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Abstract / Resumen

Abstract

The main objective of this work has been the design of a new polysaccharide functionalised
nanosystem as a non-viral microRNA vector for the treatment of liver metastasis from
colorectal cancer. For this purpose, we modified our previously developed span nanoparticles
using polysaccharides with endothelial targeting properties. Thus, we have developed a xanthan
gum-functionalised nanosystem able to associate, protect from degradation and deliver in vitro
a model plasmid without compromising cell viability. Moreover, these nanoparticles showed a
remarkable short- and long-term stability at different temperatures, both in suspension and as a
lyophilised product. The xanthan gum cover targeted the nanoparticles, and therefore, the
plasmid delivery to endothelial cells of liver, kidney and lung in vivo. In addition, span
nanoparticles were functionalised with the glycosaminoglycans chondroitin sulfate and
hyaluronic acid. The resulting systems were efficiently loaded with a model plasmid and
characterised in terms of physicochemical, stability, DNA protection, cytotoxicity and
transfection properties. Once selected the chondroitin sulfate-functionalised nanoparticles for
further studies, we evaluated their clinical potential associating microRNA in the treatment of
a murine model of colorectal cancer liver metastasis. First, these nanoparticles demonstrated to
successfully target liver sinusoidal endothelial cells (LSECs) and deliver miR-20a, which has
been found to be downregulated in tumour-activated LSECs. Finally, the administration of
these miR-20a loaded nanoparticles demonstrated to reduce the tumour volume by 80% and the
LSECs infiltration into tumour foci by 70% in a murine model of colorectal liver metastasis.
Therefore, these results provide an in vivo proof-of-concept of the clinical potential of the

developed nanoparticles as a novel microRNA-based therapeutic strategy for cancer treatment.

Keywords: nanoparticles, polysaccharides, microRNA, gene therapy, cancer
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Resumen

El principal objetivo de este trabajo ha sido el disefio de un nuevo nanosistema
funcionalizado con polisacaridos como vector no viral de microRNA para el tratamiento de
metastasis hepaticas de cancer colorrectal. Con tal finalidad se han modificado las
nanoparticulas de span previamente desarrolladas utilizando polisacaridos con propiedades de
direccionamiento al endotelio vascular. Asi, se ha desarrollado un nanosistema funcionalizado
con goma Xantana que es capaz de asociar, proteger de la degradacion y liberar in vitro un
plasmido modelo, sin comprometer la viabilidad celular. Asimismo, estas nanoparticulas
mostraron una notable estabilidad a corto y largo plazo durante su almacenamiento a diferentes
temperaturas, tanto en suspensién como en su forma liofilizada. La cubierta de goma xantana
direcciono las nanoparticulas y, por lo tanto, la entrega del plasmido a las células endoteliales
de higado, rifién y pulmén in vivo. Ademas, las nanoparticulas de span se funcionalizaron con
los glucosaminoglicanos condroitin sulfato y &cido hialurénico. Un plasmido modelo fue
asociado eficazmente a estas nanoparticulas y los sistemas resultantes se caracterizaron en
términos de propiedades fisicoquimicas, de estabilidad, de proteccion del DNA, de
citotoxicidad y de transfecciéon. Una vez seleccionadas las nanoparticulas funcionalizadas con
condroitin sulfato para la evaluacion de su potencial clinico, se emplearon las mismas asociando
microRNA en el tratamiento de un modelo murino de metastasis hepatica de cancer colorrectal.
En un primer paso, estas nanoparticulas demostraron direccionar la entrega de miR-20a -cuya
expresion se encuentra disminuida en este tipo de procesos-, a las células endoteliales del
sinusoide hepético. Finalmente, la administracion de estas nanoparticulas asociando miR-20a
demostro reducir el volumen de las metéstasis en un 80% y la infiltracion de células endoteliales
en los focos metastaticos en un 70% en un modelo animal de metastasis hepatica de cancer
colorrectal. Por lo tanto, estos resultados proporcionan una prueba de concepto in vivo del
potencial clinico de las nanoparticulas desarrolladas como estrategia terapéutica a base de

microRNA para el tratamiento del cancer.

Palabras clave: nanoparticulas, polisacaridos, microRNA, terapia génica, cancer
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Resumen in extenso

Introduccion

1. Terapia génica

La terapia génica consiste en la transferencia de acidos nucleicos a células especificas para
evitar los efectos indeseados causados por genes aberrantes o disfuncionales y con el objetivo
final de tratar o aliviar una patologia. EI material genético empleado puede ser tanto un
plasmido de &cido desoxirribonucleico (DNA), empleado para compensar un déficit de
produccidn causado por un gen defectuoso o ausente, como reguladores post-transcripcionales
en forma de pequefias secuencias de acido ribonucleico (RNA) o DNA (oligonucledtidos
antisentido), utilizados para suprimir o alterar la expresion de un gen a nivel post-

transcripcional.

Las estrategias actualmente utilizadas en terapia génica pueden ser clasificadas en términos
generales en terapias de reemplazo génico y de adicion génica, aplicables a enfermedades
causadas por uno o diversos defectos genéticos respectivamente, asi como en terapia de
modificacion del RNA. Dentro de esta ultima se incluyen el silenciamiento genético mediado
por una molécula de RNA (RNA interferente pequefio, SIRNA, o microRNA) gue se une a un
RNA mensajero complementario, inhibiendo su traduccion o provocando su degradacion; asi
como la reprogramacién del splicing del RNA, es decir la inclusion o exclusion de un exén
durante la maduracién del RNA mensajero (mRNA) para producir una proteina funcional,
mediante el uso de oligonucledtidos antisentido.

Aunque la terapia génica supone una alternativa terapéutica para numerosas enfermedades,
la mayoria de los ensayos clinicos y estudios realizados actualmente estan dirigidos al
tratamiento del cancer. No obstante, debe tenerse en cuenta que el cancer engloba un conjunto
de enfermedades multifactoriales que implica alteraciones genéticas tanto en las propias células
cancerigenas como en las células adyacentes, es decir, en el conocido como microambiente
tumoral. Por lo tanto, estan surgiendo numerosas dianas terapéuticas dentro de este
microambiente, como es el caso de las células endoteliales, como alternativa al tratamiento

exclusivo de las células cancerosas

Los acidos nucleicos son moléculas hidrofilicas, cargadas negativamente y de alto peso
molecular; caracteristicas que dificultan su paso a través de barreras bioldgicas y membranas

celulares. Ademas, son moléculas labiles susceptibles de degradacién enzimatica por
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endonucleasas una vez administradas al organismo. Por lo tanto, se hace necesaria la
incorporacion del material genético a vehiculos que aseguren el transporte a su lugar de accion,
el traspaso de barreras bioldgicas y la proteccion frente a la degradacion enzimatica. Estos
vehiculos se pueden clasificar en vectores virales y vectores no virales. Los vectores virales se
unen a las células diana e introducen su material genético como parte de su proceso de
replicacion, presentando una alta eficacia de transfeccion. Con respecto a los vectores no virales
se caracterizan por ser mas seguros y faciles de escalar, asi como por poseer una mayor
capacidad de carga génica, que los vectores virales. Entre los vectores no virales destacan los

nanosistemas para el transporte de material genético.

2. Polimeros naturales para la administracion de moléculas bioactivas en general y
material genético en particular

Los polimeros naturales han despertado mucho interés en el &mbito de la administracion
de material genético debido a la idoneidad de sus propiedades, puesto que son sustancias
biocompatibles, renovables y facilmente modificables. Dentro de los polimeros naturales, los
polisacaridos son unos de los mas empleados en el disefio de sistemas transportadores de
moléculas activas. Entre los motivos de esta gran aplicacion destacan la capacidad de algunos
polisacaridos para actuar como moléculas de direccionamiento a receptores o tejidos
especificos, asi como para aportar proteccién estérica a los sistemas transportadores reduciendo
el reconocimiento de los mismos por parte del sistema reticuloendotelial y, por lo tanto,

prolongando su tiempo de circulacion en sangre.

Los polisacaridos son polimeros formados por mas de 10 monosacéridos unidos mediante
enlaces glucosidicos. Son heterogéneos en estructura y composicion quimica, pudiendo ser
obtenidos de diversas fuentes naturales, como algas (p. €j. alginato), plantas (p. ej. pectinas,

celulosa y ciclodextrinas) y animales (p. ej. quitosano, acido hialuronico y condroitin sulfato).

3. Endotelio vascular

El endotelio forma el revestimiento celular interno de los vasos sanguineos. Sin embargo,
las células endoteliales (CEs) tienen funciones muy diversas mas alla de simplemente aportar
un revestimiento a las paredes de los vasos sanguineos. Estas CES muestran una enorme
heterogeneidad estructural, funcional y genética, que difiere a lo largo del arbol vascular y de

los diferentes 6rganos y tejidos para adaptarse a requisitos especificos.
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Resumen in extenso

El papel del endotelio vascular en la progresion de diversas enfermedades, como es el caso
del cancer, es cada vez més evidente. Se ha descubierto que, en el microambiente tumoral, el
endotelio muestra caracteristicas especificas. Asi, aunque las CEs estan en estado quiescente
durante la mayor parte de su vida adulta, pueden pasar a un estado proliferativo y migratorio en
respuesta a estimulos angiogénicos procedentes de las células del microambiente tumoral. Asi,
la progresion del céncer estd regulada por una comunicacion cruzada entre las células
cancerosas y células no cancerosas del microambiente tumoral. Ademas de participar en la
comunicacion cruzada con las células tumorales, estas células no cancerosas son genéticamente
mas estables que las células cancerigenas. Por lo tanto, orientar las terapias antineoplasicas
hacia estas células presenta un especial atractivo como estrategia alternativa para vencer al

cancer.

Se han desarrollado diferentes aproximaciones terapéuticas dirigidas a tratar el potencial
angiogénico de las CEs, pero sin embargo, el desarrollo de terapias antiangiogénicas sigue
siendo limitado debido al escaso entendimiento que se tiene de sus beneficios, asi como de los
efectos secundarios y de las resistencias causadas por esta estrategia terapéutica. Sin embargo,
teniendo en cuenta las diferencias moleculares y de expresion génica entre las CEs quiescentes
y las activadas por el tumor, el direccionamiento de las terapias hacia el tratamiento de las CEs
a un nivel transcripcional surge como una alternativa terapéutica de gran interés. Asi, unas de
las estrategias terapéuticas que estan siendo actualmente exploradas para el tratamiento del
cancer son las dirigidas a regular la expresion de microRNAs en las CEs del microambiente

tumoral.

4. Metastasis hepaticas

El higado es el 6rgano mas frecuentemente afectado por metéstasis en la mayoria de las
neoplasias prevalentes, siendo las metastasis hepaticas mucho mas comunes que los tumores
hepéticos primarios. Esta gran susceptibilidad del higado a las metéastasis se debe, por una parte,
a sus caracteristicas estructurales y hemodinamicas que favorecen la interaccion y retencion de
células tumorales, y por otra parte, a su capacidad regenerativa y de supresion inmune que
propician un ambiente favorable para el crecimiento tumoral. El higado tiene un suministro dual
de sangre constituido por la arteria hepética y la vena porta, drenando ambas en los sinusoides
hepaticos, los cuales representan la red capilar en el higado. Las células endoteliales del

sinusoide hepatico, o LSECs de “liver sinusoidal endothelial cells”, suponen el 50% de las
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celulas no parenquimatosas del higado y forman un endotelio discontinuo y fenestrado que
funciona como un tamiz selectivo para fluidos, solutos y particulas desde la sangre hacia los
hepatocitos. Entre sus diversas funciones, las LSECs eliminan macromoléculas de desecho de

la sangre a traves de endocitosis mediada por receptor.
El proceso metastatico al higado implica cuatro fases interrelacionadas:

1. Fase microvascular infiltrante del tumor, en la cual las células tumorales son
retenidas por las LSECs.

2. Fase de micrometastasis pre-angiogénica interlobular, en la cual células
estromales hepaticas son reclutadas en micrometéstasis avasculares.

3. Fase de micrometastasis angiogénicas, en la cual los tumores se vuelven
vascularizados.

4. Fase de crecimiento que lleva al establecimiento de macrometéstasis.

Objetivos

En linea con lo anteriormente expuesto, los principales objetivos de este trabajo pueden

resumirse en:

1. Funcionalizacién y caracterizacion de nanoparticulas de span con diferentes
polimeros naturales para aportar una orientacion especifica de las nanoparticulas a
las células endoteliales del sinusoide hepatico (LSECS).

2. Evaluacion de la capacidad de las nanoparticulas desarrolladas para actuar como
vehiculos transportadores de material genético in vitro.

3. Evaluacion de la toxicidad in vitro e in vivo de las nanoparticulas desarrolladas y
su biodistribucion in vivo.

4. Aplicacion del sistema mas adecuado en el tratamiento de un modelo animal de
metastasis hepatica de cancer colorrectal, usando microRNA-20a como molécula

terapéutica.
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Resumen in extenso

Materiales y métodos

-Elaboracion de las nanoparticulas y asociacion del material genético

Para la elaboracion de las nanoparticulas de span, los componentes lipofilicos del sistema,
es decir, span 80 (monooleato de sorbitan) y oleilamina, se afiadieron a la fase etandlica a una
concentracion de 6.6 y 0.33 mg/ml respectivamente. En la fase acuosa se solubilizaron los
polisacéridos (goma xantana o XG, condroitin sulfato o CS y acido hialurénico o HA) vy el
material genético (el plasmido pEGFP o los microRNASs). Las concentraciones de los
polisacaridos en la fase acuosa fueron de 0.26 mg/ml para XG y 0.125 mg/ml para CS y HA.
Las nanoparticulas se formaron espontaneamente al afiadir la fase etandlica sobre la acuosa bajo
agitacion magnética constante en una proporcion 1:2 en volumen de etanol:agua. Una vez
formadas las nanoparticulas, se elimind la totalidad de la fase etandlica y parte de la fase acuosa

hasta reducir 9 veces el volumen de las nanoparticulas.

El tamafio medio de las nanoparticulas y el potencial zeta se determinaron mediante
espectroscopia de correlacion fotdnica y anemometria de dispersion laser, respectivamente. La
morfologia de las nanoparticulas se evalu6 mediante microscopia electronica de transmision

tras tefiir las muestras con &cido fosfotangstico al 2%.

La eficacia de asociacion del material genético, asi como los estudios de proteccion frente
a DNasa, se valoraron mediante electroforesis en gel de agarosa al 1% para las muestras de

plasmido y al 2% para las muestras conteniendo microRNA.
-Estudios de estabilidad y de liofilizaciéon

Para llevar a cabo los estudios de liofilizacion, las nanoparticulas se liofilizaron en
presencia de azUcares lioprotectores: trehalosa al 15% para XG, glucosa al 10% para CS y
sacarosa al 10% para HA. Tanto las muestras liofilizadas como las nanoparticulas en suspension
se almacenaron a 4°C, a temperatura ambiente (TA) y a 37°C y su tamarfio y potencial zeta se

midieron inicialmente y tras 3 y 12 meses de almacenamiento.
-Estudios in vitro

Los estudios in vitro se realizaron en celulas endoteliales humanas derivadas de la vena
umbilical HUVEC y en la linea celular A549 de carcinoma de pulmén. Para evaluar el efecto

de las nanoparticulas en la viabilidad celular se emple6 el ensayo XTT, incubando las células
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con concentraciones crecientes de nanoparticulas y siguiendo las instrucciones del fabricante.
Los mismos tiempos de incubacién fueron utilizados en los estudios de transfeccion con las
nanoparticulas conteniendo el plasmido pEGFP, que codifica una proteina verde fluorescente o
GFP. Laexpresion de GFP en las células se evalu6 24 horas después de la transfeccion mediante

microscopia de fluorescencia.
-Estudios in vivo: toxicidad y biodistribucion

Para evaluar la toxicidad in vivo de los sistemas desarrollados, 200 pl de las nanoparticulas
asociando pEGFP y en presencia de glucosa al 5% se inyectaron por via intravenosa a ratones.
Los animales se sacrificaron 24 horas después, y se extrajeron los dérganos principales y
muestras de sangre para realizar un analisis histoldgico de los mismos y medir los niveles
seroldgicos de aspartato aminotransferasa, respectivamente. EI mismo procedimiento se siguié
para los estudios de biodistribucién, tratando los cortes histolégicos con anticuerpo contra GFP

para determinar la expresion de GFP, y por lo tanto la distribucion de las nanoparticulas.
-Estudio de eficacia terapéutica en un modelo animal

Para el estudio de eficacia terapéutica, se escogieron las nanoparticulas funcionalizadas
con CS y se desarroll6 un modelo murino de metastasis hepatica de cancer colorrectal mediante
inoculacion intraesplénica de células C26 de carcinoma de colon. Los animales se dividieron
en 5 grupos segun los tratamientos recibidos, que se administraron cada 3 dias: glucosa al 5%,
microRNA-20a libre, nanoparticulas asociando microRNA-20a, nanoparticulas asociando
microRNA control y nanoparticulas blancas o vacias. A los 21 dias se sacrificaron los animales
y, después de fijar y procesar los higados, se realizaron tinciones histolégicas con hematoxilina
y eosina y se cuantificaron los focos tumorales. Para analizar las LSECs infiltradas y
potencialmente activadas en el area metastatizada, los cortes histolégicos se marcaron con el
anticuerpo contra CD31 o receptor de manosa, y la fluorescencia se cuantifico por técnicas de

imagen.
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Resultados

1. Nanoparticulas de span funcionalizadas con goma xantana para el direccionamiento
de material genético a células endoteliales

La incorporacién del polisacarido goma xantana (XG) a nanoparticulas de span dio lugar a
un nanosistema con un tamafio medio de 147 nm y un potencial zeta de -48 mV (Capitulo I,
Tabla 1). La morfologia del sistema se confirmd por microscopia electronica de transmision,
observandose particulas de tamafio nanométrico en las que se aprecia una cubierta externa y un
ndcleo central (Cap. |, Figura 2). Para evaluar la capacidad del sistema desarrollado para actuar
como vehiculo transportador de material genético, se incorporé al mismo el plasmido modelo
pEGFP, que codifica la proteina verde fluorescente (“Green Fluorescent Protein”, GFP).
Ademas de asociar eficazmente el plasmido, las nanoparticulas demostraron su capacidad para
proteger al mismo frente a la degradacién por la enzima DNasa | (Cap. I, Fig. 3). En cuanto a
la estabilidad del sistema, el tamafio medio de particula se mantuvo estable tras el
almacenamiento de las nanoparticulas en suspension a 4°C y a temperatura ambiente (TA)
durante 3 y 12 meses, con excepcion de las muestras almacenadas a 37°C, en las que se
observaron mayores incrementos en el tamafio de las nanoparticulas. Por otra parte, las
nanoparticulas se mostraron resistentes al proceso de liofilizacién, manteniendo sus
propiedades fisicoquimicas y con incrementos minimos de tamafio tras un almacenamiento de
12 meses en comparacion con las muestras en suspension. Ademas, tras estos 12 meses las
nanoparticulas, tanto en suspension como liofilizadas, mantuvieron la asociacion del plasmido
(Cap. I, Fig. 4 y 6).

Cuando la toxicidad del sistema fue evaluada in vitro en HUVEC, mediante el ensayo XTT,
se observo un descenso en la viabilidad celular a la concentracion testada mas alta de 768 pg/ml
(Cap. I, Fig. 7). También se demostré que cuando las nanoparticulas se incuban con estas
células a una concentracion de 384 ug/ml, la expresion del marcador celular de proliferacion
ki-67 no se ve afectada (Cap. I, Fig. 8). Asimismo, se consiguié transfectar el plasmido pEGFP
eficazmente en estas células empleando una concentracion de las nanoparticulas de 223.6 pg/ml

(Cap. I, Fig. 9).

Tras la administracion sistémica de las nanoparticulas a ratones, los niveles plasmaticos de
aspartato aminotransferasa permanecieron estables, lo que indica que las mismas no produjeron

un dafo hepatico significativo. Sin embargo, en los exdmenes histoldgicos de los principales
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organos se encontraron algunos infiltrados de células inflamatorias en el higado, indicativo de
una respuesta inflamatoria leve. Finalmente, se determind la biodistribucion del sistema
mediante la expresion de GFP en los principales 6rganos tras la administracion sistémica de
este sistema asociando el plasmido pEGFP. Asi, se observo expresion de GFP en las células
endoteliales de los vasos sanguineos del rifion, higado y pulmon, asi como en las LSECs del
higado. Adicionalmente, se demostr6 que este direccionamiento de las nanoparticulas es
especifico a las células endoteliales, evitando la fagocitosis por parte de las células de Kupffer

del higado.

2. Desarrollo y caracterizacion de nanoparticulas de span funcionalizadas con
condroitin sulfato y acido hialurénico como sistemas transportadores de material
genético

Se elaboraron nanosistemas hibridos a base de nanoparticulas de span decoradas con

condroitin sulfato (CS) o &cido hialurénico (HA) mediante un método de nanoprecipitacion y
autoensamblaje. En este método, el ensamblaje espontaneo de las nanoparticulas se produce
tras afladir una fase organica, que contiene span (SP) y oleilamina (OA), sobre una fase acuosa,
en la que se encuentra los glucosaminoglicanos CS o HA, debido tanto a la insolubilidad de SP
y OA en agua como a la aparicion de interacciones electrostaticas entre las cargas positivas de
OA vy las cargas negativas de CS y HA. Esta misma interaccion puede ser aprovechada para
incorporar acidos nucleicos cargados negativamente como es el caso del plasmido pEGFP. Las
nanoparticulas resultantes de este proceso mostraron un tamafio nanométrico de entre 120 y 140
nm, con una carga superficial negativa y una morfologia esférica (Cap. Il, Tabla 1 y Fig. 2).
Ambas formulaciones desarrolladas demostraron ademas ser capaces de asociar eficazmente el
plasmido pEGFP, protegerlo frente a la degradacidn enzimatica por DNasa |, asi como liberarlo
in vitro, transfectando eficazmente la linea celular de carcinoma pulmonar A549 (Cap. Il, Fig.
3, 8 y 10). Adicionalmente, ambos nanosistemas mostraron una excelente estabilidad en
suspension, exceptuando los incrementos de tamafio de particula observados cuando las
formulaciones fueron almacenadas a 37°C. Sin embargo, estos incrementos fueron mucho
menores cuando las nanoparticulas se almacenaron liofilizadas, demostrando la utilidad del

proceso de liofilizacion en la conservacion de las nanoparticulas.

