

incremento en la supervivencia de CGR cuando se pusieron en contacto estas
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células con diferentes medios de cesion procedentes de distintos tiempos del

ensayo de liberacion.

Los estudios de eficacia in vivo permitieron analizar el efecto neuroprotector de
la formulaciéon en un modelo animal de glaucoma, ratas macho con elevada
PIO, conseguida mediante la inyeccién de una solucién hiperténica en la vena
epiescleral. La administracion de microesferas (0,025 mg) cargadas con GDNF
y Vit E (0,64 ng GDNF/ojo) incrementd la supervivencia de CGR (51,6 +
3,2/mm), comparado con la administracion de una cantidad equivalente de
GDNF (22,8 + 3,2/mm), vitamina E (21,9 = 2,4/mm) o microesferas blanco (20,8
+ 2,1/mm), que fue determinada mediante el recuento de células Anti-NeuN +
en la capa de células ganglionares 11 semanas después de su inyeccién. Del
mismo modo, el tratamiento con microesferas cargadas con GDNF y Vit E,
incrementd la supervivencia axonal (72,68%) comparado con el resto de
tratamientos, GDNF (36,58%), vitamina E (30,65%) y microesferas blanco
(28,96%). Es importante destacar que la cantidad total de GDNF contenida en
las microesferas administradas (0,64 ng de GDNF en 0,025mg de MS) resulté
eficaz durante al menos 77 dias. Ademas, teniendo en cuenta la lenta
velocidad de liberacién de GDNF durante las 3-7 semanas (0,8 pg/dia), se
puede asegurar que incluso cantidades muy pequefias de este agente
neuroprotector mantenidas a lo largo de tiempo resultan eficaces en el modelo

de glaucoma empleado, confirmando asi una de las hipétesis de trabajo.

En definitiva, los resultados obtenidos en este primer trabajo nos llevan a
establecer el interés de esta formulacién en el futuro tratamiento de patologias
degenerativas que afectan a la retina. Sin embargo, al igual que todas las
preparaciones que pretendan ser administradas por via intraocular, esta
formulacién debe cumplir unos requerimientos de esterilidad. Por este motivo,
en la segunda etapa del trabajo de investigacién se estudié la influencia del
proceso de esterilizacion en la formulacién anteriormente desarrollada.
Ademds, con el objetivo de estudiar la relacion entre el estado fisico de la
proteina en la formulacion y su actividad biol6gica tras el proceso de
esterilizacion, se evaluaron tres técnicas de microencapsulacion distintas
(AJO/A, SIO/A 1y SIOIA 2).
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Asi, en el segundo trabajo experimental se prepararon tres formulaciones de
microesferas de PLGA cargadas de GDNF incorporando la proteina al estado
sélido o disuelto en la fase interna de la emulsion. Posteriormente, todas ellas
fueron esterilizadas con el objetivo de cumplir los requisitos necesarios de
esterilidad para su administracién por via parenteral. Teniendo en cuenta las
propiedades particulares de los compuestos que forman las microesferas y las
complicaciones que se pueden derivar de los métodos generales de
esterilizacion, la radiacion gamma con una dosis de 25 kGy fue el método

60, 61, 217

seleccionado para esterilizar las microparticulas . Ademas, debido a que

la radiacibn gamma induce fendmenos de ionizacion que pueden provocar
alteraciones tanto en el polimero como en la proteina encapsulada® ** y que
estos efectos pueden ser incrementados por el aumento de temperatura que
generan las propias radiaciones en las muestras®®, éstas fueron esterilizadas a
temperatura ambiente, pero también protegidas del incremento de temperatura
con hielo seco (-78°C), con el fin de estudiar el efecto de la temperatura

durante la esterilizacion.

Para elaborar las formulaciones se combinaron diferentes estrategias
tecnolégicas con el objeto de conseguir una mayor proteccion del producto
biotecnolégico durante su encapsulacion y posterior esterilizacion. Asi, se
emplearon tres métodos distintos basados en la técnica de extraccion-
evaporacion del disolvente (A/O/A, S/IO/A 1y S/O/A 2 (incluyendo Vit E)), que
permitieron encapsular GDNF incorporado inicialmente disuelto o al estado
sélido. En el método A/O/A, la proteina se disolvi6 y se incorporé a la
formulacién en su estado molecular, mientras que en el segundo método,
S/O/A 1, la sustancia activa fue incorporada al estado solido en la solucién
polimérica. Ademas, se estudi6 la variante de la técnica S/O/A empleada en el
primer trabajo experimental, S/O/A 2, que incluyd Vit E en la fase interna de la
emulsion. En este método se prepar6 una suspension inicial del agente
neuroprotector en el vehiculo oleoso (Vit E). Posteriormente, dicha suspensién
se incorporé a la solucion organica de PLGA. Para determinar la influencia de
los diferentes métodos de microencapsulacion y la posterior esterilizacion en