El efecto de ambas formulaciones en la viabilidad celular se evalud in vitro en la linea
celular A549 mediante el ensayo XTT. Asi, no se observo un descenso de la viabilidad celular

hasta la concentracidon de nanoparticulas de 768 pg/ml, concentracion con la cual la viabilidad

28



Resumen in extenso

se vio reducida al 59% con las nanoparticulas de CS y al 84% con las nanoparticulas de HA.
Sin embargo, no se observd ningun efecto inflamatorio o de toxicidad tras la administracién
sistémica de ambas formulaciones a ratones. De este modo, los niveles plasmaticos de aspartato
aminotransferasa permanecieron estables y no se observé ningun dafio evidente en los érganos
principales, lo que indica que las nanoparticulas de CS y de HA pueden ser consideradas como

sistemas transportadores de material genético bien tolerados y no inmunogénicos.

3. Nanoparticulas de span cargadas con microRNA-20a reducen la metastasis murina
de cancer colorrectal en el higado

Un modelo murino de metastasis hepatica de cancer colorrectal fue desarrollado mediante
la inoculacién intraesplénica de células de cancer colorrectal C26 a ratones. A continuacion, 15
dias después de la inoculacién se aislaron las LSECs de estos ratones y se compararon los
niveles de expresion de miRNAS de estas células con LSECs de ratones sanos. De esta forma,
se descubrid que en las LSECs activadas por los tumores la expresion de miR-20a se encuentra
disminuida, mientras que la expresion de sus proteinas diana E2F1 y ARHGAPL esta
aumentada. Posteriormente, se demostro que la restauracion in vitro de los niveles de miR-20a
en LSECs activadas por el tumor es suficiente para reducir la capacidad de migracion de las
mismas. Por lo tanto, se decidié incorporar este miRNA a las nanoparticulas de span
funcionalizadas con CS previamente desarrolladas, con la finalidad de proteger y transportar
esta molécula a LSECs in vivo. La incorporacion de miR-20a a las nanoparticulas dio lugar a
un sistema con un tamafio medio de particula de 143 nm y una carga superficial de -33 mV
(Cap. Ill, Tabla 1 y Fig. 5). Asimismo, la capacidad de esta formulacion para dirigirse a las
LSECs se demostro tras la administracion intravenosa de este sistema asociando el plasmido
pPEGFP a ratones. De esta forma, se observo expresion de GFP unicamente en las LSECs,
mientras que esta no se aprecio en las células de Kupffer (Cap. 11, Fig. 6). Este mismo resultado
se observo tras la administracion sistémica de miR-20a marcado fluorescentemente, cuando
éste se administra asociado a las nanoparticulas. Sin embargo, cuando miR-20a se administrd
en su forma libre, la sefial fluorescente de la misma se detecté en menor medida y no delimitada
a LSECs (Cap. IlI, Fig. 7).

Una vez demostrado el potencial de las nanoparticulas para transportar la molécula
terapéutica a las células diana, el citado sistema con el miR-20a incorporado se administré a un
modelo murino de metastasis hepatica de cancer colorrectal. Tras 21 dias de tratamiento, el area

ocupada por los tumores se redujo en un 80% cuando miR-20a fue administrado en asociacion
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con las nanoparticulas, en contraposicion con la reduccion del 20% observada cuando esta
molécula fue administrada en su forma libre. Asimismo, se consiguio reducir en un 70% la
presencia de LSECs infiltradas en el tumor en comparacion con los controles, demostrando el

potencial terapéutico de las nanoparticulas desarrolladas (Cap. IlI, Fig. 8, 9y 10).

Discusion

1. Funcionalizacion de nanoparticulas de span con polimeros naturales

En este trabajo nos hemos centrado en la funcionalizacion con polimeros naturales de
nanoparticulas lipidicas a base de monooleato de sorbitan, también conocido como span 80
(SP). Ademaés de SP, un surfactante no iénico, estos nanosistemas incluyen en su composicién
laamina grasa oleilamina (OA), la cual fue incorporada para facilitar la asociacion de los acidos
nucleicos a través de interacciones electrostaticas con las cargas negativas del material genético.
Los polimeros naturales escogidos para funcionalizar estas nanoparticulas se han seleccionado
teniendo en cuenta el objetivo final de esta tesis, el cual ha sido el desarrollo de un nanosistema
transportador de microRNA capaz de dirigirse a las células endoteliales del sinusoide hepatico
(LSECs) como nueva terapia en el tratamiento de metastasis hepatica de cancer colorrectal. Asi,
los polisacaridos goma xantana (XG), condrotin sulfato (CS) y &cido hialurénico (HA) se
incorporaron al sistema buscando modular sus propiedades fisicoquimicas y su comportamiento

biologico.

De acuerdo con las propiedades fisicoquimicas de las nanoparticulas resultantes de la
funcionalizacién, podemos suponer que los grupos anionicos de XG, CS y HA se disponen en
la superficie de las nanoparticulas. Esta cubierta externa cargada negativamente resulta de gran
interés a la hora de evitar interacciones inespecificas con componentes biolédgicos, asi como
para incrementar la estabilidad del sistema y para direccionar el mismo a células o regiones
especificas del organismo. Adicionalmente, la disminucion observada en el tamafio de las
nanoparticulas tras la funcionalizacién con los polisacaridos podria ser explicada por un
incremento en el empaquetamiento de los diferentes componentes debido a interacciones
electrostaticas y a la subsiguiente reticulacion fisica de los mismos. Ademas, esta cubierta
polisacaridica ha demostrado proteger eficazmente el plasmido pEGFP frente a la degradacion

enzimatica por DNasas, que son enzimas presentes en los tejidos y fluidos biologicos,
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prerrequisito para asegurar la entrega intacta de los &cidos nucleicos asociados a las

nanoparticulas en su lugar de accion.

Por otra parte, estas nanoparticulas solucionan otro aspecto critico en el desarrollo y
escalado a la industria farmacéutica de las nanomedicinas, como es la baja estabilidad de los
nanosistemas y su tendencia a perder sus propiedades fisicoquimicas durante el
almacenamiento. De este modo, hemos desarrollado sistemas lipidicos funcionalizados con
polisacaridos que destacan por su estabilidad a corto y largo plazo, tanto en suspension como
en forma liofilizada. Este comportamiento podria explicarse por diferencias estructurales con
otros nanosistemas lipidicos conocidos por su baja estabilidad, como los liposomas, puesto que

los sistemas desarrollados en este trabajo muestran una estructura solida no vesicular.

2. Evaluacion de la toxicidad, capacidad de transfeccion y biodistribucion de las
nanoparticulas desarrolladas

Los estudios de viabilidad celular realizados in vitro con las tres formulaciones
desarrolladas, mostraron una disminucion en la viabilidad a las concentraciones mas altas
ensayadas de las nanoparticulas. Sin embargo, este efecto no puede ser explicado por la
toxicidad de los polimeros en si, puesto que diversos estudios han descrito la biocompatibilidad
y seguridad de XG, CS y HA. En consecuencia, esta toxicidad podria atribuirse a una mayor
internalizacion celular de las nanoparticulas mediada por la cubierta polisacaridica. Asimismo,
no se observaron signos de toxicidad sistémica después de la administracion intravenosa de las
nanoparticulas a ratones, exceptuando los infiltrados leucocitarios observados en el higado de
los animales tratados con nanoparticulas de XG. Esta reaccién inflamatoria leve podria ser
debida tanto a la actividad inmunomoduladora de XG como a una respuesta inmune a la
sobreexpresion a que dan lugar las nanoparticulas de GFP, efectos que se encuentran descritos

en la literatura.

Igualmente, el efecto protector y estabilizador de la cubierta de polisacaridos quedd
demostrado una vez que se pudo verificar la elevada capacidad de las nanoparticulas de XG
para transfectar la linea celular A549 en presencia de suero, el cual es una de las principales
barreras a superar por los sistemas transportadores de material genético en el organismo. Por
otra parte, se confirmd que tanto las nanoparticulas funcionalizadas con XG como con CS

pueden escapar de la captura por parte de las células de Kupffer y, por lo tanto, estos resultados
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apoyarian la teoria de que la funcionalizacion polisacaridica de las nanoparticulas de span puede

ayudar al sistema a evitar la eliminacion por parte del sistema reticuloendotelial.

Tras la administracion sistémica de las nanoparticulas de XG a ratones, la expresion de
GFP se observo tanto en las LSECs como en las células endoteliales de los vasos sanguineos
de higado, pulmoén y rifidn. La internalizacion de las nanoparticulas por parte de las LSECs
puede estar mediada por receptores de manosa, teniendo en cuenta la presencia de residuos
manosa en la estructura de XG y la sobreexpresion de estos receptores en las LSECs. Sin
embargo, este receptor no esta presente en las células endoteliales de los vasos sanguineos, por
lo que consideramos que el direccionamiento de las nanoparticulas a estas células podria ser
explicado por una interaccion con los dominios lipidicos caveola o mediante una unién no
especifica a sitios catiénicos de la membrana celular, sin la necesidad de la intervencion

especifica de un receptor.

En el caso de las nanoparticulas funcionalizadas con CS y HA, la expresion de GFP se
encuentra mas delimitada a las LSECs después de su administracion sistémica. De esta forma,
se aprovechd la afinidad de ambos polisacéridos por el receptor de hialuronano (HARE), asi
como la afinidad del CS por el receptor de manosa, siendo ambos receptores expresados por las
LSECs. Debido a la mayor expresiéon de GFP observada en los higados tratados con

nanoparticulas de CS, se decidi6 continuar la investigacion con esta formulacion.

3. Aplicacion de las nanoparticulas de condroitin sulfato cargadas con microRNA en el
tratamiento de la metéstasis hepatica de cancer colorrectal

El higado es uno de los 6rganos mas frecuentemente metastatizados debido a su posicion
anatomica y su arquitectura histologica. La transformacion fenotipica de las LSECs es una de
las etapas mas importantes de la progresion de la metéstasis hepatica. Por lo tanto, tras
demostrar la desregulacién en la expresion de miR-20a en LSECs activadas tumoralmente, y
debido a la inestabilidad de las moléculas de miRNA y a su incapacidad para cruzar barreras
bioldgicas, se decidid incorporar esta molécula bioactiva a las nanoparticulas de span
funcionalizadas con CS para que eésta sea transportada especificamente a las LSECs en un
modelo murino de metéatasis hepatica de cancer colorrectal y, asi, explorar su potencial

terapéutico en el tratamiento de esta patologia.

En un primer paso, hemos demostrado la capacidad de las nanoparticulas de span

funcionalizadas con CS para asociar la molécula activa miR-20a, evidenciando la versatilidad
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del sistema desarrollado para incorporar acidos nucleicos de diverso tamafio. Asimismo, la
capacidad de proteger y transportar especificamente esta molécula a las LSECs in vivo ha
qguedado demostrada tras la administracion sistémica de estas nanoparticulas asociando miR-

20a marcado fluorescentemente.

La estrategia para restaurar el fenotipo normal de LSECs sanas mediante la entrega de miR-
20a utilizando nanoparticulas de span funcionalizadas con CS demostr6 ser un éxito, puesto
que se consiguid reducir la presencia de LSECs infiltradas en los focos tumorales en un 70%.
Esto es indicativo de que las nanoparticulas consiguieron transportar y restaurar los niveles de
miR-20a en LSECs, disminuyendo la neoangiogénesis y el soporte vascular a los tumores. Otro
resultado que supone el espaldarazo o la confirmacion de la eficacia de la estrategia terapéutica
disefiada es la reduccion del 80% en el area ocupada por las metastasis que se consiguio con las
nanoparticulas en comparacion con el 20% de reduccion observado cuando el miR-20a se

administré en su forma libre.

Conclusiones
Por lo tanto, las siguientes conclusiones pueden ser extraidas de este trabajo:

1. Es posible modular las propiedades fisicoquimicas de las nanoparticulas de span
mediante la incorporacion a su composicion de diversos polisacaridos naturales.

2. Los nanosistemas desarrollados muestran una destacable estabilidad tanto en suspension
como en su forma liofilizada.

3. Las nanoparticulas desarrolladas han demostrado su capacidad para actuar como
sistemas transportadores del plasmido pEGFP.

4. La cubierta polisacaridica permite modular la biodistribucion del sistema.

5. Las nanoparticulas funcionalizadas con condroitin sulfato y asociando miR-20a han
permitido obtener una prueba de concepto in vivo que confirma el gran potencial
terapéutico de la estrategia disefiada en el tratamiento de la metastasis hepéatica de cancer

colorrectal.

33






Introduction







Introduction

1. Gene therapy

Gene therapy consists of the transference of nucleic acids to specific cells to avoid the
undesirable effects caused by aberrant or malfunctioning genes with the aim to treat or alleviate
a pathological condition. The genetic material can be genes encoded in deoxyribonucleic acids
(DNA) molecules, or post-transcriptional regulators such as ribonucleic acids (RNA), including
small interfering RNA (siRNA) and microRNA, and small DNA sequences, known as antisense
oligonucleotides. Thus, DNA is used to compensate a production deficit caused by a defective
or absent gene; while RNA and antisense oligonucleotides are used for gene suppression or
alteration at a post-transcriptional level. Both sSiRNA, miRNA and antisense oligonucleotides
consist of small strands of DNA or RNA that can hybridize with specific pre-mRNA or mature

MRNA sequences and suppress or regulate gene expression (1, 2).

Gene therapy offers new treatment possibilities for both acquired and hereditary diseases
where conventional therapies are less effective, such as cancer, AIDS, cystic fibrosis, arthritis,
peripheral vascular diseases and neurodegenerative disorders (3). Thus, more than 64% of all
gene therapy trials worldwide are aiming at the treatment of cancer, and cancer gene therapy
represents the predominant field of basic research, as it is a major global health problem
accounting, annually, for more than eight million deaths worldwide. Although gene therapy
was quickly adapted for cancer therapy (4) it should be taken into account that cancer is not
caused by just a single alteration, but a complex, multifactorial disease involving changes in
the genome, both in cancer cells and in the surrounding tissue. Recently, tumour
microenvironment and, specially, tumour endothelial cells have emerged as alternative
therapeutic targets for gene therapy. To fully understand the basis of this novel therapeutic
approach, more specific aspects of endothelium physiology, functions and its role in cancer

progress are described in further detail in section 3 and 4 of this introduction.

1.1. Gene therapy strategies

Gene manipulation strategies employed in current human gene therapy can be broadly
classified into gene replacement, gene addition and gene expression alteration therapies (5).

-Gene replacement therapy: therapeutic approach for treating monogenic diseases which

are caused by a single gene defect. Most of clinical gene therapy developments focus on this

strategy, due to its simplicity and, also, to the ease of obtaining animal models for monogenic
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human diseases. The first gene therapy product to reach the market, called Glybera (Table 1),
belongs to this category. It consists of a recombinant adeno-associated virus for treating

lipoprotein lipase deficiency by replacing with a functional lipoprotein lipase gene.

-Gene addition: therapeutic approach for complex disorders such as cancer and heart
diseases which involve multiple genes deregulation and environmental factors. Thus, a deep
understanding of these diseases mechanisms and the use of gene addition to supplement a

therapeutic agent is required, since gene replacement is not feasible for these disorders.

-Gene expression alteration targeting RNA: RNA can be an intermediate (MRNA) or

final (microRNA) gene product with diverse functions in controlling gene expression. Two
commonly utilized gene therapy strategies based on RNA biology are gene silencing and

reprogramming mRNA splicing.

-Gene silencing by RNA interference: gain-of-toxicity mutations lead to the
production of toxic gene products which require a gene silencing strategy by RNA interference
(RNAI). RNAI is a RNA-based gene silencing process which was discovered in 1998 by Fire
and Mello (6), consisting in the binding of a molecule of RNA to a complementary mRNA and
the consequent mRNA degradation or protein synthesis inhibition. The triggering RNA
molecule can be a small interfering RNA (siRNA), which can also be used as the precursor
short hairpin RNA (shRNA), or a microRNA. MicroRNAs seem to be safer, causing less
cellular toxicity, and can target more than one mRNA and, therefore, modify the expression of

different proteins.

-Reprogramming messenger RNA splicing by antisense oligonucleotides
(AONSs): Many diseases are caused by mutations in genes that lead to disrupt in reading frame
of pre-mRNAs. Thus, when this pre-mRNAs undergo splicing to form mature mRNAs
composed of exons to be translated into proteins, the disruption in the reading frame of pre-
MRNA produce an altered mRNA and, therefore, an abnormal protein. AONs are designed to
induce exon skipping or inclusion to modify this RNA splicing and produce a functional

protein.

1.2. Gene delivery systems

Nucleic acid delivery must overcome numerous barriers and obstacles before its

therapeutic effect can be exerted. Naked nucleic acids are quickly degraded by nucleases in the
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body and cleared via renal excretion. In addition to their instability, their hydrophilic nature,
negative charge and high molecular weight prevent nucleic acids from penetrating biological
barriers (7-9). These properties make necessary the development and inclusion of nucleic acids

into gene delivery systems.

There are two main approaches for gene delivery into target cells: viral and non-viral
vectors. Viral vectors bind to target cells and introduce their genetic materials into the host cell
as part of their replication process, referred as “transduction”. As non-viral vectors, physical
and chemical approaches, among others, have been used for genetic transfer, which is referred
as “transfection”. Non-viral vectors are safer and easier to be modified and scaled-up, as well
as amenable to carry larger gene payloads, compared with viral vectors. However, they have a

lower transfection efficiency (2, 10).

-Non-viral vectors: the non-viral strategies for nucleic acid delivery can be divided in

physical and chemical methods.

-Physical mediated gene transfer: nucleic acids are delivered by compressed air
or fluid (gene gun), or using ultrasound, which can force the genetic material into the target
cell. Another approach is based in electroporation, consisting of membrane disruption with
high-voltage electrical pulses. These techniques consist of applying a physical force that creates
transient membrane holes and facilitate nucleic acid transfer to the cell nucleus (3).

-Chemical mediated gene transfer: several chemicals have been used to protect
and help nucleic acids to cross cell membranes, mainly condensing nucleic acids into
nanocarriers. These nanocarriers can be grouped into inorganic, polymer-based and lipid-based
systems, depending on the chemical used to condense the genetic material. Potential benefits
of nanocarriers for gene delivery are their reduced toxicity, efficient packing and stabilization

of high contents of genetic material, simple manufacturing, low cost and high versatility (11).

-Viral vectors: viruses consist of ribonucleic acid (RNA) or deoxyribonucleic acid
(DNA) surrounded by a protective protein coat (viral capsid) which helps the virus to-attach to
specific host cell receptors. Some viruses may also have a lipid bilayer envelope derived from
the host cell’s membrane, and an outer layer of viral envelope made of glycoprotein. Vectors
based on gammaretroviruses, adenoviruses, adeno-associated virus, herpes simplex virus and

lentivirus are among the most widely used viral vectors. Although viral vectors are thought to
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have superior transfection efficiencies over non-viral vectors, safety concerns, such as
insertional mutagenesis, as well as induction of an immune response, have limited their use. In
addition, they are associated with limitation of the inserted DNA size and difficulty for

affordable large-scale pharmaceutical production (11).

1.3. Gene therapies on the market

Currently there are a few products involving gene therapy approved for their clinical use
(Table 1). However, despite promising new treatment options for serious diseases, nucleic-
based therapies have barely reached clinical drug development and sales. One theory holds that
this is due to a lack of profitability of “personalized” gene-based medication for rare disorders
compared with the broad spectrum of disorders treatable with a single drug. In addition, if we
take into account that most of the vectors investigated in clinical trials are viral vectors, safety
concerns do not help, as patients do not look favourably the European Medicines Agency
(EMA) safety warnings such as that for Strimvelis (“Because Strimvelis is produced using a
retrovirus, there could be a potential risk of cancer caused by unintended changes in the genetic
material, although no such cases have been seen so far”) (12). However, safety is not the only
explanation of the difficulty to reach the market. Worryingly, the aforementioned limitations of
these vectors have led to high final prices generating substantial controversy (1). Within such
scenario and although gene therapy seems likely to continue to grow in academia and in smaller
biotech companies, it seems unlikely that they will obtain a strong back up from big
pharmaceutical companies (13). Following we cover products involving gene therapy that are
currently in the market and have been approved by European Medicines Agency (EMA) and/or
U.S. Food and Drug Administration (FDA).
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2. Natural polymers for gene and drug delivery

Natural polymers have attracted much interest in the field of drug delivery, especially
polysaccharides, due to their superior properties. Thus, natural polymers have been
incorporated to drug delivery systems to improve the solubility of poorly water-soluble drugs,
to achieve a targeted drug delivery and to protect drugs from degradation and control their
release, among others. For this purpose, both synthetic and natural biodegradable polymers
have been extensively adopted. However, natural polymers have certain advantages over
synthetic ones as drug carriers, such as biocompatibility, having the intrinsic property of
environmental responsiveness via degradation and remodelling by cell-secreted enzymes. In
addition, they are generally non-toxic and therefore can readily be incorporated into oral and

systemic delivery systems (14, 15).