las propiedades de las microesferas desarrolladas, se seleccionaron una serie
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de parametros y técnicas asociadas para la caracterizacién in vitro de estas
formulaciones, incluyendo el estudio de la actividad biolégica del factor
neuroprotector en células de la retina. Esta parte del estudio se llevo a cabo
durante una estancia en el Schepens Eye Research Institute, Harvard Medical

School, Harvard University, Boston en colaboracién con el Dr. Michael Young.

El primer pardmetro evaluado fue la morfologia, que se llevo a cabo mediante
microscopia electronica de barrido. En todos los casos se obtuvieron particulas
esféricas. Sin embargo, en funcion del método de microencapsulacion
empleado la morfologia de las microesferas resulto diferente. El método A/O/A
dio lugar a particulas con poros grandes mientras que con el método S/O/A 1
se obtuvieron particulas con una superficie lisa. Cuando la Vit E fue
incorporada en la fase organica de la emulsién, S/O/A 2, las microesferas
presentaron algunos poros de pequefio tamafio en su superficie. En cuanto al
tamafio de particula, determinado mediante la técnica de difraccion laser, se

obtuvieron tamafios en el rango de 19-26 um para todas las formulaciones.

La eficacia de encapsulacion del GDNF en las distintas formulaciones,
determinada mediante la técnica de ELISA, fue superior para el método A/O/A
(30,0 £ 0,9%) que para el método S/O/A 1 (23,4 £ 0,5%). Sin embargo, la
incorporacion de la Vit E en la fase interna de la emulsién, S/O/A 2, increment6
la cantidad de proteina encapsulada (30,4 + 1,1%), igualandose a la
conseguida por el método de doble emulsion. Los ensayos de liberacién in vitro
de la proteina dieron lugar a perfiles trifasicos en las tres formulaciones. De
forma adicional, empleando la técnica de GPC (Gel Permeation
Chromatography) se estudio6 la evolucion del peso molecular del polimero a lo
largo del ensayo de cesidn, partiendo de un peso molecular inicial de 35076,8 +
292,4 g/mol y obteniendose un peso molecular critico de 13445,5 + 566,4 g/mol
a los 28 dias del inicio del estudio.

Posteriormente, se determind el efecto de la radiacion gamma (con y sin
proteccion frente al aumento de temperatura) en las caracteristicas de las
microesferas elaboradas por los tres métodos de encapsulaciéon mediante el

estudio de los parametros anteriormente descritos. Asi, tanto en la morfologia
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como en el tamafio de particula de las tres formulaciones no se observaron
cambios después de la esterilizacion (con y sin hielo seco). Sin embargo, si se
produjeron modificaciones en la proteina contenida en las microesferas y
cuantificada por ELISA tras su extraccién, incluso cuando las formulaciones se
esterilizaron en presencia de hielo seco, observandose una reduccién del 68%
con respecto a la cantidad de GDNF contenida antes de la exposicion a la
radiacion gamma en la formulacién elaborada por el método A/O/A, mientras
gue en los métodos S/O/A 1y S/O/A 2 la reduccion fue de un 40%.

Respecto a los perfiles de liberacion de GDNF, éstos mantuvieron su forma
trifasica después de la esterilizacion (tanto en presencia como en ausencia de
hielo seco). No obstante, el efecto burst aumenté en las tres formulaciones.
Comparando los distintos métodos empleados en la fabricacion de las
microesferas, la técnica S/O/W 2 ofrecié mejores resultados. La velocidad de
liberaciébn de la proteina disminuyd en la primera fase para las particulas
elaboradas por los métodos A/O/A y S/O/A 1, mientras que quedd
practicamente inalterada cuando se emple6 el método S/O/A 2.
Adicionalmente, la determinacién del peso molecular del PLGA tras el proceso
de esterilizacién con proteccion frente al aumento de temperatura puso de
manifiesto una reduccién del mismo desde 35076,8 + 292,4 g/mol a 28441,0 +

279,3 g/mol, siendo muy similar en microesferas esterilizadas sin hielo seco.

Al tratarse de sistemas de liberacién controlada que contienen productos
biotecnolégicos y estan destinados a una administracién intravitrea, es
necesario asegurar la actividad bioldgica de la proteina después de su
encapsulacion y posterior esterilizacion, para lo cual se evalué la integridad
estructural y la bioactividad del agente neuroprotector. En este sentido, se
realizaron ensayos de electroforesis que demostraron la existencia de bandas
correspondientes a la proteina nativa (25-37 kDa) y bandas adicionales debidas
a la presencia de mondmeros (15-20 kDa), lo que indicaria la existencia de
cambios estructurales de la proteina. Sin embargo, no podemos asegurar que
estas modificaciones observadas sean consecuencia de los procesos de
microencapsulacion y esterilizacion, puesto que las soluciones de GDNF

empleadas se obtuvieron a partir de la extraccion del agente neuroprotecor
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contenido en las microesferas con un disolvente organico (diclorometano) que

podria alterar la estructura de la proteina®®.

Los resultados méas relevantes se obtuvieron al determinar la actividad
biolégica del factor neurotréfico después de su encapsulacion, esterilizaciéon y
posterior liberacién, que fue evaluada en cultivos primarios de células
retinianas para cada una de las tres formulaciones desarrolladas. Asi, se
ensayaron las mismas cantidades de GDNF, cuantificadas por ELISA en el
medio de liberacién, para cada condicion de trabajo y método de
microencapsulacion empleado: 250 pg para las microesferas sin esterilizar, 70
pg para las microesferas esterilizadas a baja temperatura (-78°C) y 5 pg para
las microesferas esterilizadas a temperatura ambiente. En todos los casos, el
porcentaje de supervivencia de células retinianas fue superior para las
particulas elaboradas con el método S/O/A 2, comparado con los obtenidos
mediante las técnicas A/O/A y S/IO/A 1, hecho que se relaciona con una mayor
proteccion de la estructura nativa de la proteina debido al empleo del factor
neuroprotector al estado sélido y la inclusidon del antioxidante. Ademas, para
cada una de las formulaciones, se obtuvieron mejores resultados cuando la
esterilizacion se llevd a cabo con la adicion de hielo seco para evitar en
incremento de temperatura. También es importante destacar que incluso
pequefias cantidades de GDNF (5 pg) resultaron activas en el incremento de la

supervivencia de células de la retina comparado con el medio control (BSS).

Teniendo en cuenta los resultados obtenidos en este trabajo podemos concluir
que la inclusion de la proteina al estado sélido combinada con la adicion de
vitamina E en el método S/O/A 2, resulté ser el mas apropiado para la
encapsulacion del GDNF y la posterior esterilizacion de los sistemas
particulares desarrollados, demostrando la actividad biologica de la proteina
liberada mediante el incremento en la supervivencia de células de la retina
(antes y después de la esterilizacién), incluso para pequefias cantidades de
GDNF.

Una vez evaluada la utilidad de los nuevos sistemas de liberacién controlada

en el tratamiento de patologias neurodegenerativas y establecidas las mejores
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condiciones para su esterilizacion, el objetivo del tercer trabajo experimental
fue la evaluacién del posible efecto antiangiogénico de la combinacién del
agente neurotrofico y la vitamina E encapsulados en las microesferas. Estos
sistemas podrian resultar utiles en el futuro tratamiento de patologias
vasculares retinianas como la degeneracion macular asociada a la edad
(DMAE exhudativa) o la retinopatia diabética (RD proliferativa) que cursan con

neovascularizacion.

Para el desarrollo de este trabajo se prepararon dos formulaciones de
microesferas de PLGA empleando la técnica de extraccién-evaporacion del
disolvente a partir de una emulsiéon S/O/A 2 anteriormente descrita. La primera
formulacién se fabricé a partir de una suspension de GDNF y Vit E, la segunda
incluy6 también el agente neurotréfico BDNF. De forma adicional, se
prepararon microesferas que sélo contenian polimero o polimero y vitamina E
siguiendo el mismo procedimiento. Posteriormente, las formulaciones
desarrolladas se esterilizaron a baja temperatura por radiacibn gamma (dosis
de 25 kGy).