Natural polymers have been incorporated to diverse gene therapeutics, from nano- and
microparticles to three-dimensional scaffolds, to address the limitations of current gene delivery
systems. As derivatives of extracellular matrix components, natural polymers can function as
not only DNA complexing agents but also structural scaffolds for tissue engineering
applications. Thus, cationic polymers such as collagen, gelatine, chitosan and alginate can
function as complexing agents for nucleic acids forming polymeric complexes. On the other
hand, they can form three-dimensional polymeric matrices, enabling to control the environment
in which gene transfer occurs and to achieve a localized delivery and retention at the site of
implantation. For this purpose, collagen, fibrin, chitosan, hyaluronic acid or alginate have been
used to construct polymeric matrices. Nucleic acids can be included as naked molecules or

associated to viral or non-viral vectors (15).

2.1. Polysaccharides

Among natural polymers, polysaccharides are the most commonly used in drug and gene
delivery due to their advantageous properties. Polysaccharides are renewable, biocompatible,
biodegradable, and relatively cheap naturally occurring polymers. Moreover, polysaccharides
posse functional groups such as hydroxyl, amino, and carboxylic acid groups that can be utilized
to easily modify or tailor them to a range of clinical applications. These properties make them
attractive polymers for developing drug and gene delivery carriers (20). Carbohydrates and their
derivatives can also act as polyelectrolytes, since they have positive (chitosan) and negative

charges (hyaluronic acid, alginate, chondroitin sulfate, heparin, etc.), or as targeting moieties,
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inasmuch some of them are substrates for cell surface receptors. In addition, the presence of
hydrophilic groups favours the interaction with and bioadhesion to biological tissues via
noncovalent bonds (21). Alternatively, their presence on nanocarriers surface may also lengthen
their circulation time in the bloodstream by reducing mononuclear phagocyte system

recognition, due to steric shielding and mitigated complement activation.

Polysaccharides comprise more than 10 monosaccharide units interlinked via a glycosidic
bond. They are heterogeneous in structure and chemical composition, distinguishing neutral or
charged, linear or branched and low or high molecular weight polymers with varying
hydrophilicity. Homopolysaccharides are composed of the same repeating monosaccharide and
they include polymers such as cellulose and chitin, which function as structural elements in
plant cell walls and in arthropods exoskeleton. On the other hand, heteropolysaccharides are
formed by at least two different monosaccharide units. This group includes polymers such as
hyaluronic acid, keratan sulfate and chondroitin sulfate, which provide protection, support and
shape to cells, tissues and organs. In addition, polysaccharides can be obtained from various
natural resources, such as algae (e.g. alginate), plants (e.g. pectins, cellulose, cyclodextrins),
microorganisms (e.g. dextran, pullulan, xanthan gum) and animals (e.g. chitosan, hyaluronic
acid, chondroitin sulfate) (21).

Here we describe the main polysaccharides used in gene and drug delivery systems (22,
23):

-Dextran: highly water-soluble polysaccharide of bacterial origin, produced by
Lactobacillus, Leuconostoc and Streptococcus species. It is composed predominantly of a-1,6-
linked glucopyranose with a high molecular weight and polydispersity, that can be tailored by
controlled hydrolysis. It has been widely used as a plasma volume expander for controlling
wounds shock since 1953. It is widely used as coating of different nanocarriers, as well as part

of polyelectrolyte complexes for drug and gene delivery (24).

-Xanthan: microbial branched anionic exopolysaccharide composed of five repeated
sugar units, two B-D-glucose units on its main chain, and two mannoses and one glucuronic
acid on its side chain; as well as different amounts of acetate and pyruvate. It was approved by
FDA for its application in food and pharmaceutical industries in 1968. Its properties as a
thickener and suspension stabilizer make it suitable for creams and suspensions and, recently,

it has been used in drug controlled release carriers (25).
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-Gellan: bacterial anionic exopolysaccharide, with a repeating unit of a-rhamnose, two
residues of B-D-glucose and B-D-glucuronate. It was FDA approved as a stabilizer and
thickener in food since 1990. It forms in situ strong gels and it has been used in solid dosage
formulations, as a disintegration agent in immediate release tablets, or, in higher concentrations,

as a matrix-forming excipient in sustained release, based on its swelling behaviour (23, 25).

-Chitosan: obtained by partial deacetylation of chitin, which is the natural main
structural component of the crustacean exoskeleton and the cell wall of fungi. It is a linear and
positively charged polysaccharide composed of repeating D-glucosamine and N-acetyl-D-
glucosamine units. It shows mucoadhesive and permeation-enhancing properties, favouring its
use in mucosal drug delivery and tissue engineering. It is the most significant polymer for use
in gene delivery because of its low toxicity, low immunogenicity and excellent biocompatibility
(12).

-Hyaluronic acid: glycosaminoglycan composed of alternating disaccharide units of N-

acetyl-D-glucosamine and D-glucuronic acid. In its native form in mammalian organisms,
hyaluronic acid is usually found as a high molecular weight linear polymer and it is one of the
main components of extracellular matrix. It has a mechanical and structural role in the synovial
fluid, the vitreous humour of the eye and in connective tissues. One of the most promising
advantages of hyaluronic acid is based on the polymer interactions with specific receptors such
as CD44, which allows its use as targeting moiety to specific tissues. Originally obtained by
animal tissue extraction, especially from rooster coombs, it is now produced by recombinant
bacteria (22, 23).

-Chondroitin sulfate: is a linear glycosaminoglycan composed of repeating disaccharide

units of B-1,3-linked N-acetyl galactosamine and B-1,4-linked D-glucuronic acid with sulfate
groups at certain positions. It is a polysaccharide found in mammals particularly abundant in
bone, cartilage, skin, extracellular matrix, nerve tissue and blood vessels. Chondroitin has been
used in the therapy of osteoarthritis and other cartilage damage diseases. It has been extensively
used as a component of drug and gene delivery systems. Chondroitin can be degraded by
colonic micro flora, so it has been investigated as a component for colon-specific drug delivery
systems. As well as hyaluronic acid, chondroitin sulfate has also the ability of targeting tumours

by binding with CD44 which is overexpressed on the surfaces of various tumour cells (26, 27).
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-Cyclodextrin: naturally occurring cyclic oligosaccharides, consisting of a-1,4 linked
D-glucopyranose units, that are produced by enzymatic conversion of starch. These
polysaccharides show an amphiphilic topology, with a hydrophilic exterior and an inner
hydrophobic cavity. They have been traditionally used for the formulation of poorly water-
soluble drugs, to improve drug stability or to enhance drug permeability across biological

membranes (28).

-B-Glucans: heterogeneous group of polysaccharides composed of repeating D-glucose
units linked via B-glycosidic bonds, varying in chain length as well as in number and position
of branches. They are part of the cell wall of fungi and bacteria and hence have innate
immunomodulatory properties. This group of polysaccharides include cellulose, shizophyllan,
curdlan or lentinan. They can be cationic modified to enable electrostatic complexation of
nucleic acids, although some of them, such as curdlan, lentinan and shizophyllan, also have the
intrinsic ability to form macromolecular complexes with nucleotides based on hydrogen
bonding. B-Glucans have been used in drug delivery for the elaboration of hydrogels, micro-

and nanoparticles (22, 29).

-Alginate: linear block copolymer composed of regions with consecutive B-1,4-D-
mannuronic acid, a-L-guluronic acid residues and alternating mannuronic acid and guluronic
acid residues. It can form hydrogels via ionic gelation induced by divalent cations. Originally
obtained by extraction from seaweeds, it was discovered as a bacterial product in 1964. This
anionic polysaccharide is a good disintegrating agent in tablets, a thickening and stabilizing
agent in pharmaceutical suspensions and emulsions, as well as an antiacid stomach protector in
capsules. It has also been employed in cell microencapsulation and as microsphere vectors for
drug delivery (22, 25).

-Pullulan: neutral and non-toxic exopolysaccharide of fungi composed of a-1,6-linked
maltotriose units. It is produced from starch by the fungus Aureobasidum pullulans. It has the
ability to form fibres and biodegradable films. Additionally, it has intrinsic liver targeting
properties due to its interaction with the asialoglycoprotein receptor present on hepatocytes. It

can be cationic modified to complex nucleic acids (22, 23).
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2.2. Methods of preparation of polysaccharide nanoparticles

Different methods have been utilized in the preparation of polysaccharide nanoparticles
and selection of the method is greatly dependent on the nature of the therapeutic molecule (21,
22, 30-36). Briefly, techniques used in the preparation of nanoparticles loaded with
thermosensitive or less stable substances such nucleic acids may be broadly classified as

described below.

-Emulsion cross-linking: An aqueous polysaccharide solution is emulsified with an oil

phase that contains an appropriate concentration of surfactant. A cross-linker is added to the
emulsion leading to the gelation of the emulsion droplets where the polymer is dissolved. This
method has been used for the preparation of chitosan, alginate and dextran nanoparticles, among

others.

-Desolvation technique: polysaccharides aggregate forming nanoparticles by

desolvation through the addition of desolvating agents like alcohols or salts, inducing a
coacervation effect. This effect is observed because water-salt or alcohol interactions are more

favourable than those occurring between the water and the polysaccharide.

-Polyelectrolyte complexation: this is a method based on mixing aqueous solutions of

two polymers carrying opposite charges. It has been extensively used to prepare natural
polysaccharides-based particles and hydrogels. It is a good method to prepare nanoparticles for
its mild preparation conditions and simple procedures, and it can avoid destroying the structure
and property of the bioactive molecules.

-lonic cross-linking or ionic gelation: involves electrostatic interactions between

charged polysaccharides and small ions of opposite charges in an aqueous environment, under

mild conditions.

-Self-assembly: polysaccharides grafted with lipid moieties of amphiphilic character,
spontaneously form self-aggregates in aqueous solution. Consequently, polymeric micelles

with core-shell structure are formed.

-Nanoprecipitation: diffusion of an aqueous polymer solution in a water-miscible

nonsolvent, resulting in the instantaneous formation of nanoparticles. This technique has been

applied for chitosan, cyclodextrins and dextrin nanoparticles, among others.
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3. Vascular endothelium
3.1. Endothelial cells heterogeneity

The endothelium forms the inner cellular lining of blood vessels. Endothelial cells (ECs)
have very distinct and unique functions besides merely providing a lining for vessel walls.
Moreover, ECs show a huge heterogeneity, differing among the vascular tree and different
organs and tissues to adapt to specific requirements. This heterogeneity can be explained by the
enormous variety of tissue microenvironments to which ECs are exposed, although some
properties are epigenetically fixed and not dependent on the surrounding environment. Vascular

heterogeneity comprises morphologic, functional and molecular differences.

Arterial and venous vessels possess distinct morphological and physiological
characteristics. Arterial vessels present a layer of muscle cells and they deliver oxygen and
nutrients from the heart to various tissues, where they branch into capillaries. Then, capillaries
converge to form venous vessels that deliver deoxygenated blood back to the heart. ECs of
capillaries acquire specific characteristics and functions regarding the surrounding tissue. For
example, endothelium of the central nervous system forms the blood-brain barrier characterised
by tight junctions, while endothelium of endocrine glands, pancreas, intestine and kidney are
highly permeable due to the presence of pore-like fenestrations. Moreover, the molecular profile
of ECs is often organ-specific due to the tissue-specific signal specializing them.

Traditionally, three types of endothelial cells are recognised: continuous, discontinuous

and fenestrated cells (Figure 1) (37, 38).

-Continuous endothelium shows a basement membrane and lack of fenestrations which

make it almost impermeable. It is found in arteries, veins, and capillaries of the brain, skin,

heart and lung.

-Discontinuous endothelium is present in the liver and bone marrow and it is

characterised by the presence of large fenestrations without diaphragms and basement

membrane. This endothelium also contains large circular pores within individual cells.

-Fenestrated endothelium is observed in locations that are characterised by increased

filtration or transendothelial transport such as exo- and endocrine glands, gastric and intestinal
mucosa and kidney glomeruli. It is characterised by the presence of fenestrations, which consist

of transcellular pores with diaphragm and a basement membrane.

47



Inés Fernandez Pifeiro

Continuous Non-fenestrated

Arterigs, veins, copiliories (skin, brain, lungs, heart, muscie)

Bosement membrane +
Fenestroa -
Diophragm

Continuous fenestrated

Capitaries (gastrointestinal fract, iidney giomeruius, chorold plaxus)
4 Lumen

i Enciomeicl oot
/
[ A SUDONCOTkal SPOCe

Basement memixane
Fenestioe +
Diophrogm +

Discontinuous / sinusoidal
Copilicries {sinusoids of iver, spieen, bone mamrow)

wmen
DGO oa -

Subenaomeial space

Basement membrane
Fenestroe ¥
Diophragm

Figure 1. Types of vascular endothelium (37).

3.2. Endothelium functions

Vascular ECs have very distinct and unique functions, including a wide range of
homeostatic functions (37-41). The main vascular endothelium functions are summarised

below.

-Blood haemostasis: the endothelium has an important role in maintaining blood

haemostasis. ECs prevent thrombosis and maintain blood fluidity by means of different
anticoagulant and procoagulant factors which are differentially expressed across the vascular
tree. They can also regulate coagulation by regulating the expression of binding sites for

anticoagulant and procoagulant factors on the cell surface.

-Platelet and leukocyte interaction: platelet adhesion to and leukocyte rolling on the
endothelium represent the initial stage of a multistep process leading to extravasation of white
blood cells to sites of inflammation or infection, to platelet-leukocyte interaction and
aggregation on a thrombogenic surface, and finally to vascular occlusion. Trafficking of
leukocytes from blood to underlying tissue involves a multistep adhesion cascade that includes

initial attachment, rolling, arrest and transmigration. This transmigration can occur between
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ECs (paracellular pathway) or through ECs (transcellular pathway), and it takes place primarily

in postcapillary venules.

-Regulation of vascular tone and growth: endothelium secretes a variety of regulatory

substances such as vasoactive substances, growth inhibitors, contraction-inducing factors.
Deregulation of this endothelial-dependent system is involved in many cardiovascular diseases,

such as hypertension and atherosclerosis.

-Cell proliferation and angiogenesis: the endothelium is also involved in blood vessel

formation, which is dependent upon signals exchanged between ECs and surrounding cells.
Mature ECs are normally in a quiescent state, and neovascularization occurs predominantly by
angiogenesis from pre-existing vessels or, to a lesser extent, by vasculogenesis or blood vessels

formation by endothelial progenitor cells.

-Permeability: the endothelium regulates the transport of fluids and solutes into and out
of the blood. Such transport takes place primarily in the capillaries, the major exchange vessels
of the circulation. Fluids and small solutes move passively across the endothelium via the
paracellular route, whereas macromolecules use a transcellular route. This transcellular
transport takes place by two different mechanisms: endocytosis and transcytosis. The endocytic
pathway can occur via a nonspecific process or through a receptor-mediated endocytosis. The
later, also called clathrin-mediated endocytosis, is performed by scavenger receptors which are
particularly expressed in liver sinusoidal ECs. Clathrin-mediated endocytosis is responsible for
uptake of macromolecules such as low density lipoprotein (LDL), transferrin, albumin and
advanced glycosylation end products. In addition to endocytosis, macromolecules move across
the endothelium through transcytosis, which is mediated by caveolae and vesiculo-vacuolar
organelles (VVOs). Caveolae are membrane-bound vesicles that, with exception of liver
sinusoids, are present in ECs to a greater extent than clathrin-coated pits, mainly in capillary
endothelium. VVOs are focal collections of membrane-bound vesicles and vacuoles, and they

are most commonly observed in venular endothelium than in capillaries.

ECs were until recently considered to be just a lining for vessel walls, but it is now realised
that ECs have important functions and perturbations of these functions are involved in many
pathological conditions. Endothelial dysfunction is characterised by reduced vasodilation, a

proinflammatory state and prothrombotic properties. It is associated with most forms of
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cardiovascular disease, such as hypertension, coronary artery disease, chronic heart failure,
peripheral vascular disease, diabetes, chronic kidney failure, cancer and severe viral infections.

3.3. Role of endothelium in cancer

Endothelial cells are in a quiescent state most of their adult life, but they can turn to a
proliferative and migrative state after angiogenic stimuli from cancer cells. Diverse works
suggest that angiogenesis is not only determined by cytokines and growth factors, but also
endothelial cells metabolism interfere in this process. Thus, targeting endothelial metabolism

is possible to target cancer progress (42).

Cancer progression and metastasis is regulated by cross-talk between cancer cells and non-
cancer cells of tumour microenvironment. Tumour microenvironment is composed by non-
malignant cells which supports and promote tumour progression, including macrophages,
fibroblasts, endothelial cells, infiltrating immune cells and extracellular matrix (43). These cell-
communication promotes tumour growth, angiogenesis, drug resistance, invasion and provides
cancer cells with stem cell-like properties and epithelial-to-mesenchymal transition phenotypes.
Moreover, these non-cancer cells are genetically more stable than cancer cells, thus targeting
these cells can serve as an effective strategy to defeat cancer. Among non-cancer cells involved

in tumour microenvironment, blood vessels endothelial cells play an important role.

3.3.1. Abnormalities in tumour endothelium

Endothelium in tumour microenvironment differs from normal endothelium in respect of
morphological, functional and genetic characteristics (44). There is evidence that these
abnormalities in the tumour endothelium contribute to tumour growth and metastasis and,
therefore, determining the biological basis underlying these abnormalities will facilitate the

development of new antineoplasic therapies.

Tumour ECs are more dilated and tortuous than normal ECs, with excessive branching,
chaotic flow patterns and increased permeability to macromolecules through increased
fenestrations and widened intercellular gaps, along with a high proliferative rate. These tumour
ECs phenotypic heterogeneity is determined by diverse factors. The first factor to considered is
the vascular bed of origin and the tumour microenvironment where ECs are exposed to
abnormal conditions such as low pH, hypoxia, variable blood flow, hypoglycaemia, and growth
factor and cytokines release by tumour cells and stromal cells. Moreover, epigenetic factors
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play an important role in phenotypic heterogeneity. Thus, some site-specific epigenetic treads
will be retained by ECs regardless of tumour microenvironment. In addition, there is some
evidence that genetic alterations of tumour ECs may also influence phenotype heterogeneity.
Thus, the presence of bone marrow-derived cells, such as endothelial progenitor cells, or the
genetically instability of some tumour ECs may also have an impact on phenotype (41, 44).

Some of these tumour endothelium abnormalities are summarised below.

-Defective endothelial monolayer: tumour endothelial cells have an irregular shape and

size, with fragile cytoplasmatic projections which may penetrate the vessel lumen creating

small intercellular gaps in the vessel wall.

-Large intercellular openings and holes: transcellular holes, fenestrations, channels and

larger openings in the tumour blood vessels are probably for haemorrhage and plasma leakage

observed in most tumours.

-Abnormal sprouts: tumour vessels have thin cytoplasmic projections extending across

the vessel lumen. The origin of these sprouts may be the oxygen seeking tip cells in hypoxic

regions of the tumour microenvironment.

-Altered gene expression: showing diverse patterns from different tumour types and

stages of progression. For example, miRNAs are deregulated in many types of cancer and they
have been demonstrated to influence the progression of the disease through alteration of the
tumour microenvironment. Through miRNA manipulation in tumour endothelial cells, cancer
cells are able to promote their angiogenic potential. Moreover, miRNAs have been
demonstrated to be direct transferred between cancer cells and tumour microenvironment cells

in exosomes or through direct cell contact.

3.3.2. Targeting endothelial cells in cancer therapy

Diverse therapeutic approaches that target ECs angiogenic potential have been developed
and reached the market. For example, anti-VEGF monoclonal antibody bevacizumab was the
first commercially available angiogenesis inhibitor. It was approved to be used alone for
glioblastoma that has not improved with other treatments and to be used in combination with
other drugs to treat metastatic colorectal cancer, some non-small cell lung cancers, and

metastatic renal cell cancer. Since then, other antiangiogenic drugs have been approved,
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including receptor tyrosine Kkinase inhibitors such as sorafenib, sunitinib, pazopanib,
regorafenib and axitinib, or the VEGF-trap fusion protein aflibercept (45).

However, the use of antiangiogenic therapy is still limited due to poor understanding of the
benefit, as well as the side effects and drug resistances caused by this therapeutic (41, 46). More
than 100 clinical trials have been conducted worldwide with antiangiogenic drugs, but the
survival benefits of antiangiogenic drugs have been modest so far in the clinic. Surprisingly,
the majority of patients stop responding to this therapy or do not respond at all, and this
controversy has been highlighted lately by some preclinical studies suggesting that
antiangiogenic drugs may lead to a more aggressive and invasive tumour phenotype (47).

Nevertheless, targeting ECs at a transcriptional level has arisen as a therapeutic alternative.
Considering that tumour ECs differ from normal ECs also at molecular level, this provides the
scientific rationale for transcriptional targeting strategies. The distinct characteristics of tumour
ECs make them an excellent target for gene therapy. As previously mentioned, one way ECs
promote cancer progression is by altering the expression of microRNAs. Thus, therapeutic
strategies aimed to regulate microRNA expression are being explored in preclinical studies
(48).

4. Liver metastasis

4.1. Liver endothelium

The liver receives 15 to 20% of the cardiac output and it has a dual blood supply: the hepatic
artery, which delivers well oxygenated blood, and the portal vein, which delivers poorly
oxygenated, nutrient-rich blood. As shown in Figure 2, both drain into the hepatic sinusoids,
which represent the capillary network in the liver. After circulating in the sinusoids, blood

empties into hepatic venules and ultimately in the hepatic vena cava.

Liver endothelium is characterised by its heterogeneity. From portal vein to portal venules,
the endothelial cells become spindle shaped, nonfenestrated, and possess short microvilli. At
the transition point between the terminal portal venule and hepatic sinusoid, the ECs are smooth
and large and contain many actin fibres, and together with Ito cells, they can control blood flow.
In the case of the blood delivered by hepatic artery, the blood flow is regulated by a precapillary
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sphincter consisting of tall ECs and smooth muscle cells at the junction between the hepatic

artery and sinusoid (49).

Hepatic Circulation

Inferior Hcpzlltic
vena cava / venules &
v Central Vein
Hepatic veins \
Sinusoid

Portal \

venule Hepatic
arteriole

Hepatic Well-oxygenated blood
—1 ar?eary (1/3 of hepatic blood flow)

NG Poorly-oxygenated blood
(2/3 of hepatic blood flow)

Portal | Antigens, nutrients and
vein pathogen products from large
and small intestine, pancreas,
spleen and gall bladder

Figure 2. Liver blood circulation (49).

4.1.1. Liver sinusoidal endothelial cells

Liver sinusoidal endothelial cells (LSECs) comprise 50% of the non-parenchymal cells of
the liver. They form a discontinuous and fenestrated endothelium which functions as a selective
sieve for fluids, solutes and particles from blood to hepatocytes via the space of Disse (Figure
3). The fenestrations have approximate diameters of 100 to 150 nm and provide open channels
between the sinusoidal blood and the subendothelial space of Disse. Sieving plays an important
role in lipoprotein metabolism, which finally occurs in the hepatocytes. LSECs also contribute

to vasomotor tone, organogenesis and liver regeneration (50).

In addition, LSECs also function as scavengers, eliminating soluble waste macromolecules
from portal venous blood by receptor-mediated endocytosis, such as hyaluronan, acetylated
low-density lipoprotein (LDL), denatured albumin, glycation end products and ovalbumin.
Some of the receptors involve in this scavenger function are the mannose receptor, the
hyaluronan receptors HARE and stabilin-2.
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Another function of LSECs is related to immunity, since they take up antigens through
scavenger and mannose receptor and present them to lymphocytes via major histocompatibility
complex molecules. In contrast with professional antigen presenting cells, LSECs antigen
presentation to immune system results in immune tolerance rather than enhanced immunity.

Thus, this tolerance prevents response to innocuous oral antigens.
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* Scavenger (receptor-mediated endocytosis) Disse
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Figure 3. Liver sinusoidal endothelial cells characteristics and functions (50).

The liver is one of the greatest leukocyte margination sites in the body. This leukocyte
trafficking is mainly mediated by the sinusoids, and the migration mechanisms differs from
those of other vascular beds. Thus, leukocyte accumulation and adhesion are not preceded by
rolling and PECAM-1/CD-31 is not necessary.

4.2. Metastasizing to the liver

The liver is the most frequently afflicted organ by metastasis for the majority of prevalent
malignancies, and liver metastases are much more common than primary hepatic tumours (51).
The liver is the main site of metastatic disease and a major cause of death from gastrointestinal

malignancies such as colon, gastric and pancreatic carcinomas, as well as melanoma, breast
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cancer and sarcomas (52). The main factors related to the great susceptibility of liver to

metastases are:

-Architectural and hemodynamic features: dual, slow and tortuous liver-specific

microcirculation, along with the expression by non-parenchymal cells of surface molecules that
facilitate attachment of circulating tumour cells, promote tumour cells hepatic retention.

Moreover, LSECs fenestrations allow direct access of tumour cells to the basement membrane.

-Regenerative capabilities: self-renewal and reconstruction capability of the liver can

create a favourable environment for tumour growth.

-Regional immune suppression: tolerant microenvironment permissive to foreign

tumour cell survival and growth due to its constant exposure to inflammatory stimuli from the

gut.

4.3. Liver metastatic tumour microenvironment

The metastatic process to the liver involves four interrelated phases (51):

5. Tumour-infiltrating microvascular phase, which involves tumour cell arrest by LSECs
that leads to tumour cell death or extravasation.

6. Interlobular pre-angiogenic micrometastasis phase, during which host stromal cells are
recruited into avascular micrometastases.

7. Angiogenic micrometastasis phase, in which tumours become vascularised through
several possible interactions with the microenvironment.

8. Growth phase that leads to the establishment of the macrometastasis.

The hepatic metastatic tumour microenvironment is highly dynamic and is regulated by
interactions between cellular and non-cellular components of the environment. These
interactions are bidirectional, and communication occurs through soluble signalling factors,
such as cytokines, chemokines and growth factor; receptor-mediated cell-cell and cell-
extracellular matrix contacts, and proteolytic enzymes. Each hepatic cell type is involved in

different metastases phases and capable of playing tumouricidal and tumour promoting roles.

-LSECs: the tumour-endothelial cell interaction determines the progression of the
process. LSECs can play tumoricidal and tumour progression-promoting activities, and this role

is determined indirectly by cytokines produced by Kupffer cells or directly by interactions with
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the invading tumour cells. Tumour cells activate KCs which produce proinflammatory
cytokines, which in turn stimulate LSECs to express high levels of adhesion molecules that

enable tumour cells attachment and extravasation.

-Kupffer cells (KCs): involved in the microvascular and intralobular micrometastasis

phases. Similar to LSECs, they play a bimodal role during metastatic process, which can
involve cytotoxic activity towards tumour cells or tumour promoting activity. The switch from
one role to the other is determined predominantly by tumour cell burden. Thus, when KCs
phagocytic capacity is overwhelmed due to excessive numbers of tumour cells invading the
liver, KCs switch to promote liver colonization and metastic progression. KCs are capable of
directly stimulating metastatic proliferation through the release of growth factors as well as

cytokines and indirectly via extracellular matrix modifications.

-Hepatic stellate cells (HSCs) or Ito cells: they generate a pro-metastatic liver

microenvironment. After micrometastases development, quiescent HSCs are triggered to
transdifferentiate into myofibroblasts, highly proliferative and mobile cells, by factors released
by tumour and Kupffer cells. Thus, activated HSCs promote metastatic progression via multiple
mechanisms, including growth factors and cytokines, extracellular matrix degradation,

angiogenesis and immunosuppression.

-Hepatocytes: they are involved in intralobular phase and play a critical role in
metastatic seeding, colonization and survival. Upon seeding in the liver, cancer cells can

interact with hepatocytes through the fenestrated endothelium into the space of Disse.
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Abstract

The number of deaths caused by cancer is expected to increase partly due to the lack of
selectivity and undesirable systemic effects of current treatments. Advances in the
understanding of microRNA (miRNA) functions and the ideal properties of nanosystems have
brought increasing attention to the application of nanomedicine to cancer therapy. This review
covers the different miRNA therapeutic strategies and delivery challenges for its application in
cancer medicine. Current trends in inorganic, polymeric and lipid nanocarrier development for
miRNA replacement or inhibition are summarized. To achieve clinical success, in-depth
knowledge of the effects of the promotion or inhibition of specific miRNAs is required. To
establish the dose and the length of treatment, it will be necessary to study the duration of gene
silencing. Additionally, efforts should be made to develop specifically targeted delivery
systems to cancer cells to reduce doses and unwanted effects. In the near future, the combination
of miRNAs with other therapeutic approaches is likely to play an important role in addressing

the heterogeneity of cancer.

Keywords: cancer therapy, gene silencing, microRNA, nanocarriers, RNA interference
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1. Introduction

1.1. Limitations of current cancer therapies

Cancer consists of a group of diseases characterized by uncontrolled division of abnormal
cells that can invade and spread to other organs to form metastases. Neoplastic diseases exhibit
distinctive capabilities such as proliferative signalling, evading growth suppressors, resisting
cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion and
metastasis (1). Cancer is the second cause of death in developed countries and is associated
with aging of the population and lifestyle (2). The number of deaths caused by cancer was
estimated to be 8.2 million in 2012, corresponding to 13% of all deaths. Although
approximately two-thirds of cancer cases are cured due to advances in diagnosis, health care
and treatment, the number of deaths is expected to increase. The lack of selective delivery of
current treatments and the consequent systemic toxicity are among the major reasons for this
trend (3).

Radiotherapy and surgery are the most effective treatments for local and non-metastatic
tumours, whereas chemotherapy, hormone and biological therapies are currently used for the
treatment of metastatic cancers (4). However, despite significant progress in cancer treatments,
the low selectivity, undesirable systemic effects and dose-limiting toxicity of current treatments
make them nonspecific and non-ideal therapeutic approaches (5).

1.2. Nanomedicine in cancer treatment

Recent advances in nanomedicine applied to cancer therapeutics may help to overcome
the existing limitations of antineoplastic drugs. Nanomedicine includes the design and
development of nanoscopic delivery vehicles and diagnostic agents. These delivery systems can
improve drug stability, increase the circulation time and selectively accumulate at the tumour
site (6, 7). Their nanometric size facilitates accumulation preferably at the tumour site due to
the enhanced permeability and retention effect (EPR). The EPR effect is based on the presence
of fenestrated blood vessels in the tumour, leading to extravasation of nanocarriers through a
passive mechanism. Additionally, active targeting can be achieved through functionalization of

the nanosystems with specific ligands for receptors on target cells.

Furthermore, current progress in understanding the molecular pathways and functions of

cancer have enabled the identification of new targets and the development of novel therapeutic

66



Annex |. Nanocarriers for microRNA delivery in cancer treatment

strategies. Hence, the finding of specifically altered signalling networks in cancer cells and the
ideal properties of nanosystems have brought increasing attention to the application of
nanomedicine to cancer treatment. A wide range of materials has been employed in the
synthesis of nanocarriers and can be grouped into inorganic, polymer and lipid-based materials.
In this review, we will cover nanosystems for microRNA (miRNA) delivery developed to date
for cancer therapy.

2. MicroRNA
2.1. MicroRNA mechanism

RNA interference (RNAI) is an evolutionarily conserved method of gene expression
regulation. RNAI is based on a post-transcriptional pathway triggered by a double-stranded
RNA (dsRNA) that leads to sequence-specific silencing of a messenger RNA (mRNA) (8).
RNAI was discovered by Fire and Mello in 1998 (9) and included endogenous (miRNA) or
exogenous (siRNA and shRNA) RNAs. Gene silencing occurs when the double-stranded RNA
molecules incorporate into the RNA-induced silencing complex (RISC). Then, the guide strand
or anti-sense strand guides RISC to the complementary or near-complementary region of the
target MRNA (10). miRNAs are only partially complementary to their target mMRNAs and result
in their degradation or translational inhibition, whereas siRNAs and shRNAs bind completely
to and cleave the complementary strand (11-13). Toxicity associated with sSiRNA and shRNA
overexpression is being debated; however, miRNA therapeutics seem to be safer and do not
compromise the gene knockdown efficacy (14-16).

Functional miRNAs are produced from the cleavage of pre-miRNAs in the cytoplasm.
Mature miRNAs are 20-23 base pair double-stranded molecules comprised of a guide and a
passenger strand that is released after loading into RISC, as shown in Figure 1. Due to the ability
of the miRNA to inhibit gene expression by partial complementarity to the mRNA, one miRNA

can bind to different mMRNAs and thus affect the expression of multiple genes.
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Figure 1. Gene silencing mechanism of miRNAs. The long primary miRNA
transcripts (pri-miRNAs) obtained from the transcription of miRNA genes are cleaved
by the Drosha-DGCR8 complex in the nucleus to form pre-miRNA hairpins. These
pre-miRNAs are exported by Exportin 5 into the cytoplasm and cleaved by the Dicer-
TRBP complex into miRNA duplexes, which are incorporated into the miRNA-
induced silencing complex (miRISC). AGO, which is a component of the RISC,
releases and degrades the passenger strand while RISC is guided by the guide strand
to the target mMRNA, resulting in translation repression or mRNA degradation.

2.2. MicroRNAs and cancer

The use of miRNAs for cancer therapy is based in the finding that miRNA expression is
deregulated in cancer tissues and the ability of miRNAs to target multiple genes and alter cancer

phenotypes (17, 18). Cancers are complex diseases involving deregulated expression of
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multiple genes, whereas miRNAs can modulate different disease pathways and increase the
chances of eliminating the cancer. Moreover, distinctive miRNA expression profiles have been
associated with specific cancer types, allowing for the discrimination and identification of
poorly differentiated tumours (19, 20). Thus, miRNAs have shown relevant clinical utility for

cancer therapeutics and diagnosis.

2.3. MicroRNA therapeutic strategies: sense and antisense microRNAs

In neoplastic diseases, miRNAs can be downregulated when they function as tumour
suppressors or overexpressed when they function as oncogenes. Hence, two therapeutic
approaches are currently being used to modulate miRNA functions: restoring miRNA activity
using a synthetic miRNA and inhibiting the function of a miRNA through anti-miRNA

oligonucleotides.

In situations where miRNAs are down-regulated, replacement therapy with miRNA
mimics is used to restore miRNA levels and their tumour suppressive properties. Because the
objective of this replacement therapy is to accomplish biological functions that are identical to
the endogenous miRNAs, miRNA mimics should be loaded onto RISC to silence their target
MRNAs. For this reason, double-stranded miRNA mimics are preferred over single-stranded
mimics because the duplex structure has been found to facilitate RISC loading and thereby

enhance the gene silencing efficacy (21).

In the case of overexpressed oncogenic miRNAS, the most widely used strategy is based
on the use of miRNA antagonists to inhibit miIRNA expression. The most common antisense
approach is the use of single-stranded oligonucleotides that are partially or completely
complementary to the target miRNA. The complementary binding of the antagonist to the
endogenous miRNA prevents its processing by RISC. These antisense oligonucleotides (known
as anti-miRNAs) are chemically modified to increase their binding affinity for the miRNA (22).

Accordingly, miRNAs could act as therapeutic agents or as therapeutic targets (23).

2.4. Challenges in microRNA delivery

Similar to other therapeutic oligonucleotides, miRNA delivery is a major challenge
because naked miRNAs are quickly degraded by nucleases and cleared via renal excretion.
Moreover, RNA administration may induce innate immune responses, leading to unwanted

toxicities. In addition to their instability and toxicity, their hydrophilic nature, negative charge
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and high molecular weight prevent nucleic acids from crossing cell membranes. Once inside
cells, miRNA should achieve endosomal escape and compete with endogenous RNAI pathways
(23-25). Because miRNAs are designed to target multiple pathways, they may cause off-target
gene silencing that can induce toxic effects. Finally, insufficiency or saturation of the enzymes
involved in miRNA processing may lead to inefficient gene silencing efficacy. In this case, the
use of mature miRNASs can avoid saturation of the processing enzymes (23). To overcome these
hurdles, diverse strategies and delivery systems are currently being studied. Traditionally,
delivery systems for nucleic acids are classified as viral and non-viral vectors, but this review

will be limited to non-viral vectors for miRNA therapy with a focus on nanocarriers.

3. MicroRNA Delivery
3.1. Chemical modifications and oligonucleotide conjugates

One of the approaches used to overcome the poor stability and immune responses of
miRNAs is based on chemical modifications. These can reduce the off-target effects associated
with miRNAs. The principal strategies are based on i) ribose 2°-OH group modification, ii)
locked nucleic acids (LNA), iii) backbone modifications and iv) peptide nucleic acids (PNA)
(26).

i.  The ribose 2’-OH group is easily attacked by nucleases. Substitution of the ribose 2’-
OH group for 2’-O-methyl, 2’-O-fluoro or 2’-methoxyethyl has been shown to increase
the binding affinity, stability and gene silencing activity of anti-miRNAs (27).

ii.  LNAs are antisense oligonucleotides based on ribose-modified RNA nucleotides with
an extra bridge connecting the 2' oxygen and 4' carbon to create a stable “locked ring
conformation”. LNAs exhibit increase stability and a reduced immune response but may
lead to a reduction in activity (17).

ilii.  The most widely used strategy among backbone modifications is phosphorotioate
modifications in which one of the non-bridging phosphate oxygen atoms is replaced
with a sulphur atom. This modification has been demonstrated to increase nuclease
resistance but shows a short circulation life and low binding affinity (28)

iv.  PNA consists of uncharged oligonucleotide analogs in which the sugar-phosphodiester

backbone has been replaced by N-(2-aminoethyl)-glycine units. The lack of charge of
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PNA eliminates the need for transfection reagents and enhances oligonucleotide
stability with low toxicity (29).

Another strategy consists of conjugation with small transport domains, such as aptamers
and cell-penetrating peptides. Aptamers are small single-stranded oligonucleotides with a
particular three-dimensional structure that can bind to specific surface receptors and act as drug
delivery agents. Conjugation of miRNAs to aptamers has been used to specifically target the
nucleic acid to cells expressing the ligands recognized by the aptamer (30). For example, Rohde
et al. used the ubiquitously expressed transferrin receptor as an aptamer for miR-126 delivery
(31).

Conjugation to cell-penetrating peptides is intended to enable crossing of cell and
endosomal membranes (32). For example, Fabani et al. conjugated a PNA anti-miR-122 to the

cell-penetrating peptide penetratin to deliver the oligonucleotide in vitro (33).

Although these modifications and strategies improve miRNA stability and the
pharmacokinetic profile and reduce the immune response, increased toxicity and reduced
activity have been observed. Consequently, the high doses of modified miRNAs required result
in off target effects and saturation of the silencing machinery. Hence, the lack of efficient and
specific delivery of miRNAs to tumour cells remains a significant challenge.

3.2. Nanocarriers

Nanocarriers have recently become popular for miRNA delivery in an attempt to enhance
cellular uptake and pharmacological effectiveness and reduce toxicity. Non-viral vectors have
the advantage of being highly versatile; thus, it is possible to modify the systems with targeting
ligands or polyethylene glycol (PEG) molecules to achieve site-specific delivery or prolong the
circulation time of the system. Nanocarriers are safe and require simple manufacturing;
moreover, they are characterized by their low immunogenicity, low cost and versatility. Table
1 summarizes miRNA nanocarries that, to the best of our knowledge, have been tested in vivo,

while Table 2 lists some of the functions of the miRNAs here presented.
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3.2.1. Inorganic systems

Inorganic materials have been used to develop nanocarriers with a controlled size and
morphology. The unique properties of inorganic systems make them vehicles that are

biocompatible, non-immunogenic, nontoxic and easy to scale up.

Gold nanoparticles have received attention as nucleic acid delivery carriers due to their
suitable physico-chemical properties, such as shape, surface area, amphiphilicity,
biocompatibility and easy surface functionalization. However, these nanosystems also have
drawbacks, such as low encapsulation efficiency, poor storage stability and slow endosomal

escape.

Hao et al. synthetized gold nanoparticles functionalized with a monolayer of double-
stranded alkylthiol-modified miRNA molecules (34). Briefly, the gold nanoparticles associated
with miR-205, which was found to be markedly down-regulated in the human prostate cancer
cell line PC-3, inhibited cancer cell proliferation and migration. Additionally, nanoparticles
functionalized with miR-20a, which played an oncogenic role in PC-3 carcinogenesis, protected

the cells from doxorubicin-induced apoptosis.

Cysteamine-functionalized gold nanoparticles bound to unmodified miRNAs were utilized
by Ghosh et al. (35). The tumour suppressor miR-31 and cell proliferator miR-1323 were
successfully delivered at levels up to 10-20-fold higher than conventional liposome-mediated

transfection in neuroblastoma cell lines and ovarian cell lines with low toxicity.

Ekin et al. also used gold nanoparticles chemically modified with thiolated RNAs.
Subsequently, the proliferation inhibitor miR-145 was hybridized to the covalently attached
RNAs (36). These nanoparticles were successfully transfected into the human prostate cancer
cell line PC3 and the human breast cancer cell line MCF7.

Silica has also been used for miRNA delivery because it is a biodegradable, safe, stable,
inert and easily functionalizable delivery system. Tivnan et al. demonstrated targeted delivery
of miR-34a, which is a tumour suppressor downregulated in several cancer types, associated
with porous silica nanoparticles conjugated with a disialoganglioside GD2 (GD-) antibody to
neuroblastoma tumours (37). GD: is a glycolipid that is highly expressed on the cell surface of

neuroblastomas and other cancers. The anti-GD»-coated nanoparticles resulted in inhibition of
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neuroblastoma tumour growth in a murine orthotopic disease model with increased apoptosis

and inhibition of vascularization.

Bertucci et al. used mesoporous silica nanoparticles (MSNPs) for the co-delivery of the
PNA anti-miR-221-octaarginine conjugate and temozolomide to drug-resistant glioma cells
(38). MSNPs, which are characterized by their large surface area and their controllable porous
structure for loading active molecules, associated with the PNA anti-miR-221 on the surface
and temozolomide in the pore system. Upregulation of miR-221 has been shown to promote
cell cycle progression and chemoresistance in glioma cells. The co-delivery of both drugs
showed the most effective induction of apoptosis in the temozolomide-resistant T98G human

glioma cell line.

The use of magnetic materials has shown added value for the synthesis of nanoparticles for
miRNA delivery. Yin et al. designed magnetic zinc-doped iron oxide nanoparticles for the
delivery of the tumour suppressor lethal-7a miRNA. The authors induced magnetic
hyperthermia to enhance the treatment of glioblastoma multiforme brain cancer cells (39). The
nucleic acid was loaded onto the system through an external layer of polyethylenimine (PEI)
and together with the magnetic hyperthermia therapy enhanced apoptosis in vitro.