La caracterizacion in vitro de las microesferas esterilizadas se llevd a cabo
mediante el estudio de su morfologia, tamafio de particula, eficacia de
encapsulacion y perfil de liberacién de los agentes neuroprotectores. Las
particulas obtenidas fueron esféricas, con un tamafio proximo a las 25 pym y
cantidades de 14,4 + 1,2 ng GDNF/mg MSs y 109,3 + 0,2 ug Vit E/mg MSs
para la formulacién GDNF/Vit E y 29,8 + 3,2 ng GDNF/mg MSs, 14,6 + 1,9 ng
BDNF/mg MSs y 193,3 + 3,3 pg Vit E/mg MSs para la formulacién
GDNF/BDNF/VitE. Las formulaciones desarrolladas permitieron la liberacion
sostenida de los agentes neurotréficos durante 84 dias, presentando una
cesion inicial elevada de los agentes neuroprotectores del orden de ng/mg
MSs.

La tolerancia in vitro de los sistemas biodegradables elaborados se determino
utilizando la técnica MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-  diphenyl
tetrazoliumbromide), un ensayo colorimétrico que mide la actividad enzimaética

de las células tras ser expuestas a distintas cantidades de microesferas de

245



DISCUSION GENERAL

cada formulacion (40 y 80 ug). Las lineas celulares empleadas fueron células
endoteliales humanas de cordén umbilical (Human umbilical vein endothelial
cells, HUVEC) y células del epitelio pigmentario de la retina (Adult human
retinal pigment epithelial cells, ARPE-19), observdndose en ambos casos la
ausencia de toxicidad de las preparaciones con valores de viabilidad proximos
al 100%.

Una vez demostrada la ausencia de citotoxicidad de las formulaciones en las
lineas celulares ensayadas, se evalué el efecto antiangiogénico de los
componentes encapsulados en las microesferas (GDNF, BDNF y Vit E). Para
ello, se llevd a cabo un ensayo que permiti6 monitorizar la formaciéon de
capilares en células endoteliales (HUVEC) incluidas en una matriz artificial
(Matrigel®). Esta matriz estd compuesta por una mezcla gelatinosa de
proteinas, similar al ambiente extracelular de los tejidos, y se usa hormalmente
como sustrato en el cultivo de células endoteliales puesto que permite el
crecimiento celular en forma de red, tal y como sucede en los estadios finales
de la angiogénesis. La formulacion de microesferas (40 and 80 ug) cargadas
con GDNF y vitamina E empleadas en el ensayo, demostraron inhibir la
formacién de nuevos capilares sanguineos utilizando como control negativo
una solucion de BSS, indicando la actividad antiangiogénica de las
formulaciones ensayadas. Es importante destacar, que la adicion de BDNF a
las microesferas no aumenta el efecto antiangiogénico observado para la
combinacion de GDNF y Vit E. Sin embargo, la incorporacion de este agente
podria resultar Gtil como neuroprotector ya que se ha demostrado que la
administracion de este factor junto con GDNF tienen un efecto neuroprotector

parcialmente aditivo™* 2%,

La terapia conjunta anti-VEGF y agentes
neuroprotectores podria resultar una estrategia terapéutica muy prometedora

tal y como indican algunos autores®*,
Ademas es necesario sefialar, que las microesferas que tan solo contienen

vitamina E también han demostrado inhibir el proceso antiangiogénico en las

células endoteliales.
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Teniendo en cuenta los resultados obtenidos, las microesferas de PLGA
cargadas con agentes neuroprotectores en combinaciéon con el agente
antioxidante (vitamina E) podrian resultar una estrategia, alternativa o
complementaria, interesante en el tratamiento de la neovascularizacion coroidal

asociada a diversas retinopatias crénicas como la DMAE o la RD.

El desarrollo de formulaciones como las que se han propuesto en esta Tesis
Doctoral requiere la puesta a punto del método de microencapsulacion y la
optimizacién de la formulacion. Para ello, previamente a estos tres trabajos de
investigacién presentados se llevaron a cabo ensayos preliminares de
encapsulacién del factor neuroprotector (GDNF) y el agente oleoso (Vitamina
E) en microesferas biodegradables de PLGA. Parte de estos resultados han

sido recogidos en un articulo corto (hote).

El objetivo de estos estudios preliminares fue evaluar el efecto de la adicion de
vitamina E en la encapsulacion del agente neurotrofico asi como en la
modulacién de su liberacion y en la distribucion de ambos componentes
(proteina y aditivo oleoso) en las microesferas, para seleccionar la combinacion
proteina/vitamina E mas favorable. Con este fin, se elaboraron varias
formulaciones de microesferas utilizando distintas cantidades del producto
biotecnolégico y del aceite, empleando la técnica de extraccién-evaporacion del
disolvente a partir de una emulsiébn S/O/A 2 anteriormente descrita. Este
meétodo se basa en la preparacion de una suspension inicial de la proteina en el

aceite y su posterior incorporacion en la disolucién orgénica polimérica.