Lellouche et al. used maghemite nanoparticles surface-doped with lanthanide Ce*** cations
and covered with oxidized PEI for the delivery of an antisense miR-486 and anti-miR-99a,
which have been found overexpressed by the authors, to hard-to-transfect human CMK
leukaemia cells and anti-miR-21, which is one of the most common miRNAs involved in the
genesis and progression of human cancers, to BXPC-3 human pancreatic adenocarcinoma cells

(40). Moreover, intravenous injection of the system in mice was not lethal at a therapeutic dose.

Inorganic nanoparticles that can be monitored by magnetic resonance imaging (MRI) have
also been studied. Yang et al. functionalized nanoscale graphene oxide (NGO) with
polyethylene glycol, low molecular weight poly-amidoamine (PAMAM) and gadolinium (Gd)
to enhance the transfection efficiency of miRNAs and maintain low cytotoxicity (41). This
delivery system consists of a PAMAM-dendrimer associated with the let-7g miRNA and Gd-
functionalized NGO loading of the chemotherapeutic epirubicin. The Gd-NGO carrier was
capable of knocking down the expression of Ras family proteins in glioma U87 cells by efficient

simultaneous delivery of the let-7g miRNA and epirubicin.
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Finally, Yoo et al. reported the synthesis of layered gadolinium hydroxychloride
nanoparticles for the in vitro delivery of anti-miR-10b to breast cancer cell lines, since
overexpression of miR-10b has been found to promote metastasis in this type of cancer. The

traceability of the system by MRI was demonstrated in vivo (42).

3.2.2. Polymer-based systems

Polymeric carriers are the most extensively used delivery systems for miRNAs. Amine
groups of cationic polymers interact with the phosphate groups of nucleic acids to form
polyplexes. Traditionally, these cationic polymers are classified into natural and synthetic
polymers. Natural polymers include polysaccharides, peptides and proteins, whereas synthetic
polymers principally comprise polyethylenimines, poly(lactic-co-glycolic acid) and

dendrimers.

3.2.2.1.  Synthetic polymers
I. Polyethylenimines (PElIs)

PEI is the most widely used cationic polymer for nucleic acid delivery and is considered
the gold standard of non-viral vectors due to its high transfection efficacy. Its pH buffering
capacity promotes endosome destabilization and the release of nucleic acids into the cytoplasm.
The high charge density of PEIs allows them to form polyplexes with miRNAs but is also
associated with high toxicity, thereby limiting their clinical use. To overcome this problem,
modified PEI molecules have been developed.

Some studies have successfully used PEIs and PEI-derived systems for miRNA delivery.
Jung et al. entrapped a combination of miRNA-34a and a long chain miRNA-34a conjugate (Ic-
mMIiRNA) in PEI-coated calcium phosphate nanoparticles (43). The authors demonstrated that
the chemically cross-linked miRNA (Ic-miRNA) inhibited the proliferation and migration of
the prostate cancer cell line PC-3 to a greater extent than common miRNA-loaded

nanoparticles.

Ibrahim et al. delivered tumour suppressors miR-145 and miR-33a to form polyplexes with
the low molecular weight branched PEI in vitro and in vivo (44). Intraperitoneal and
intratumoural injections of PEI-complexed miR-145 in mouse models of colon carcinoma

significantly decreased tumour growth. Similar results were obtained when miR-33a-
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polyplexes were administered systemically, establishing for the first time the relevance of miR-
33a in cancer therapy.

Che et al. synthesized miR-145-loaded disulphide cross-linked PEI nanoparticles
immobilized in paclitaxel-loaded poly(B-caprolactone) nanofibers (45). The system
demonstrated the ability to promote apoptosis and reduce tumour invasion in a hepatocellular

cancer cell line in vitro.

Modified PEIs have been synthetized and studied with the aim of enhancing polymer
biocompatibility. Zhang et al. evaluated polyarginine-disulphide-linked polyethyleneimine
polyplexes for the delivery of miR-145 to prostate cancer (46). The disulphide linkage was
introduced in PEIs to overcome their high cytotoxicity and increase their cell biocompatibility.
The peptide polyarginine was added to the system to harness its prostate-specific uptake
properties. Thus, PEG chain was used as a linker to enhance biocompatibility and extend the
circulation time of the nanocarrier. The authors demonstrated greater accumulation of miR-145
in the prostate tumour region using the polyarginine nanocarrier in vivo. Thus, the miR-145
polyplexes showed effectiveness in reducing peritoneal tumour growth and increasing the

animal survival rate.

Chiou et al. assessed the utility of polyurethane-short branch PEI as a vehicle for miR-145
delivery to lung adenocarcinoma in vitro and in vivo (47). The authors demonstrated that
intratumoural delivery of the polyplexes associated with miR-145 reduced tumour growth,
enhanced the therapeutic efficacy of chemoradiotreatment and prolonged the survival time of

xenograft tumour-bearing mice.

As another example of a modified PEI, Gao et al. synthesized the cationic poly(L-lysine)-
modified polyethylenimine copolymer and successfully delivered two types of anti-miR-21 to
breast cancer MCF-7 cells (48).

ii. Poly(lactic-co-glycolic acid) (PLGA)

Poly(lactic-co-glycolic acid) is a well-known and widely studied safe, biocompatible and
biodegradable polymer. PLGA delivery systems are capable of sustained release of the
therapeutic molecule and allow multiple surface modifications. Here, we present the PLGA

systems currently used for miRNA delivery.
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Wang et al. tested FDA-approved pegylated PLGA nanoparticles as carriers for the
delivery of miR-122, which are involved in apoptosis and tumourigenesis inhibition, into
human colon cancer xenografts facilitated by sonoporation. This technique is based on an
interaction between ultrasound and microbubbles to increase nanoparticle permeability across
natural barriers (49). The system showed higher tumour penetration and miRNA silencing when
this mechanical adjuvant technique was used.

In another study, Devulapally et al. synthesized biodegradable polymer nanoparticles
based on pegylated PLGA for the co-delivery of anti-miR-21 and 4-hydroxytamoxifen (50).
The system showed antiproliferative effects in different human breast cancer cells and mouse
mammary carcinoma cells in vitro. The same system was modified with the uPA peptide to
target the breast cancer-specific urokinase plasminogen activator receptor (UPAR) (51). This
targeted carrier was able to simultaneously deliver anti-miR-21 and anti-miR-10b in vitro and
to reduce tumour growth after implantation of pre-treated cells into mice.

Another example of PLGA surface functionalization is the vehicle utilized by Babar et al.
These authors synthesized PLGA nanoparticles surface-coated with the cell-penetrating peptide
penetratin for the delivery of the antisense PNA miR-155 to pre-B cell tumours. MiR-155 has
been shown to be overexpressed in several lymphomas and involved in myeloproliferative
pathology induction. The authors combined the effectiveness of chemically modified anti-
miRNAs with the flexibility of nanosystems to support surface modifications. The use of
neutral-charged PNAs has the advantage of not requiring the use of a cationic substance to
associate the nucleic acids. The work demonstrated that the systemic administration of the

system slowed tumour growth in vivo (52).

Cheng et al. developed PLGA nanoparticles coated with the cell-penetrating peptide nona-
arginine for the delivery of chemically modified oligonucleotide analogs to human KB oral
carcinoma cells (53). The system showed efficient delivery of antisense phosphorodiamidate
morpholino oligomers (PMO) and peptide nucleic acids (PNA) to silence miR-155 and avoided
the use of cationic substances due to the neutral charge density of the analogs.

Likewise, Ananta et al. demonstrated the effectiveness of PLGA nanoparticles for the
delivery of anti-miR-21 and enhanced the sensitivity of glioblastoma U87 MG cells to

temozolomide (54).
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It is always a challenge to obtain high loading efficiencies and cellular uptake due to the
hydrophobic and neutral nature of PLGA. For this reason, copolymers containing PEI and
PLGA have been synthetized. For instance, the PLGA-PEI copolymer synthesized by Wang et
al. formed a micelle-like structure in which doxorubicin and miR-542-3p, a known regulator of
cell cycle and angiogenesis, could be loaded in the core and onto the surface, respectively (55).
These polyplexes were coated with hyaluronic acid and showed effectiveness in promoting

cancer cell apoptosis and cytotoxicity in breast cancer cells.

iii. Dendrimers

Dendrimers are highly branched polymers with a defined structure. Similar to PEI, the
buffering amines inside dendrimers can act as a proton sponge, thereby enabling endosomal
escape and miRNA delivery into the cytoplasm. The most widely used dendrimer is poly-
amidoamine (PAMAM), although modified polymers have been explored to address toxicity

issues. Studies that applied miRNA dendriplexes are presented below.

Conde et al. designed a novel RNA triple-helix structure containing miR-205 and
antagomiR-221, showing both functions in cell proliferation, conjugated to the PAMAM G5
dendrimer (56). These triplex nanoparticles were embedded in a dextran hydrogel for local
administration in a triple-negative breast cancer mouse model, leading to a noticeable decrease

in the tumour size and increased animal survival.

The influence of the dendrimer structure on the delivery efficiency was studied by Qian et
al. Their work proved the utility of the amphiphilic hyperbranched star polymers synthesized
from polylactic acid (PLA) and polymethylaminoethyl methacrylate (PDMAEMA) as a drug
and gene co-carrier for glioma treatment (57). The authors synthetized three types of molecular
architecture by conjugating different numbers of hydrophilic PDMAEMA arms into the
hydrophobic PLA core and demonstrated higher transfection efficiency of the more highly
branched system. Therefore, a miR-21 inhibitor and the hydrophobic drug doxorubicin were
successfully associated with the system and synergistically co-delivered both into LN229

glioma cells in vitro and subcutaneously in a nude mouse model.

iv. Other polymers

Other synthetic polymeric systems, such as the nanocapsules prepared by in situ
polymerization of the positively charged monomer N-(3-aminopropyl) methacrylamide (APM),
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the crosslinker ethylene glycol dimethacrylate (EGDMA) and the neutral monomer acrylamide
(AAM), have also been used. Liu et al. synthesized anti-miR-21-loaded nanocapsules in which
anti-miR-21 molecules were encapsulated within a thin network of polymer shells (58). The
crosslinker molecules were degradable under the acidic conditions of the endosomes, leading
to miRNA release. The system was able to suppress tumour growth after intratumoural

administration in mice bearing glioma U87 subcutaneous tumours.

Functionalized polycarbonates have also been used as polymers for miRNA delivery
systems. Mittal et al. developed gemcitabine-conjugated cationic copolymers complexed with
miR-205 to form micelle-like polyplexes. miR-205 is a tumour suppressor miRNA that was
shown to chemosensitize gemcitabine-resistant MIA PaCa-2R pancreatic cancer cells (59). The
micelles were formed from an amphiphilic copolymer containing a PEG hydrophilic segment
and a polypropylene carbonate hydrophobic chain with different cationic pendent groups. These
micelleplexes were demonstrated to be effective in reverting the chemo-resistance, invasion
and metastasis of gemcitabine-resistant pancreatic cancer cells in vitro. In vivo studies showed
a reduction in the tumour growth rate and tumour weight in a pancreatic cancer xenograft model

treated with the miR-205-gemcitabine complexes.

Choi et al. developed an engineered nanocarrier for RNA delivery composed of a
hydrophilic shell of the CD44-targeting ligand hyaluronan, a hydrophobic core of 53-cholanic
acid as a drug reservoir, a RNA binding site of the artificial phosphate receptor Zn(ll)-
dipicolylamine (DPA/Zn) and a calcium phosphate layer that increased the protection and pH-
dependent RNA release. The system demonstrated the ability to efficiently deliver miR-34a to
a colon carcinoma cell line and tumour mouse model after intravenous administration (60). This
nanosystem does not contain a cationic substance to bind the nucleic acids and thus achieves

higher specific accumulation and lower toxicity than conventional gene transfection systems.

Liu et al. synthesized gelatinases-stimuli nanoparticles by polymerization of poly(€-
caprolactone) (PCL) as a hydrophobic core and PEG as a hydrophilic corona connected by a
tumour-specific gelatinases-cleavable peptide (61). This system demonstrated the ability to
synergistically deliver docetaxel and miR-200c, which is known to improve sensitivity of
cancer cells to chemotherapy, in vitro and in vivo, thereby suppressing tumour growth in a

xenograft gastric cancer mouse model.
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3.2.2.2.  Natural polymers
I Chitosan

Chitosan is one of the most studied natural polymers for gene delivery. It is a
biocompatible, biodegradable and safe polysaccharide that has been explored as a miRNA
delivery system. Deng et al. co-encapsulated miR-34a and doxorubicin into nanocomplexes
composed of hyaluronic acid and chitosan (62). The authors reported efficient co-delivery of
miR-34a and doxorubicin into the breast cancer cell line MDA-MB-231, thereby achieving

synergistic effects on tumour suppression.

Santos-Carballal et al. studied the effect of the degree of acetylation and the molecular
weight of chitosan on miRNA delivery. The authors showed that polyplexes formed of chitosan

and miR-145 were efficiently transfected into MCF-7 breast cancer cells in vitro (63).

ii. Peptides and proteins

Peptide and protein-based carriers have been widely explored for nucleic acid delivery
because they can condense nucleotides through electrostatic interactions with the positive
charges of the amino acids. Moreover, amino acids contribute to endosomal escape, targeted
delivery and bioreversible polyplex stabilization of the system. Nanosystems containing

peptides and proteins are presented below.

Wang et al. prepared miR-34a self-assembled nanocomplexes composed of cationic
protamine sulphate and negatively charged hyaluronic acid (HA) (64). HA was used due to its
specific binding ability for the overexpressed CD44 receptors of tumours. miR-34a was
efficiently delivered into both triple-negative breast cancer cells and a xenograft mouse breast

cancer model in vivo.

Hao et al. constructed a nanosystem for tumour suppressors miR-15a and miR-16-1
delivery based on an aptamer-conjugated atelocollagen (65).The RNA aptamer A10-3.2 was
used to target prostate-specific membrane antigen (PSMA\) on the cell surface of prostate cancer
cells. Atelocollagen is a type | collagen, which is a fibrous protein involved in maintaining the
morphology of tissues and organs. This system effectively delivered both miRNAs to PSMA-

overexpressing pancreatic cancer cells in vitro and in vivo.
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Song et al. studied the efficacy of the antimiR-21/R3V6 peptide complex in the induction
of apoptosis in C6 and A172 glioblastoma cells (66). The system was demonstrated to be more

efficient than PEI and Lipofectamine and exhibited less cytotoxicity.

3.2.3. Lipid-based systems
Lipids are among the most widely studied materials for nucleic acid delivery. They can be
grouped into cationic lipids, ionisable lipids and helper lipids.
3.2.3.1. Cationic lipids

Cationic lipids can interact with miRNAs to form lipoplexes. Generally, cationic lipids are
formed by a hydrophilic head and a hydrophobic chain that will determine the transfection
efficacy and toxicity of the system. Among the lipid-based systems, the most widely used
cationic lipids for RNA delivery are 1,2-di-O-octadecenyl-3-trimethylammonium propane
(DOTMA) and 1,2-dioleoyloxy-3-trimethylammonium propane (DOTAP).

Wang et al. used the cationic lipid DOTMA to complex miR-122, which is a liver-specific
miRNA associated with cancer and other hepatic diseases, and the unsaturated fatty acid oleic
acid as a helper lipid in liposomal nanoparticles (67). DOTMA-oleic acid lipid nanoparticles

demonstrated hepatic delivery of miR-122 when the system was administered intravenously.

Wu et al. condensed miR-133b, a potential tumour suppressor, with DOTMA to form
lipoplexes for the treatment of non-small cell lung cancer. This system achieved much higher
lung accumulation and induction of miR-133b expression than standard transfection agent
SiPORT NeoFX complexes (68). The same authors successfully tested the delivery efficiency
of miR-29b, which has been found to be involved in cell proliferation and apoptosis, by the
lipoplexes in a xenograft mouse model of non-small cell lung cancer and achieved significant
inhibition of tumour growth (69). Lee et al. engineered liposomes composed of the cationic
lipids DOTAP and pegylated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG)
containing cyanuric groups to chemically conjugate the protein ephrin-Al for delivery of the
let-7a miR to lung cancer cells (70). The ephrin-Al protein is a well-known ligand of the overly
expressed EphA2 receptor of lung cancer cells. This carrier inhibited effective cell proliferation,
migration and tumour growth of malignant pleural mesothelioma and non-small cell lung cancer

cell lines.
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Zhang et al. associated a histidine-rich antimicrobial peptide ([D]-H6L9) to the surface of
DOTAP-soybean phospatidylcholine-DSPE-PEG2000 liposomes (71). The liposomes
successfully associated and delivered anti-miR-10b and paclitaxel in vitro and in vivo, thereby
delaying tumour growth and reducing lung metastases in a murine metastatic mammary tumour
model. The histidines of [D]-H6L9 helped the system escape endosomes/lysosomes due to their
protonation under acidic pH and their consequent membrane lytic effect

Biocompatible and biodegradable ethylphosphocoline lipids have also been studied as
cationic substances (72). Passadouro et al. developed 1-palmitoyl-2-oleoyl-sn-glycero-3-
ethylphosphocholine (EPOC)-cholesterol cationic liposomes associated with albumin and
demonstrated their ability to inhibit miR-21, miR-221, miR-10b and miR-222 in pancreatic

cancer cells and their synergistic antitumour effect when co-administered with sunitinib (73).

Shi et al. utilized the cationic lipid dimethyldioctadecylammonium bromide (DDAB) to
associate miR-34a in solid lipid nanoparticles. The solid lipid nanoparticles were composed of
glycerol monostearate, cholesterol, soy phosphatidylcholine and DDAB and were able to
deliver miR-34a alone (74) and simultaneously with paclitaxel in vivo (75). These nanoparticles
demonstrated passive targetability to lung metastasis of the murine B16F10-CD44+ melanoma
model and higher inhibition of tumour growth than the single drug-loaded solid lipid

nanoparticles.

3.2.3.2.  lonizable lipids and helper lipids

Early cationic lipids, such as DOTMA and DODAC, contain a permanently positive
quaternary amine, whereas ionizable cationic lipids, such as 1,2-dioleoyl-3-
dimethylammonium propane (DODAP) and 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane
(DODMA), have tertiary amine positive charges at acidic pH but neutral charges at
physiological pH (76). Moreover, the incorporation of helper and neutral lipids, such as
cholesterol and saturated phosphatidylcholines (PC), has been used to increase system stability

and transfection efficiency.

Daige et al. used liposomes to deliver miR-34a into mice with orthotopic Hep3B and HuH7
liver cancer xenografts, causing tumour regression in both models (77). These registered
liposomes (known as SMARTICLES®) are formed of the lipids 1-palmitoyl-2-oleoyl-
snglycero-3-phosphocholine (POPC), 1,2-dioleoyl-snglycero-3-phosphoethanolamine
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(DOPE), cholesteryl hemisuccinate (CHEMS), and cholesteryl-4-([2-(4-
morpholinyl)ethyl]amino)-4-oxoburanoate (MOCHOL) (78). The outstanding property of this
system is its amphoteric behaviour because the particles are cationic during elaboration and

anionic at physiological pH to facilitate movement across physiological membranes.

Costa et al. developed glioblastoma-targeted stable nucleic acid lipid particles (SNALPS)
consisting of liposomes coupled with chlorotoxin (CTX), which is a peptide that acts as a
specific marker for gliomas. The liposomes formed of DODAP, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), C16 Ceramide PEG2000 and 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine (DSPE)-PEG-Maleimide were loaded with locked nucleic acid-
modified anti-miR-21. The authors demonstrated tumour accumulation of the system after
systemic injection and enhanced anti-tumoural activity after combination with orally

administered sunitinib (79).

Liu et al. studied the effect of co-treatment of miR-506, which is known to regulate
proliferation and therapy response of cancer cells, loaded into 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) liposomes and the antineoplastics cisplatin and olaparib in an
orthotopic ovarian cancer model (80). The intraperitoneal administration of this therapy
resulted in the reduction of tumour growth through miR-506 inhibition of the epithelial-to-

mesenchymal transition.

Moreover, PEG lipids are incorporated into liposomes to prolong the circulation time,
stabilize the system and reduce immunostimulation (17). However, pegylation can reduce
cellular uptake of the system. To overcome this problem, D-a-tocopheryl polyethylene glycol
succinate (TPGS) formed by vitamin E and PEG combines the advantages of PEG but promotes
cellular uptake. Dai et al. reported the systemic delivery of paclitaxel and the let-7b miRNA
loaded in micelles composed of an amphiphilic copolymer made from PEG 5000, D-a-
tocopherol (vitamin E) and the cationic moiety diethylentriamine (81). The system
demonstrated marked potentiation due to the antiproliferative activity of paclitaxel and the let-
7b miRNA both in vitro and in vivo in mice bearing KRAS mutant tumour xenografts.

3.2.3.3.  Lipopolyplexes

Lipopolyplexes are systems composed of both lipids and polymers to address the

limitations and combine the advantages of lipid-based and polymer-based systems. Chen et al.

82



Annex |. Nanocarriers for microRNA delivery in cancer treatment

developed DOTAP liposome-polycation-hialuronic acid nanoparticles modified with the
monoclonal antibody GC4 single chain variable fragment (scFv) for the delivery of miR-34a
and siRNA to B16F10 melanoma lung metastasis in a murine model (82). The GC4 scFv-
targeted system consists of a cationic liposome of DOTAP and cholesterol encapsulating a
complex composed of HA, siRNA or miRNA and protamine. The intravenous injection of the
system resulted in the inhibition of the tumour load in the lungs, particularly when antibody-
targeted nanoparticles containing miRNA and siRNA were applied simultaneously. Moreover,

the presence of the pegylated-targeting scFv reduced the toxicity of the system.

Wang et al. developed near-infrared (NIR) laser-activated nanoparticles containing
ammonium bicarbonate that could escape endosomes/lysosomes when heated due to conversion
of encapsulated ammonium bicarbonate to gases (83). The nanoparticles consisted of a water-
in-oil-in-water structure where indocyanine green (with a NIR laser-activated photothermal
effect), miR-34a and ammonium bicarbonate were encapsulated in the hydrophilic core
dispersed in the hydrophobic layer formed by PLGA, pluronic F127 and the phospholipid
dipalmitoyl phosphatidylcoline (DPPC). Moreover, a more external hydrophilic layer contained
hyaluronic acid and chitosan-pluronic F127. This thermal responsive system demonstrated
cytosolic delivery of miR-34a both in vitro and in vivo in prostate cancer stem cells.

3.2.4. Clinical trials

Despite the huge attention received by this field, most of the current miRNA non-viral
delivery systems for cancer treatment are still in preclinical studies. The first miRNA vector to
enter the clinic (MRX34) was a miR-34-loaded liposome for the treatment of solid tumours and
hematologic  malignancies in a multicentre (84) phase | clinical trial

(https://www.clinicaltrials.gov/ct2/show/NCT01829971). A novel delivery system based on

non-living nano-sized cells (85) known as EDV™ nanocells has recently entered phase |
clinical trials for malignant pleural mesothelioma and non-small cell lung cancer treatment.
These nanoparticles contain miR-16 and miR-15 and are targeted with an anti-epidermal growth

factor receptor monoclonal antibody (https://clinicaltrials.gov/ct2/show/NCT02369198).
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4. Future directions

The advances achieved in understanding miRNA functions and their roles in cancer have
generated great expectations for miRNA therapeutics. The awarding of the Nobel Prize to
Andrew Fire and Craig Mello in 2006 for the discovery of double-stranded RNA interference
described in 1998 (9) attracted considerable attention and investment in the field. However, in
vivo miRNA delivery has been challenging due to the physicochemical properties of miRNAs
and biological barriers. The lack of rapid RNAi-based therapeutic development has limited the
enthusiasm of pharmaceutical companies. Nevertheless, the development of non-viral systems
for miRNA delivery has undergone a considerable boost in recent years, providing solutions
for many of the challenges hindering miRNA therapeutic success. New opportunities and
solutions for miRNA therapeutics have been created from progress in nanotechnology, which
should reawaken the interest of pharmaceutical companies in the field (86).

The ultimate goal of miRNA delivery research is to achieve an efficient delivery system
that enables the translation of RNAI therapeutics into the clinic. Although there is evidence of
a miRNA antineoplastic effect in several in vitro and in vivo preclinical studies, only two
miRNA delivery systems for cancer treatment are currently undergoing clinical trials. To
achieve clinical success, in-depth knowledge of miRNA biology is required. Because one
miRNA can regulate the expression of multiple genes through different signalling pathways,
all effects that promote or inhibit specific miRNAs should be completely recognized and
characterized. To establish the dose and the length of treatment, it will also be necessary to
study the duration of gene silencing.

Efforts should also be made to develop targeted delivery systems. Delivery systems should
be able to target specific cancer cells. Targeted therapies may reduce therapeutic doses and
prevent possible toxic effects in other cells. For this reason, novel findings concerning cancer
cells and the tumour microenvironment will play crucial roles in the emergence of new targets
and targeting moieties for nanosystem functionalization. In addition to targeted delivery
systems, new non-invasive imaging techniques should be developed. Monitorization of the in
vivo distribution of the therapeutic nanocarrier may help optimize and predict treatment

efficacy.
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Although the field has come a long way since the discovery of RNAI over a decade ago,
mIiRNA therapy is still in its infancy. Cancer is a heterogeneous disease in which many
pathways are simultaneously altered. Thus, the delivery of multiple miRNAs at the same time
may be a more effective way to fight cancer in the near future. In addition to its potential as
single therapy, the combination of miRNAs with other therapeutic approaches is likely to focus

researchers’ attention as a means to address the heterogeneity of cancer.
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Objectives

The main objective of this work has been the design of polysaccharide functionalised span
nanoparticles as gene delivery systems and, more specifically, the design of nanoparticles based
on sorbitan monooleate functionalised with natural polymers as-non-viral microRNA vectors

to treat colorectal liver metastasis.
This main objective can be articulated into the following specific objectives:

1. Functionalisation of span nanoparticles with different natural polymers to provide

specific targeting properties to liver sinusoidal endothelial cells.

2. Characterisation of the developed nanoparticles in terms of physicochemical properties

and stability.

3. Evaluation of the in vitro ability of the developed nanoparticles to act as non-viral gene
delivery systems able to associate, protect from degradation and effectively deliver into cells a
model plasmid DNA.

4. Evaluation of the in vitro and in vivo toxicity of the developed nanoparticles and their in

vivo biodistribution.

5. Evaluation of the potential of the most suitable nanosystem in the treatment of colorectal
cancer metastasis to the liver in an animal model, using microRNA-20a as a therapeutic

molecule.
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Chapter I. Xanthan gum-functionalised span nanoparticles for gene targeting to endothelial cells

Abstract

Endothelial cells play a critical role in many physiological processes; therefore,
endothelium deregulation is involved in numerous diseases. There is increasing evidence that
the future of many treatments for pathologies depends on the development of endothelium-
targeting systems. The purpose of this work was to incorporate the natural polysaccharide
xanthan gum (XG) into our previously developed sorbitan monooleate nanoparticles to provide
them with a hydrophilic and negatively charged surface shell with stabilising properties and an
inherent ability to target endothelial cells. Enhanced Green Fluorescent Protein plasmid
(PEGFP) was incorporated into the nanosystem, and the DNase | protection ability of this
system was confirmed. XG stabilisation of the system both in suspension and as a lyophilised
product was also confirmed at short- and long-term time scales. XG-functionalised
nanoparticles were successfully tested in Human Umbilical Vein Endothelial Cells (HUVECS)
to characterise nanoparticle cytotoxicity and transfection capacity in vitro as a preliminary step
to study them further in vivo. Then, nanoparticle biocompatibility and safety in vivo were
confirmed. Finally, biodistribution studies after EGFP-XG nanoparticle systemic
administration to mice evidenced GFP expression in the vascular endothelium of lung, liver and
kidney, thus confirming the potential of xanthan gum-functionalised span nanoparticles for

gene targeting to endothelial cells.
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1. Introduction

Xanthan gum (XG) is an extracellular polysaccharide produced by the bacteria
Xanthomonas campestris (1). It is composed of (1, 4)-B-D- glucan with trisaccharide side
chains composed of mannose-(1, 4)- B-glucuronic acid-(1, 2)- B-mannose attached to alternating
glucose residues in the backbone. It is a non-toxic and biodegradable polymer of natural origin
that is widely used in the food, cosmetic and pharmaceutical industries and has been approved
by FDA for its application in food and pharmaceutical industry since 1968 (2). It is used as a
functionalising, thickening and suspending agent and as an emulsion stabilizer. Its use has been
described in the preparation and stabilisation of inorganic nanoparticles (1, 3, 4) and the
formation of polyelectrolytes complexes, mainly with chitosan, to form hydrogels, hydrogels
beads, cryogels and tablets (2, 5-7). In addition, it has shown antitumour effects by inducing
IL-12 and TNF o production in vitro and increasing Natural Killer and CD8 T cells activity in

vivo due to its ability to stimulate Toll-like receptors (TLRS) (8).

Endothelial cells are the inner cellular lining of blood vessels and play a critical role in
many physiological processes, such as the trafficking of blood cells between blood and tissues,
maintenance of blood fluidity, blood vessel tone, permeability, angiogenesis and immunity.
Since these functions are all related to physiology, endothelium deregulation promotes
numerous diseases (9, 10). There is increasing evidence that the future of many pathology
treatments, including cardiovascular diseases, stroke, chronic kidney failure, diabetes,
infectious diseases and cancer, depends on the development of endothelium targeting systems
(10). Although it is also involved in almost all disease states, there is still a huge bench-to-
bedside gap in endothelial biomedicine, in part due to the non-accessible nature of the
endothelium and its heterogeneity. Endothelial cells are heterogeneous and vary in their
function, morphology and gene expression among different organs or even among different
regions of the same organ (11, 12). Advances in the proteomic profiling of endothelial cells has
allowed the targeting of biologically active molecules to specific vascular beds, taking
advantage of endothelium phenotype heterogeneity (13). This heterogeneity is regulated
partially by the extracellular matrix because endothelial cells are exposed to a huge variety of
tissue microenviroments and by site-specific properties that are epigenetically fixed and, thus,
mitotically stable and impervious to changes in the extracellular environment. Thus, expanding

our knowledge of endothelial function and physiology may allow the development of new
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therapeutic approaches for many human life-threatening diseases. For instance, it is widely
accepted that endothelial cells show abnormal properties in tumour environments (13). High-
throughput expression profiling has shown altered gene and protein expression in tumour
endothelia. Therefore, targeting endothelial cells rather than tumour cells may be advantageous
and easy to achieve because these cells are more accessible to systemically delivered agents,
are less likely to develop drug resistance and can amplify the inhibitory effect to numerous
tumour cells. There are some examples in the literature of nanosystems targeting endothelial
cells in tumour environments as an alternative cancer therapy approach (9, 14) or as treatment

for other vascular-related diseases (15-17).

The purpose of this work was to incorporate XG into our previously developed sorbitan
monooleate nanoparticles (NPs) to take advantage of the polysaccharide composition to target
liver sinusoidal endothelial cells (LSECs). Given the presence of mannose residues in XG
composition, we initially theorized that these residues could be used to target mannose
receptors, which are known to be overexpressed in LSECs. Mannose receptor acts as a
scavenger receptor, recognizing and facilitating the uptake of diverse glycoconjugate ligands
(18). Thus, we here describe the design and characterisation of XG-functionalised nanoparticles
with endothelium targeting purposes in terms of their physicochemical characteristics, stability
properties and toxicity in vitro and in vivo. For this purpose, Enhanced Green Fluorescent
Protein plasmid (pEGFP) was associated with nanoparticles to evaluate the system potential to
protect, stabilise and deliver DNA both in vitro, using Human Umbilical Vein Endothelial Cells
(HUVEC), and in vivo and to track the system biodistribution after systemic administration to

mice.

2. Materials and methods
2.1. Materials

Sorbitan monooleate (Span® 80) (SP), oleylamine (OA) (purity >70%), xanthan gum,
trehalose, and sodium dodecyl sulfate (SDS) were purchased from Sigma (Spain). The pEGFP-
C3 plasmid was obtained from Elim Biopharmaceutics (United States). SYBR Safe DNA Gel
Stain, SYBR® Gold post-electrophoresis and agarose were provided by Life Technologies
(Spain). DNase I, Lipofectamine 2000, Opti-MEM | Reduced Serum Media and normal goat
serum (10%) were acquired from ThermoFisher (Spain). Endothelial Cell Medium (ECM),

107



Inés Fernandez Pifeiro

Foetal Goat Serum (FGS), Endothelial Cell Growth Supplement (ECGS) and
Penicillin/Streptomycin (P/S) were acquired from ScienCell (United States). XTT viability
reagent was provided by Roche (Spain). An aspartate aminotransferase colorimetric kit was
purchased from Randox (Spain). DAPI stain, ki-67 and GFP antibodies were obtained from
Abcam (United Kingdom).

2.2. Preparation and characterisation of XG nanoparticles

For construction of nanoparticles, a solution of sorbitan monooleate (Span 80, SP) and
oleylamine (OA) was prepared in ethanol at a concentration of 6.6 and 0.33 mg/ml, respectively.
This organic phase was added under magnetic stirring to an aqueous phase containing xanthan
gum (XG) at a concentration of 0.26 mg/ml at a volume ratio of 1:2 of ethanol:water. A stock
solution of XG at 2 mg/ml was previously prepared and moist heat sterilized. Ethanol was
removed under reduced pressure on a rotary evaporator. For encapsulation of Enhanced Green
Fluorescent Protein plasmid (pEGFP), the plasmid was incorporated in the aqueous phase. The
final formulations obtained were 200 pug/ml pEGFP-loaded NPs.

The mean particle size and size distribution of the nanoparticles was determined using
photon correlation spectroscopy (PCS). Samples were suitably diluted in Milli-Q water. Each
analysis was performed at 25°C, with an angle of detection of 173°. The zeta potential of the
nanoparticles was determined using laser scattering anemometry (LDA). The samples were
suitably diluted in a millimolar KCI solution. PCS and the LDA analysis were performed with
a Zetasizer® 3000HS (Malvern Instruments, UK).

The morphology of the nanoparticles was examined with transmission electron microscopy
(CM 12 Philips, Eindhoven, The Netherlands) after staining with 2% w/v phosphotungstic acid
solution. For this purpose, samples were placed on copper grids (400 mesh) coated with a

Formvar® film.

2.3. Plasmid association and DNase protection assay

The efficiency of the association of pEGFP with nanoparticles was determined using
agarose gel electrophoresis. Gels with 1% of agarose were prepared in TAE (Tris-Acetate-
EDTA, 40 mM Tris, 1% acetic acid, 1 mM EDTA). SYBR® Gold Nucleic Acid Gel Stain and
SYBR® SAFE DNA Gel Stain as stains and glycerol as a loading substance were used. A
potential difference of 100 mV was applied for 30 minutes, and free pEGFP was used as control.
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To confirm the ability of XG nanoparticles to protect pEGFP from endonucleases, DNase
I protection assay was performed. Nanoparticles containing 5 ug of pEGFP were incubated with
1 unit of DNase | at 37°C for 1 h. A 5-ug sample of naked pEGFP treated with DNase I served
as a positive control. The DNase | reaction was terminated by adding 0.5 M EDTA solution.
The plasmid was dissociated from the nanoparticles by incubation with a 2% solution of SDSfor
30 minutes at 37°C. DNA integrity was assessed by 1% agarose gel electrophoresis (100 V, 30

min).
2.4. Lyophilisation and stability studies

The nanoparticles were lyophilised using an aqueous solution of cryoprotectant in a 1:1
(v/v) ratio of nanoparticles:cryoprotectant to a final concentration of 15% (w/v) of trehalose,
using freeze-drying equipment (VirTis Genesis 25 ES, S.P. Industries, USA). Then, each
sample was completely sealed to inhibit humidification, and these lyophilised samples, as well
as samples in suspension, were stored at various temperatures (Room Temperature (RT), 4°C
and 37°C). After three and twelve months of storage, the lyophilised samples were rehydrated

with RNase-free water, and their physicochemical characteristics were analysed.

2.5. Cell culture

In vitro assays were performed using Human Umbilical VVein Endothelial Cells (HUVEC),
provided by ScienCell (United States). Cells were maintained in ECM supplemented with 2%
FGS, 1% of Penicillin-Streptomycin and 1% of ECGS at 37°C with a 5% CO> humidified
atmosphere. Cell culture surfaces were pre-treated with a solution of collagen in Phosphate
Buffered Saline (PBS) 1:100 (v:v) for 1 hour at 37°C to enhance cell adhesion.

2.6. Cell viability

The effect of nanoparticles on cell viability was evaluated using the XTT assay. HUVECs
were seeded at 7.5x10° cells per well in a 96-well plate and incubated overnight. Then, different
concentrations of nanoparticles in Opti-MEM reduced serum medium were incubated with the
cells. After 2 hours, the treatment was removed, and the cells were incubated with fresh culture
medium for 24 hours. Then, XTT reagents were added to the wells and incubated with the cells,

following the manufacturer’s instructions.
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2.7. Proliferation assay

The influence of XG nanoparticles on cell proliferation was evaluated by ki-67 expression.
Coverslips were placed in a 24 well-plate. HUVECs were seeded over the coverslips at a density
of 4x10* cells per well and incubated overnight. Then, XG nanoparticles were incubated with
the cells at a concentration of 384 pg/ml for 3 hours. Cells were fixed with paraformaldehyde
4% and blocked with 10% goat serum. The coverslips were incubated with mouse antihuman
Ki-67 primary antibody at a concentration of 10 ug/ml overnight at 4°C. The coverslips were
incubated with antimouse secondary antibody and DAPI for 1 hour at room temperature.
Finally, the coverslips were mounted on glass slides, and ki-67 expression was detected by
fluorescence microscopy. The images were analysed through image processing software

ImageJ, and the percentage of ki-67 positive cells was calculated from the images.

2.8. Transfection of HUVECs

For transfection experiments, HUVECs were seeded in a 24-well plate at a density of 4x10*
cells per well and incubated overnight. The medium was replaced with Opti-MEM and plasmid-
loaded NPs were added at a dose of 1 pg of plasmid per well and incubated with the cells for 2
hours. Lipofectamine 2000 was used as a positive control according to the manufacturer’s
instructions. After 2 hours, the medium was replaced for serum supplemented medium. The
expression of GFP was detected 24 hours post-transfection using an inverted microscope

(AxioObserver.Z1 Inverted Microscope, Zeiss, Germany).

2.9. Animals

Balb/c mice (6- to 8-week-old males) were obtained from Charles River Laboratories Spain
S.A. (Barcelona, Spain). All procedures were approved by the Ethical Committee for Animal
Experimentation (CEEA) of the University of the Basque Country (EHU/UPV) in accordance
with institutional, national and international guidelines regarding the protection and care of
animals used for scientific purposes (CEBA/237/2012/BADIOLA ETXABURU). Mice were kept

in the animal facility of EHU/UPV and had access to standard chow and water ad libitum.

2.10. Invivo toxicity and biodistribution

For in vivo toxicity and biodistribution studies, 200 ul of pEGFP-loaded nanoparticles in

5% glucose was administered intravenously to mice. For this purpose, 4 mice were used per
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condition and a 5% solution of glucose was injected into control mice. After 24 hours, the
animals were sacrificed, blood samples were collected by cardiac puncture and major organs
were fixed in paraformaldehyde and embedded in paraffin. For biochemical analysis, serum
was isolated from blood samples, and the hepatic function was analysed using the aspartate
aminotransferase (AST) levels using an AST colorimetric assay. For histopathological
examination, sections (4 um) of liver, spleen, lung and kidney were cut and stained with
Haematoxylin and Eosin (H&E). Representative sections were observed and examined using

an optical microscope (Nikon Eclipse E-100).

To study the biodistribution of the nanoparticles after systemic administration, GFP
expression was evaluated in major organs. For this purpose, sections of paraffin-embedded
liver, spleen, lung and kidney were cut into 4-pum slices and deparaffinized and rehydrated
through xylenes and graded ethanol solutions to water. After deparaffinisation and rehydration,
the sections were placed in a citrate buffer solution for antigen retrieval. The sections were
blocked with 10% normal goat serum for 10 minutes at room temperature and incubated
overnight at 4°C with mouse antihuman GFP primary antibody at 1:100 dilution. The slides
were incubated with antimouse secondary antibody at 1:1000 dilution and DAPI for 1 hour at
room temperature. Finally, the slides were sealed with coverslips, and GFP expression was

detected by fluorescence microscopy.

2.11. Statistical analysis

All experimental measurements were collected in triplicate. The values are expressed as
the mean = standard deviation (SD). Statistically significant differences between the treatments
were evaluated by analysis of variance (ANOVA) and Fisher’s least significant difference

(LSD) using GraphPad Prism, with alpha < 0.05 as the probability of error.

3. Results

3.1. Nanoparticles characterisation and DNase | protection ability

As shown in Table 1, XG-functionalised NPs showed an average size of 146.8 nm and a
negative zeta potential of -48 mV. Incorporating pEGFP into the system did not significantly
change the NP size. However, the Z potential increased slightly to -40.6 mV. The nanometric
size and population homogeneity of the system was confirmed by TEM images (Figure 2).
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These images show NP morphology characterised by a central core and an external shell. In
addition, the efficacy of plasmid association by the NPs was corroborated by agarose gel
electrophoresis (Figure 3A) because no free DNA band was observed. Moreover, XG
nanoparticles successfully protected pEGFP from DNase | degradation, as shown in Figure 3B,
as the pEGFP band appears intact after incubation of XG-pEGFP with DNase | and subsequent
plasmid release with SDS.

Table 1. Size and Z potential of blank and pEGFP-loaded nanoparticles.

Formulation Size (nm) PdI ¢ Potential (mV)
SP-OA-XG 146.8 + 7.4 0,150 = 0.036 -48.0+£1.5
SP-OA-XG (200 pg/ml pEGFP) 153.5+17.8 0.102£0.036 -40.6 £ 4.6

100 nm

Figure 2. TEM images of blank XG nanoparticles.
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Free XG-pEGFP
pEGFP

Figure 3. (A) Agarose gel electrophoresis showing efficacy of pEGFP association with
XG nanoparticles. (B) Agarose gel electrophoresis after DNase protection assay: (1)
free pEGFP, (2) free pEGFP + SDS, (3) free pEGFP + DNase | + SDS, (4) XG-pEGFP
+ SDS, and (5) XG-pEGFP + DNase | + SDS.

3.2. Stability of suspended and lyophilised nanoparticles

XG nanoparticles showed remarkable stability in suspension, with minor size increments
after 3 months of storage at 4°C, RT and 37°C (Eigure 4A). However, a 3-fold size increase
was observed for samples stored for 12 months at 37°C, from 145.7 nm to 441.8 nm. Z potential
showed a slight tendency to increase in samples kept at RT and at 4°C and RT after 3 and 12
months of storage, respectively (Figure 4B). In contrast, the Z potential was stable for samples
stored at 37°C. In addition to stability in suspension, XG nanoparticles were able to maintain

plasmid association during 12 months at all temperatures assayed (Figure 4C).
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Figure 4. Stability of XG nanoparticles stored in suspension at 4°C, room
temperature,(RT) and 37°C. After 3 and 12 months, size (A) and Z potential (B) were
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measured. *p<0.05 and **p<0.01 vs. samples at initial time (t=0). Plasmid association
was corroborated by agarose gel electrophoresis after 12 months of storage (C).