La caracterizacion in vitro de las microesferas se llevd a cabo mediante el
estudio del tamafio de particula, la morfologia, eficacia de encapsulacion y
perfil de liberacion del agente neuroprotector. Ademas, se estudio la
distribucion de ambos componentes (proteina y aditivo) en el interior de la

matriz polimérica y la estructura interna de las particulas.

El método de microencapsulacion desarrollado en este trabajo se optimiz6 para
obtener un tamafio de particula de las microesferas que permita su

administracion en forma de suspension, mediante una inyeccion convencional,
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empleando las agujas que normalmente se utilizan en administraciones
intravitreas (27-34G)*. Asi, en todas las formulaciones elaboradas se

obtuvieron microesferas con un tamafio medio préximo a las 20 um.

La morfologia estudiada por microscopia electronica de barrido permitié
observar particulas esféricas y bien definidas en todos los casos. Como se
indicé anteriormente, la presencia o ausencia del aditivo oleoso modificé la
apariencia de las mismas. Las microesferas elaboradas sin vitamina E
presentaron una superficie lisa. Por el contrario, se observaron poros
superficiales de pequefio tamafio cuando el aceite fue incorporado a la fase

interna de la emulsién.

La estructura interna de las microesferas fue evaluada mediante microscopia
confocal, afiadiendo a la formulacion un marcador fluorescente (rojo nilo) con

elevada afinidad por el PLGA®®

. Los resultados obtenidos permiten observar
sistemas matriciales tipicos de microesferas elaboradas mediante la técnica de
extraccion-evaporacion del disolvente, con algunos poros grandes que
atraviesan la matriz polimérica y poros mas pequefios en la superficie cuando

se incorpora vitamina E a la formulacion.

También se estudi®é por microscopia confocal la distribucion de los
componentes (proteina y aditivo oleoso) en el interior de las particulas. Para la
realizacion de estos ensayos fue necesario tanto el empleo de una proteina
modelo como el de un lipido fluorescente, puesto que ninguno de los dos
componentes (GDNF y vitamina E) existen en el mercado marcados con
fluorescencia. Asi, se prepararon las seis diferentes formulaciones combinando
distintas cantidades de albumina sérica humana marcada con isotiocianato de
fluoresceina (HSA-FITC) y vitamina E acompafada de dihexadecanoil-glicero-
fosfoetanolamina marcado con tetrametilrodamina (DHPE-TRITC) que presenta
afinidad por compuestos oleosos. Los resultados obtenidos demostraron que el
aceite se encontré6 homogéneamente distribuido por toda la matriz polimérica,
aunque parece apreciarse una mayor intensidad de fluorescencia en la
superficie de las particulas. La proteina se distribuyé de forma homogénea en

aquellas formulaciones que no incluian vitamina E. Sin embargo, cuando el
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agente oleoso fue incorporado a las microesferas la sefial fluorescente de la
proteina se intensificod en la superficie de las particulas formando un anillo.
Después de que estas formulaciones fueran puestas en contacto con medio de
cesion durante 24 h, se pudo observar una disminucion en la fluorescencia en
las formulaciones preparadas sin vitamina E y una casi completa desaparicion

del anillo en aquellas que se elaboraron con distintas cantidades de aceite.

En cuanto a la cesion del agente neuroprotector a partir de las microesferas, en
todas las formulaciones desarrolladas se obtuvieron perfiles trifasicos y en
todos los casos la liberacion de GDNF se llevé a cabo durante varios meses.
La composicion de las distintas formulaciones y la distribuciéon de los
componentes en la matriz polimérica influyeron en el perfil de liberacién y en la
eficacia de encapsulacién del factor neuroprotector. Asi, la incorporacion de
vitamina E en las formulaciones increment6 la eficacia de encapsulacion,
disminuyd la cantidad de proteina liberada en las primeras 24 horas y consiguio
modular la liberacion de GDNF incrementando la duracién de la segunda fase

de cesion, donde la proteina es liberada a mayor velocidad.

En definitiva, los resultados obtenidos en este trabajo nos permitieron
seleccionar la formulacién elaborada con 20 ug de proteina y 20 pl de aditivo
oleosos en 200 mg de PLGA, como la mas adecuada para el desarrollo de los

estudios posteriores.