The system was subjected to lyophilisation, and its stability in the absence of water was
studied. After a preliminary study, XG nanoparticles were lyophilised using trehalose as a
lyoprotectant. Samples were resuspended in water, and NP physicochemical properties were
compared to their properties before lyophilisation. As shown in Figure 5A, the system displayed
resistance to lyophilisation, with a small size increase and Z potential decrease. Moreover, the
nanoparticles successfully maintained plasmid binding (Eigure 5B). Although some size
increases were observed after the resuspension of samples kept at RT and 37°C, especially after
12 months, the sizes obtained were only 1.5 times bigger than the initial size. No statistically
significant differences were seen for Z potential. Additionally, lyophilised NPs conserved
plasmid association after 12 months of storage (Figure 6C).
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Figure 5. (A) Size and Zeta potential of fresh and lyophilised XG nanoparticles.
*p<0.05 vs. size at t=0. ##p<0.01 vs. Z potential at t=0. (B) Agarose gel
electrophoresis demonstrates XG nanoparticles maintain plasmid association after
electrophoresis (lanes 2, 3 and 4). Free pEGFP was used as control (lane 1).
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Figure 6. Stability of lyophilised XG nanoparticles stored at 4°C, room temperature
(RT) and 37°C. After 3 and 12 months, NPs were resuspended and size (A) and Z
potential (B) were measured. *p<0.05 and **p<0.01 vs. samples at initial time (t=0).
Plasmid association was corroborated by agarose gel electrophoresis after 12 months
of storage (C).

3.3. Cell viability and proliferation

The effect of XG nanoparticles on HUVEC cell viability was studied by XTT assay,
considering the metabolic activity of the cells. HUVECs were exposed to increasing
concentrations of XG nanoparticles for 2 hours. Cell viability was determined and, as shown in
Figure 7, remained unchanged until the highest nanoparticle concentration of 768 ug/ml.
Although cell viability decreased to 30%, this concentration is much higher than the one
required to effectively transfect cells in vitro.
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Figure 7. Cell viability of HUVECs measured by XTT after 2 hours of incubation with
XG nanoparticles.
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XG nanoparticles cytotoxicity was further studied in HUVECs using the ki-67 assay to
analyse cell proliferation. For this purpose, cells were exposed to 384 pg/ml of XG
nanoparticles for 3 hours. This concentration was higher than that required to effectively
transfect the cells in vitro. Then, a ki-67 immunocytochemistry assay was performed on control
and XG-treated cells and images were obtained by fluorescence microscopy. The images
obtained were processed through ImagelJ, and ki-67 positive XG-treated cells were calculated
and compared to the control cells (Figure 8B). As shown in Figure 8, there was no significant
difference in ki-67 expression between control cells and XG-treated cells, indicating that the

nanoparticles do not induce growth arrest.
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Figure 8. Images (A) and graph (B) showing ki-67 expression in control and XG-

treated cells.

3.4. In vitro transfection

The ability of XG nanoparticles to transfect pPEGFP was evaluated in HUVEC. Cells were
incubated with pEGFP-XG nanoparticles for 2 hours, and GFP expression was evaluated by
fluorescence microscopy after 24 hours. As shown in Figure 9, the system efficiently
transfected the primary cell line at a dose of 1 pg of plasmid, corresponding to a nanoparticle

concentration of 223.6 pg/ml.
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Lipofectamine

XG

Figure 9. HUVEC were efficiently transfected with pEGFP-loaded NPs using doses
of 1 ug of plasmid per well. Lipofectamine was used as positive control, with doses of
0.5 pg of plasmid per well.

3.5. In vivo toxicity

To assess the safety profile of systemically administered XG functionalised nanoparticles
associated with pEGFP, the aspartate aminotransferase (AST) serum levels were analysed. For
this purpose, 200 pul of pPEGFP-XG nanoparticles (4.03 mg/ml) was intravenously injected in a
5% solution of glucose, and this same solution without nanoparticles was injected into the
control mice. As shown in Figure 10A, no significant differences were observed in AST levels
of control and XG-treated mice, indicating that there was no significant liver damage caused

by the nanoparticles.

Moreover, the toxicity of the nanoparticles to the major mouse organs including kidney,
liver, lung and spleen, was evaluated by haematoxylin and eosin (H&E) staining (Figure 10B).
Some inflammatory cell infiltration was observed in the liver and surrounding blood vessels,
indicating that the XG nanoparticles may induce a mild inflammatory response in the liver. No

significant pathology was observed in the other organs compared to controls.
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Figure 10. In vivo XG nanoparticle toxicity was evaluated by aspartate
aminotransferase (AST) serum levels (A) and histopathological examination of major
organs sections stained with haematoxylin and eosin (B), after intravenous
administration of the nanoparticles to mice. The black arrow shows a small
lymphocyte aggregate in the liver of an animal treated with XG nanoparticles.

3.6. Biodistribution

The biodistribution of XG nanoparticles was evaluated after an intravenous tail injection
of pEGFP-loaded nanoparticles to mice. Mice were sacrificed 24 hours after administration,
and GFP expression was evaluated in major organs. First, endothelium targeting specificity was
evaluated in the liver. As shown in Figure 11, after immunostaining of Kupffer cells, no
colocalization was observed between Kupffer cells and GFP staining. This indicates that the
nanoparticles specifically target endothelial cells and escape the phagocytic functions of
Kupffer cells as part of the reticuloendothelial system (RES). The biodistribution of XG
nanoparticles in other organs was evaluated. As shown in Figure 12, GFP expression was found
in the endothelial cells of blood vessels in the kidney, liver and lung and in LSECs.
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Figure 11. Liver sections showing GFP expression in green and Kupffer cells labelled
with F4/80 antibody in red.

Kidney
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Lung

Control
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Figure 12. Immunohistochemistry of major organs sections showing GFP expression
(green) in endothelial cells 24 hours after XG-pEGFP intravenous administration to
mice. Mice injected with 5% glucose solutions were used as controls (red blood cells
autofluorescence in green). Cell nuclei are stained in blue with DAPI.
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4. Discussion

Here, we studied the versatility of span nanoparticles to be functionalised with a natural
polysaccharide enabling the modulation of the nanoparticles’ physicochemical properties,
biodistribution and, hence, clinical potential. For this purpose, we selected the
exopolysaccharide XG due to its mannose residues, which provided specific delivery of the
associated bioactive molecule (pDNA) not only to LSECs but also to vascular endothelial cells
of different organs. Accordingly, we decided to exploit this specificity to develop a new
targeting strategy with potential application in the development of therapies against a wide
range of diseases involving endothelium dysfunctions, such as cardiovascular diseases,

diabetes, cancer and chronic kidney failure (10).

Specifically, using XG, we were able to provide a hydrophilic, negatively charged surface

shell for our recently developed sorbitan monooleate-based nanoparticles (Table 1, Figure 1

and Figure 2), which may help prevent unspecific interactions of these nanoparticles with serum
components and cell membranes. According to these results, we can assume that the carboxylic
groups of XG are exposed on the nanoparticle surface, as evidenced by the negative zeta
potential of the resulting nanosystems. Such a negatively charged external shell created around
the nanoparticles is an interesting feature to avoid undesirable interactions with biological
entities after systemic administration. The ability of such a shell to protect associated DNA
from DNase degradation (Figure 3) has been demonstrated, which is a prerequisite for ensuring
intact delivery of the associated molecule in its bioactive form to its site of action. In this
respect, we should consider that when naked nucleic acids are systemically administered, they
are quickly degraded by DNases, which are enzymes naturally present in tissues and biological
fluids. However, we have demonstrated that incorporating plasmid DNA into XG nanoparticles

prevents its enzymatic degradation, thus ensuring its intact delivery to its site of action.

Another critical issue in the development of nanomedicines is their low stability or
tendency to lose their physicochemical properties after storage, which precludes their
scalability to the pharmaceutical industry. Although numerous lipid gene delivery carriers have
been developed and studied, none have made it to the market. Nevertheless, we have developed
a lipid system functionalised with XG that is notable for its short- and long-term stability both
in suspension and as a lyophilised product (Figure 4 and 6). When nanoparticles were stored in

suspension, they resisted even high temperatures (37°C) for at least 3 months without major
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changes in size and Z potential. Moreover, lyophilisation enhanced the system’s long-term

stability.

Once we found that the developed nanosystem possesses adequate physicochemical
properties, we initiated cell viability studies to determine their toxicological profile. Cell
viability is determined from the number of healthy cells in a sample and it is quantified by
measuring the metabolic activity of cells, whereas cell proliferation is determined from the
number of dividing cells or growth rate. In this work, we evaluated the metabolic activity of
cells and the expression of ki-67 protein to determine the viability and proliferation of the cells,
respectively, after exposure to XG-decorated nanoparticles. Ki-67 is a cellular marker of
proliferation that is present during all active phases of the cell cycle and absent from resting
cells (19). Here, we have shown that the developed systems decrease metabolic activity at the
higher tested concentration, but no effect on cell proliferation was observed at the tested
concentration. The effect of nanoparticles on cell viability cannot be explained by the toxicity
of their components. Diverse studies have described XG biocompatibility and safety. For
example, a study showed that XG-stabilised gold nanoparticles did not decrease A549 cell
viability but that the cytotoxicity of doxorubicin increased when it was loaded into the
nanoparticles, attributing this effect to enhanced cellular uptake. The authors theorized that the
high cellular uptake could be attributed to the presence of mannose sugars in XG, which can
interact with A549-overexpressed mannose receptors (1). Another study demonstrated that high
XG concentrations were not toxic to a NIH/3T3 mouse fibroblasts cell line (20). Accordingly,
the cytotoxicity observed for XG nanoparticles in HUVEC may be related to significant
nanoparticle uptake due to XG functionalisation rather than to the toxicity of the polymer itself.
Notably, HUVECs are primary cells isolated directly from tissues and, in contrast with cell
lines, are especially sensitive. They are more representative of in vivo responsiveness and
environment. Accordingly, the ability of the system to transfect HUVEC in vitro should be

determined because primary cells’ resistance to transfection is widely known.

Once determined that the developed nanosystem displays an appropriate cytotoxicity
profile, we decided to evaluate its in vivo toxicity. Inflammatory cell infiltrates were observed
in the liver after the systemic administration of XG-functionalised nanoparticles, which we
consider a mild inflammatory reaction (Figure 10). We have considered two different
possibilities to explain this reaction. Diverse studies have described XG’s role in

immunomodulation. Thus, XG has been described to activate polyclonal lymphocytes B in the
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absence of T-cells (21) and to induce a humoral response mediated by 1gG1 when they are
subcutaneously administered as an adjuvant associated with ovalbumin (20). In addition, XG
antitumoural activity has been described in mice by induction of inflammatory cytokine
production, such as TNF- and IL-12, through toll-like receptor- (TLR-) 4 recognition (8). Thus,
XG could be responsible for lymphocyte activation and extravasation. However, we should
consider that the nanoparticles are loaded with pEGFP and that GFP expression is associated
with inflammatory and immune responses (22). Furthermore, GFP expression has been reported
to cause toxicity and side effects such as ubiquitination, prostaglandin production, apoptosis
and enhanced sensitivity to cytotoxic drugs (23-26). Accordingly, the mild inflammation
observed in the liver could be explained by both the XG immunomodulation activity and/or an
immune response to GFP expression or even the synergistic effect of both factors. However, it
should be emphasized that the AST levels remained unchanged after nanoparticle

administration, indicating no major liver toxicity caused by the nanoparticles.

After the systemic administration of pEGFP-XG nanoparticles and immunostaining of
Kupffer cells in the liver, no colocalization was observed between Kupffer cells and GFP
staining (Figure 11), which indicates that the nanoparticles specifically target endothelial cells
and escape the reticuloendothelial system (RES). Kupffer cells have an important role in the
removal of nanoparticles from the organism, as one of main causes of low stability and efficacy
of these systems in vivo (27, 28). Negative surface charge of particles is related to a greater RES
uptake (29). Contrary to the literature, we have developed a negatively charged nanosystem that
evades non-specific uptake by RES, thus achieving the specific targeting of endothelial cells.
In addition, GFP expression was observed in LSECs, in the endothelial cells of liver blood
vessels, and in the blood vessels of lung and kidney, but it was not observed in the spleen
(Figure 12). These results suggest that XG-functionalised nanoparticles have a targeting ability
to the endothelial cell populations at the aforementioned levels. In the case of LSECs, this
ability can be mediated by mannose receptors, considering XG mannose residues and
expression of this receptor in LSECs. Moreover, the ability of negatively charged molecules to
act as ligands for scavenger receptors in LSECs has been described and exploited for LSECs
targeting in numerous works (30-32). However, considering vascular endothelium
heterogeneity, as exemplified by the absence of mannose receptors in endothelial cells of blood
vessels, a further hypothesis should be considered to explain the nanoparticles’ ability to also

target endothelium of blood vessels. Diverse works cover the targeting of vascular endothelium
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and some aspects to consider (33-35). Interaction of nanoparticles with the microvasculature,
I.e., arterioles, capillaries and venules, is favoured by an extended luminal surface area, small
vessel calibre and low flow rate. However, the arterial endothelium is less favourable for
nanoparticle interactions than the venous endothelium is due to the hydrodynamic conditions
of arteries, which include high shear stress and pulsative flow (35). Some studies have even
discussed the relation between nanoparticle composition and physicochemical properties and
endothelium targeting. Thus, it is reported that lipid nanoparticles with surfaces that are rich in
negatively charged polyelectrolytes are preferentially taken up by endothelial cells compared
to epithelial cells, without the need for cell-specific targeting ligands (36). The authors of this
study suggest that nanoparticles enter the cell through hydrophobic interactions promoted by
electrostatic repulses with the cell membrane negative charge. On the other hand, they
demonstrate that NP-containing polymers with high affinity for cell membrane lipids and highly
negative charges can specifically target caveolae lipid rafts that are overexpressed in endothelial
cells, avoiding nonspecific charge-charge interactions with the cell membrane. In addition,
polysaccharides, such as glycosaminoglycans and fucoidans, are extensively used as
endothelium-targeting moieties (37, 38). In particular, fucoidan has shown high affinity for the
P-selectin adhesion molecule on the endothelium surface (39). Thus, we conjecture that sorbitan
monooleate nanoparticles can specifically target endothelial cells via the particular surface shell
created by the polysaccharide XG, without the need for receptor-ligand-type targeting
strategies. Thus, we consider that endothelial uptake occurs through the NP interactions with
caveolae lipid rafts or through nonspecific binding and clustering of the particles at cationic

sites on the plasma membrane and subsequent endocytosis (40).

5. Conclusions

We have demonstrated that the characteristics of sorbitan monooleate-based nanoparticles
can be easily modulated with the incorporation of the polysaccharide XG. Such a strategy
allows the development of nanosystems that are characterised by a hydrophilic, negatively
charged surface shell. The main features of the resulting nanosystems are their long-term
stability and the protection of associated plasmid DNA against enzymatic degradation. These
features are translated into an appropriate cell transfection (i.e., in primary HUVECs) while

achieving a compromise between transfection and cytotoxicity. This capability allows in vivo
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plasmid DNA delivery to the vascular endothelium of lung, liver and kidney by avoiding RES
uptake without inducing major toxicity. Therefore, we conclude that sorbitan monooleate-based
nanoparticles can be specifically tailored to fulfil specific delivery requirements, creating
functionalised sorbitan ester-based nanosystems that are promising gene delivery carriers to
specifically target the vascular endothelium. On the basis of these results, we envisage the great
potential of the aforementioned nanosystems in the management of many vascular-related

diseases.
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Abstract

Glycosaminoglycans (GAGs) are natural polymers that are broadly used in gene delivery
systems to increase stability as well as decrease toxicity and nonspecific interactions, thereby
increasing transfection efficiency. In this work, we propose sorbitan ester-based lipid
nanoparticles functionalised with the GAGs chondroitin sulfate (CS) and hyaluronic acid (HA)
as gene delivery systems. For this purpose, we describe the design and evaluation of these
nanosystems loaded with plasmid DNA, including an evaluation of their physicochemical
characteristics, stability properties, ability to protect and efficiently transfect cells with
Enhanced Green Fluorescent Protein plasmid (pEGFP) in vitro, and biocompatibility both in
vitro and in vivo. We confirm that molecules with high biological value and targeting potential,
such as HA and CS, can be successfully incorporated into our recently developed sorbitan ester-
based nanoparticles and that this incorporation leads to effective stabilisation of both
nanosystems as well as protects plasmid DNA. We demonstrated that the aforementioned
incorporation of HA and CS enables long-term stability of the nanosystems in both liquid and
lyophilised states, which is a remarkable property that can aid in their transfer to industry. The
ability of these functionalised nanosystems to transfect the A549 cell line without
compromising cell viability was also shown, as well as their innocuous safety profile in vivo.
Thus, we provide valuable evidence of the suitable properties and potential of these hybrid

nanoparticles as gene delivery systems.
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1. Introduction

Gene therapy consists of the delivery of nucleic acids to specific cells to replace or silence
malfunctioning genes with the aim of curing or favourably altering pathological progression
(1). Deregulation of gene expression is associated with the origin of multiple diseases. Thus,
recent advances in identification of the molecular basis of numerous inherited genetic disorders
have made them susceptible to gene therapy treatment. Although gene therapy can be applied
to treatment and prevention of multiple pathologies, such as infectious diseases, Parkinson’s
disease or cystic fibrosis, most efforts and clinical trials have been focused on cancer therapy
(2). Cancer comprises a group of diseases with multifactorial origin. Despite considerable
advances in the field of cancer therapy, chemical-based therapeutics, radiotherapy and surgery
have been insufficient in addressing the diverse cancer aetiologies, leading to a high rate of
treatment failure. Gene-based therapies could solve this problem by targeting specific pathways
that are altered in cancer while avoiding most of the side effects associated with conventional
therapies (3, 4).

However, gene delivery to cancer cells remains a major challenge. Nucleic acid delivery
must overcome numerous barriers and obstacles before its therapeutic effect can be exerted.
Nucleic acids are negatively charged macromolecules with a hydrophilic nature, characteristics
that explain their poor ability to penetrate biological barriers and their susceptibility to
degradation by enzymes in the body. These properties make necessary the development and
inclusion of nucleic acids into gene delivery systems. Non-viral delivery systems have been
extensively studied due to their safety, low cost and scalability in comparison with viral vectors
(4-6).

The most common traditional non-viral systems can be classified as lipidic, polymeric or
polymer-lipid hybrid systems (3). Among them, cationic lipids have been broadly used for gene
delivery due to their high efficacy in transfecting a variety of cell types with different types of
nucleic acids and their reproducibility and ease of use (7). However, their positive charge is
related to high cytotoxicity, nonspecific uptake and short blood circulation time due to
interaction with negatively charged serum proteins and eventual phagocytosis by the
reticuloendothelial system (RES). Diverse strategies have been applied in an attempt to shield
the positive surface charge and avoid these side effects. Pegylation is known to reduce non-

specific interactions of nanosystems; however, this strategy might decrease cellular uptake and
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gene release (8-10). Alternatively, surface modification of nanocarriers with anionic
macromolecules, such as glycosaminoglycans (GAGs), may lengthen their circulation time by
reducing complement activation and thus recognition by the RES (11, 12). Therefore, it has
been demonstrated that incorporation of GAGs into gene delivery systems increases the stability
of the carriers and decreases toxicity and nonspecific interactions, thereby increasing their
transfection efficiency in vivo (13-18). GAGs have also been shown to influence intracellular
routing of nanosystems by improving endosomal escape and localisation at the nuclear
periphery (19). In our study, the natural anionic polymers chondroitin sulfate (CS) and
hyaluronic acid (HA) were employed to stabilise and functionalise the system by taking
advantage of their suitable properties for gene delivery. They are the main components of the
extracellular matrix and are considered biocompatible and biodegradable polymers, and thus,
they are widely used in the biomedical field (20-23). CS and HA are mucopolysaccharides
naturally present in the body, and they are composed of glucuronic acid and N-
acetylglucosamine repeats connected via a -1-4 linkage. A sulfate group in at least one of the
CS side groups is the primary structural difference between them. HA is present in connective
tissue, vitreous humour and synovial joint fluid, while CS has a role in wound healing and

chondrogenesis (24).

Despite the large number of lipid-based nanosystems described in the literature, only a few
have reached the market (25). One of the limitations of lipid nanosystems is their low stability
in aqueous suspensions, which compromises their transfection efficiency (26). Thus, more
stable systems are necessary to scale production from basic research to the pharmaceutical
industry. In addition, advances in characterisation and manufacturing of the vectors are needed

for successful therapy.

In this work, we propose sorbitan ester-based lipid nanoparticles functionalised with the
natural polymers CS or HA as gene delivery systems. For this purpose, we describe the design
and evaluation of these nanosystems loaded with plasmid DNA, including their
physicochemical characterisation, their stability properties upon storage at different
temperatures in both a suspension and as a lyophilised product, their ability to protect the
delicate bioactive molecule associated with them, their transfection properties and their

biocompatibility both in vitro and in vivo.
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1. Materials and Methods
1.1. Materials

Sorbitan monooleate (Span® 80) (SP), oleylamine (OA) (purity >70%), glucose, sucrose,
and sodium dodecyl sulfate (SDS) were purchased from Sigma (Spain). Chondroitin sulfate
(CS) and hyaluronic acid (HA) were provided by Merck (Spain) and Bioiberica (Spain),
respectively. The pEGFP-C3 plasmid was obtained from Elim Biopharmaceutics (United
States). SYBR Safe DNA Gel Stain and SYBR® Gold post-electrophoresis and agarose were
provided by Life Technologies (Spain). Dulbecco’s modified Eagle’s medium (DMEM), foetal
bovine serum (FBS), penicillin-streptomycin, L-glutamine, DNase | and Lipofectamine 2000
were acquired from Thermo Fisher (Spain). XTT cell viability reagent was provided by Roche

(Spain). The aspartate aminotransferase colorimetric kit was purchased from Randox (Spain).