Como se comenté anteriormente en el apartado de Objetivos y Planteamiento
(Péag. 83), el origen de esta tesis hay que buscarlo en un trabajo previo llevado
a cabo en colaboracion con el grupo del Dr. Michael J. Young. En este trabajo
se procedio a la encapsulaciéon de MMP2 (metaloproteinasa 2) en particulas

biodegradables de PLGA para su inyeccion subrretiniana.

Para conseguir una implantacion efectiva de células de la retinina es necesaria
la ruptura de la barrera formada por la matriz extracelular inhibitoria y las
moléculas de adhesién celular, como el CD44 y el neurocan. Se sabe que la
MMP2 puede degradar estos componentes promoviendo la integracion de las

células retinianas. Por tanto, en este trabajo se evalué la implantacién conjunta
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de células progenitoras de la retina (CPR) junto a sistemas capaces de liberar

progresivamente MMP2.

Este trabajo requeria el desarrollo de microesferas porosas que permitieran
una liberaracién burst elevada (adecuada para el momento inicial de la
implantacion), seguida de una cesion posterior mas prolongada. Para ello, se
prepararon 2 formulaciones empleando la técnica de extraccién- evaporacion
del disolvente a partir de una emulsion A/O/A. La primera de ellas fue
elaborada con PLGA Resomer® 502 (Peso molecular = 14000 g/mol), mientras
que para la segunda se empleé PLGA Resomer® 503 (Peso molecular = 35000
g/mol). Ambas formulaciones se separaron en diferentes fracciones

granulométricas (2-10 um; 10-20 um y 20-40 pm).

La caracterizacion in vitro de las microesferas se llevd a cabo mediante el
estudio del tamafio de particula, la morfologia, eficacia de encapsulacion y
perfil de liberacion del agente neuroprotector utilizando las técnicas

anteriormente descritas.

En base a los resultados in vitro obtenidos, la formulacién elaborada con PLGA
Resomer® 502 con un tamafio de particula comprendido entre 10-20 um se
seleccioné para su posterior implantacién con CPR, ya que ofrecié un perfil de
liberaciébn con una cesion rapida inicial seguida de una cesion mas lenta

durante una semana, perfil buscado para el posterior estudio in vivo.

La implantacién subretiniana de la formulacion seleccionada junto a las células
progenitoras de la retina, promovieron una degeneracion significativa de CD44
y neurocan en la superficie externa de la retina, que resulté en un incremento
de la integracion celular sin alterar la retina huésped. Esta prueba de concepto
demostrd que las microesferas desarrolladas ofrecieron una herramienta util y

efectiva para la reparacion de dafio retiniano.

Los resultados obtenidos en este trabajo dieron pie a plantearse la
microencapsulacion de otras proteinas de interés farmacolégico en el

tratamiento de patologias que afectan al segmento posterior del ojo.
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6 CONCLUSIONES

1. La técnica de microencapsulacion desarrollada en este trabajo resulta Gtil
para la encapsulacion de productos biotecnolégicos y su posterior liberacién

controlada durante varios meses, manteniendose su actividad bioldgica.

2. La formulacion de microesferas desarrollada en este trabajo ha demostrado
su eficacia en un modelo animal de glaucoma durante al menos 11
semanas. La administracion de este tipo de preparados como una inyeccion
convencional resultaria de utilidad como herramienta terapéutica en
patologias neurodegenerativas oculares crénicas, en las que se necesitan

concentraciones de la sustancia activa mantenidas a lo largo del tiempo.

3. La combinacién de distintos recursos tecnolégicos como son la utilizacion
de la proteina al estado sdlido, la inclusibn de antioxidantes en la
formulacién y la exposiciébn a la radiacion gamma a baja temperatura,
resulta Gtil en la proteccion de los compuestos bioldgicos ensayados

durante la esterilizacion del producto.

4. Las microesferas biodegradables cargadas con GDNF y vitamina E han
demostrado inhibir la angiogenesis en estudios in vitro llevados a cabo con
células endoteliales. La combinacion de agentes neurotroficos y
antioxidantes en los sistemas biodegradables desarrollados podria resultar
una estrategia interesante, como coadyuvante o alternativa, a la terapia anti-
VEGF (Factor de crecimiento vascular endotelial) en patologias cronicas,
como la degeneracion macular asociada a la edad (DMAE) o la retinopatia

diabética (RD), en las que esta implicada la neovascularizacion.

5. La terapia combinada de agentes neuroprotectores y antioxidantes incluidos
en la formulacién resulta una estrategia de interés en el tratamiento de
patologias crénicas de origen multifactorial en cuya patogénesis estan

implicados diversos mecanismos.
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