1.2. Nanoparticle preparation and characterisation

For construction of the nanoparticles (NPs), a solution of sorbitan monooleate (Span 80,
SP) and oleylamine (OA) was prepared in ethanol at a concentration of 6.6 and 0.33 mg/ml,
respectively. Then, this organic phase was added under magnetic stirring to an aqueous phase
containing either chondroitin sulfate (CS) or hyaluronic acid (HA) at a concentration of 0.125
mg/ml in a volume ratio of 1:2. Ethanol was removed under reduced pressure on a rotary
evaporator. For encapsulation of Enhanced Green Fluorescent Protein plasmid (pEGFP), the
plasmid was incorporated into the aqueous phase. The final formulations obtained were 200
ug/ml pEGFP-loaded NPs.

The mean particle size and the size distribution of the nanoparticles were determined using
photon correlation spectroscopy (PCS). Samples were suitably diluted in Milli-Q water. Each
analysis was performed at 25°C with an angle of detection of 173°. The zeta potential of the
nanoparticles was determined with laser scattering anemometry (LDA). To that end, the
samples were suitably diluted in a millimolar KCI solution. The PCS and LDA analyses were
performed with a Zetasizer® 3000HS (Malvern Instruments, UK).

The morphology of the nanoparticles was examined with transmission electron microscopy
(CM 12 Philips, Eindhoven, The Netherlands) after staining with 2% w/v phosphotungstic acid
solution. For this purpose, the samples were placed on copper grids (400 mesh) coated with a

Formvar® film.
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1.3. Gel electrophoresis

The efficiency of the association of pEGFP with the nanoparticles was determined using
agarose gel electrophoresis. Gels with 1% agarose were prepared in TAE (Tris-Acetate-EDTA,
40 mM Tris, 1% acetic acid, 1 mM EDTA). SYBR® Gold Nucleic Acid Gel Stain and SYBR®
SAFE DNA Gel Stain were employed as stains, and glycerol was used to aid in loading the gel.
A potential difference of 100 mV was applied for 30 minutes, and free pEGFP was used as the

control.

1.4. Lyophilisation and stability studies

The nanoparticles were lyophilised in an aqueous solution of cryoprotectant in a 1:1 (v/v)
ratio of nanoparticles:cryoprotectant (10% glucose for CS NPs, and 10% sucrose for HA NPs)
using freeze-drying equipment (VirTis Genesis 25 ES, S.P. Industries, USA). Afterwards, each
sample was completely sealed to inhibit humidification, and these lyophilised samples, as well
as the nanoparticles in suspension, were stored under various temperature conditions (Room
Temperature (RT), 4°C and 37°C). After three and twelve months of storage, the lyophilised
samples were rehydrated with RNase-free water, and their physicochemical characteristics were

analysed.

1.5. DNase protection assay

To confirm the ability of CS and HA nanoparticles to protect pEGFP from endonucleases,
a DNase | protection assay was performed. Both formulations containing 5 pug of pPEGFP were
incubated with 1 unit of DNase | at 37°C for 1 h. Naked pEGFP treated with DNase | served as
a positive control. The DNase | reaction was terminated by adding 0.5 M EDTA solution. The
plasmid was then dissociated from the nanoparticles by incubation with a 2% solution of sodium
dodecyl sulfate (SDS) for 30 minutes at 37°C. The DNA integrity was assessed via 1% agarose
gel electrophoresis (100 V, 30 min).

1.6. Cell culture

In vitro assays were performed using a human lung adenocarcinoma cell line (A549)
obtained from the American Type Culture Collection (ATCC). Cells were maintained in
DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 1% L-glutamine at 37°C
with a 5% CO> humidified atmosphere.

1.7. Cell viability
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The effect of CS and HA nanoparticles on cell viability was evaluated in the A549 cell line
using an XTT assay. Cells were seeded at 1x10* cells per well in a 96-well plate and incubated
overnight. Then, different concentrations of the NPs in Opti-MEM reduced-serum medium
were incubated with the cells. After 4 hours, the treatment was removed, and the cells were
incubated with fresh culture medium for 24 hours. Then, XTT reagents were added to the wells

and incubated with the cells following the manufacturer’s instructions.

1.8. In vitro transfection

For transfection experiments, A549 cells were seeded in a 24-well plate at a density of
6x10* cells per well and incubated overnight. Then, the medium was replaced with Opti-MEM,
and plasmid-loaded NPs were added at doses from 1 to 2 ug of the plasmid per well and
incubated with the cells for 4 hours. Lipofectamine 2000 was used as a positive control
according to the manufacturer’s instructions. After 4 hours, the medium was replaced with
serum-supplemented medium. The expression of GFP was detected 24 hours post-transfection

using an inverted microscope (AxioObserver.Z1 Inverted Microscope, Zeiss, Germany).

1.9. Animals

Balb/c mice (6- to 8-week-old males) were obtained from Charles River Laboratories Spain
S.A. (Barcelona, Spain). All the procedures were approved by the Ethical Committee for
Animal Experimentation (CEEA) of the University of the Basque Country (EHU/UPV) in
accordance with institutional, national and international guidelines regarding the protection and
care of animals used for scientific purposes (CEBA/237/2012/BADIOLA ETXABURU). Mice
were maintained in the animal facility of EHU/UPV and had access to standard chow and water

ad libitum.

1.10. In vivo toxicity: blood biochemical assays and histopathological
examination
For in vivo toxicity studies, 200 ul of pEGFP-loaded NPs in 5% glucose were administered
intravenously to mice. For this purpose, 4 mice were used per condition, and a 5% solution of
glucose was injected into the control mice. After 24 hours, the animals were sacrificed, blood
samples were collected by cardiac puncture, and major organs were fixed in paraformaldehyde
and embedded in paraffin. Serum was isolated from the blood samples, and hepatic function
was analysed by examining aspartate aminotransferase (AST) levels using an AST colorimetric

assay. For histopathological examination, sections (4 um) of the liver, spleen, lung and kidney
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were cut and stained with Haematoxylin and Eosin (H&E). Representative sections were
observed and examined using an optical microscope (Nikon Eclipse E-100).

1.11. Statistical analysis

All experimental measurements were collected in triplicate. The values are expressed as
the mean + standard deviation (SD). Statistically significant differences between the treatments
were evaluated with analysis of variance (ANOVA) and Fisher’s least significant difference
(LSD) using GraphPad Prism, with alpha<0.05 being the probability of error.

2. Results

2.1. Nanoparticle preparation and characterisation

Hybrid nanosystems consisting of sorbitan ester-based nanoparticles decorated with
chondroitin sulfate (CS) or hyaluronic acid (HA) were produced through a nanoprecipitation-
self-assembly method. For this purpose, the lipophilic substances OA and SP were dissolved in
an organic phase, and the hydrophilic polymers CS and HA were solubilised in an agueous
phase. The spontaneous nanoparticle assembly after the addition of the aqueous phase over the
organic phase occurs due to the insolubility of SP and OA in water and as a result of the
simultaneous occurrence of electrostatic interactions between the positive charges of OA and
the negative charges of the hydrophilic CS and HA components. This procedure also allows
electrostatic association of charged bioactive molecules, such as plasmid DNA, with the
nanosystems. The structure of the resulting hybrid nanosystems is schematised in Figure 1.
Table 1 shows the size and zeta potential of both formulations. Incorporation of plasmid DNA
did not significantly modify nanoparticle size or zeta potential (p>0.05). TEM images show

spherical nanoparticles of nanometric size, corroborating the results obtained with DLS (Figure

2).

Table 1. Physicochemical characterisation of blank and pEGFP-loaded nanosystems.

Formulation Size (nm) PdI { Potential (mV)

SP-OA-CS 122.8£11.9 0.079 £ 0.019 -37.7+2.1
SP-OA-CS-pEGFP 137.3+£13.7 0.091 + 0.022 -37.1+£6.9

SP-OA-HA 137.0 £ 10.4 0.114 £ 0.024 -28.6 8.4
SP-OA-HA-pEGFP 1345+11.4 0.083 + 0.026 324428
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Figure 1. Schematic representation of hybrid nanosystem consisting of sorbitan ester-

based nanoparticles decorated with chondroitin sulfate (CS) or hyaluronic acid (HA)
and with associated pEGFP.
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Figure 2. Particle size distribution measured with DLS, and TEM images of blank and
pEGFP-loaded nanoparticles.

2.2. DNA binding efficacy

Agarose gel electrophoresis (Figure 3) shows that CS- and HA-decorated formulations
have the ability to completely bind pEGFP, as evidenced by the absence of a free DNA band.
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Figure 3. Agarose gel electrophoresis of (1) 200 ug/ml free pEGFP; (2) HA NPs
associated with 200 ug/ml pEGFP; and (3) CS NPs associated with 200 ug/ml pEGFP.

2.3. Lyophilisation and stability

HA- and CS-decorated formulations loaded with pEGFP were stored at different
temperatures, and their physicochemical properties were analysed after 3 and 12 months. As
shown in Figure 4, the size and zeta potential of CS NPs were not significantly modified at any
of the temperatures and times studied (p>0.05). In the case of HA nanoparticles, the zeta
potential remained stable over time and temperature (p>0.05), but the size increased
considerably from 120 nm to more than 300 and 700 nm after 3 and 12 months of storage at
37°C (p<0.01). Gel electrophoresis showed that the NPs were associated with the DNA even
after 12 months of storage, although DNA degradation was observed for CS nanoparticles
stored at 37°C (Figure 5).
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Figure 4. Size and zeta potential of pEGFP-loaded CS and HA NPs stored in
suspension at different temperatures for 3 and 12 months. Error bars represents SD
(n=3). **p<0.01 vs. samples at the initial time (t=0).
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Figure 5. Agarose gel electrophoresis of free pEGFP and pEGFP-loaded HA and CS
nanoparticles stored at 4°C, room temperature (RT) and 37°C.

After a preliminary screening of different sugars and their concentrations, 10% glucose and
10% sucrose were applied for lyophilisation of CS and HA nanoparticles, respectively. As
shown in Figure 6A, the size of pEGFP-loaded NPs was slightly but significantly (p<0.01)
increased from approximately 120 nm to 150 nm for both formulations after lyophilisation,
while no significant difference in zeta potential was observed. Similar results were obtained for
blank NPs, with small increases in size (120 nm to 130 for CS and 135 nm to 160 nm for HA)
and zeta potential (-40 mV to -37 mV for CS and -32 mV for HA) for both formulations.
Agarose gel electrophoresis was performed to evaluate the association with the plasmid after
the freeze-drying process. As indicated by the free DNA bands observed in Figure 6B,
lyophilisation decreased the ability of CS NPs to bind pEGFP, whereas the DNA binding
property of the HA NPs was not modified.
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Figure 6A. Size and zeta potential of pEGFP-loaded NPs before and after
lyophilisation. Error bars represents SD (n=3). **p<0.01 vs. pre-lyophilisation
samples. Fig. 6B. Agarose gel electrophoresis of free pEGFP (1) and pEGFP-loaded
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CS (2, 3, 4) and HA (5, 6, 7) NPs after lyophilisation. Some free DNA bands are
observed for CS nanoparticles.

NPs were lyophilised and stored at different temperatures to determine the stability of the
NPs in the absence of water. After 12 months of storage, the largest difference in the size of the
lyophilised NPs was observed when stored at 37°C, increasing from approximately 140 nm to
180 nm for CS and from 150 nm to 180 nm for HA NPs (p<0.01) (Figure 7). The same pattern
was observed for zeta potential, which decreased from -34 mV to -49 mV for both formulations.
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Figure 7. Size and zeta potential of resuspended CS and HA NPs after lyophilisation
and storage for 3 and 12 months at 4°C, room temperature (RT) and 37°C. Error bars
represent SD (n=3). *p<0.05 and **p<0.01 vs. samples at the initial time (t=0).

2.4. DNase protection assay

To demonstrate that the NPs protect DNA from endonucleases, DNase | was incubated
with free DNA and NP-associated DNA, and DNA was subsequently released from the NPs
using SDS. Figure 8 demonstrates the presence of DNA bands corresponding with DNA
associated with CS and HA NPs (lanes 3 and 4, respectively) after incubation with DNase I,
evidencing the absence of degradation. In contrast, the absence of any band in lane 2

demonstrates the ability of DNase | to degrade free DNA. SDS, which is a surfactant used for
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DNA-NP disassembly, was responsible for the smeared DNA bands because it interferes with
the electrophoretic mobility of DNA.

Figure 8. Agarose gel electrophoresis of free pEGFP and pEGFP released from
nanoparticles after 1 hour of incubation with DNase | and subsequent pEGFP-NP
disassembly mediated by SDS: Free pEGFP (2) and pEGFP-loaded CS (3) and HA (4)
nanoparticles in the presence of DNase I. The controls include free pEGFP (1) and
pPEGFP-loaded CS (5) and HA (6) nanoparticles in the absence of DNase I.

2.5. Cell viability
Figure 9 shows A549 cell viability after incubation with CS and HA NPs at increasing

concentrations determined with an XTT assay. Accordingly, the XTT assay results do not show
a significant decrease in cell viability until the highest nanoparticle concentration tested (768
ug/ml; 58.63% for CS and 83.63% for HA). There is almost no difference in the effect of both
formulations on cell viability, with a slightly higher decrease in cell viability observed with CS

at 768 ug/ml being the only significant difference.
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Figure 9. A549 cell viability determined with an XTT assay after incubation with
increasing concentrations of CS and HA nanoparticles. Error bars represent SD (n=3).
*

p<0.05.
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2.6. In vitro transfection

A549 cells were transfected with different doses of pEGFP-loaded NPs, and GFP
expression was observed after 24 hours using fluorescence microscopy. As a positive control,
Lipofectamine was used with 1 ug of pEGFP. As shown in Figure 10, efficient transfection can

be achieved with both formulations.

1 yg of plasmid 2 pg of plasmid

1 ug of plasmid

Cs

Lipofectamine

HA

Figure 10. A549 cells expressing GFP 24 hours after transfection with pEGFP-loaded
CS and HA nanoparticles at two different plasmid doses and NP concentrations.
Lipofectamine was used as the positive control.

2.7. In vivo toxicity

The in vivo toxicity of pPEGFP-loaded NPs was assessed after iv administration to mice by
monitoring hepatic function through analysis of aspartate aminotransferase (AST) levels. As
shown in Figure 11, comparable AST serum levels were found for CS NP-, HA NP- and non-
treated animals, suggesting the absence of undesirable effects attributed to the developed
nanosystems. To further corroborate the safety of the systems, their cytotoxic effects in the
major mouse organs, including the kidney, liver, lung and spleen, were evaluated by performing
histopathological studies. No obvious damage was observed in the samples analysed, indicating
that the NPs are not toxic to major organs. These results indicate that CS and HA NPs are well

tolerated delivery systems with non-immunogenic and biocompatible properties.
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Figure 11A. Aspartate aminotransferase (AST) serum levels in mice 24 hours after iv
injection with pEGFP-loaded CS and HA nanoparticles. Fig. 11B. Histopathological
studies using H&E staining of kidney, liver, lung and spleen sections from mice
systemically treated with pEGFP-loaded CS and HA nanoparticles.

3. Discussion

This study was designed to explore the potential of the natural polymers HA and CS to
optimise the properties of our previously developed prototype of sorbitan ester-based
nanoparticles. These polysaccharides possess properties that make them suitable for gene
delivery systems, such as biodegradability, stability, low toxicity and low immunogenicity, and
they can be easily modified. In addition, it has been described that CS and HA can enhance
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gene transfection efficiency and improve the stability of NP systems (23, 27). However,
incorporation of such components is not an easy task because they are hydrophilic
macromolecules (carbohydrates with repeating units of saccharides joined by glycosidic
linkages) that possess properties that are very different from those of the selected sorbitan ester,
sorbitan monooleate. Consequently, our procedure to develop these polymer-lipid hybrid
systems required a specific "bridge” among the different moieties and therefore a strategy to
develop such a bridge. In this study, we resorted to incorporation of a hydrophobic cationic
moiety able to satisfy three conditions: i) easily incorporated with the lipophilic sorbitan
monooleate component; ii) developed electrostatic interactions with HA and CS polyanions to
incorporate them into the final nanosystem; and iii) effectively associated with DNA as the
bioactive molecule through electrostatic interactions. After a judicious selection of components,

the selected material to build such a bridge was oleylamine (OA).

In our previous work, we demonstrated the solid structure of the sorbitan ester-based
nanoparticles, in which there is a gradient of flexibility from a lipophilic rigid core to a
hydrophilic flexible surface (28). In the case of the above-described self-assembled
nanosystems associated with DNA we can assume that, once developed, the anionic polymers
HA and CS tend to localise in the external and hydrophilic region of the nanoparticles, thus
decorating the nanosystems (Figure 1). This would explain the change in the nanoparticle
surface charge from positive (29) to negative after the polyanion incorporation. In addition, the
size of the nanoparticles decreased with CS and HA incorporation (from 200 nm to 130-150
nm), which could be explained by an increase in the polymer packing due to electrostatic
interactions and crosslinking of the different components. In addition, we observed that
incorporation of pDNA into the systems did not interfere with the size and surface charge (Table
1). Taking into account that such DNA compaction could also be helpful for providing desired
properties as gene delivery carriers, such as DNA protection against enzymatic degradation, we
decided to evaluate this stabilising effect. As we have demonstrated, the developed nanosystems

offer efficient protection of pPDNA from DNAse | degradation (Figure 8).

The above-described effect of the incorporation of HA and CS could also be of interest in
terms of stability. In this respect, it should be considered that delivery systems based on lipid
components are characterised by their low stability in aqueous suspension, a property that limits
their use and clinical success. However, we provide evidence that the developed nanosystems

have considerable time and temperature stability in aqueous suspension (Figure 4). This
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behaviour could be explained by structural differences compared with other lipid-based
nanosystems, such as vesicular systems (i.e., liposomes), which are known for their stability
limitations. We only observed increases in size and zeta potential after storage at 37°C, a result
that could be explained by hydrolysis of the sorbitan monooleate molecules, resulting in free
fatty acids that can partially neutralise the positive charge of OA, leading to a decrease in the
superficial charge and to an increase in the size. This effect could also be a consequence of

Ostwald ripening, with growth of the largest particles at the expense of the smallest ones (30).

Concerning stability against the lyophilisation process, we demonstrated the ability of the
developed nanosystems to resist the lyophilisation process and maintain their physical
properties (Figure 6), an ability of great value for shipping and long-term storage. Sugars are
known to maintain lipid nanosystem stability during freeze-drying, and two different theories
to explain this behaviour have been proposed. One of them is the water replacement theory, in
which the sugars replace water between the polar head groups of the lipids. The second theory
is known as the vitrification model and it assumes that the sugars form a glass matrix during
freezing, with high viscosity and low mobility, which prevents lipid systems from aggregation
and protects them from damage by ice crystals (31). Taking this into consideration, we
hypothesise that the differences observed in DNA leakage among CS and HA NPs after
lyophilisation could be explained by the different sugars used as lyoprotectants (glucose versus
sucrose) (Figure 6A). In addition, it is possible that differences in the NP packing could interfere
with the sugar disposition among the NP components.

From previous work (29) and previous studies, we know that non-functionalised sorbitan
monooleate-oleylamine nanoparticles do not interfere with cell viability, even when higher
concentrations were tested on the same cell line. Different studies have shown that
incorporation of HA and CS into delivery systems did not increase toxicity in vitro (32, 33) or
even decreased the toxicity of the systems (13, 14, 16, 34). Another study showed an increase
in the cytotoxicity of gemcitabine-loaded liposomes when HA was incorporated into the system
and explained that this effect was due to an increase in the cellular uptake of the liposomes
mediated by the CD44 receptor (35). Considering this, we hypothesise that the higher
cytotoxicity observed with the developed nanosystems after incorporation of HA and CS
(Figure 9) in comparison with the non-functionalised NPs is a simple consequence of the higher
uptake rate of the former. In any case, high transfection efficiencies were achieved at low

nanosystem doses without compromising cell viability (Figure 10), which allowed us to
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conclude that the developed nanosystems are characterised by an appropriate efficacy-toxicity
balance in vitro. On the basis of these data, we decided to test the in vivo toxicity of the
developed nanosystems (Figure 11). No signs of toxicity or inflammation were observed after
systemic administration of the developed nanosystems to mice, therefore also demonstrating
their innocuity in vivo, which further supports the high clinical potential of the developed

nanosystems.

4. Conclusions

Herein, we confirm that molecules with high biological value and targeting potential, such
as HA and CS, can be successfully incorporated into our recently developed sorbitan ester-
based nanoparticles and that such incorporation leads to effective stabilisation of both
nanosystems and protection of a delicate bioactive molecule associated with them, such as
DNA. Concretely, we have demonstrated that the aforementioned incorporation of HA and CS
supports long-term stability of the nanosystems in both liquid and lyophilised states, which is a
remarkable property that may aid their transfer to industry. The ability of these functionalised
nanosystems to transfect the A549 cell line without compromising cell viability was also shown,
as well as their innocuous safety profile in vivo. Thus, we provide valuable evidence of the

suitable properties and potential of these hybrid nanoparticles as gene delivery systems.
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Abstract

Phenotypic transformation of liver sinusoidal endothelial cells is one of the most important stages
of liver metastasis progression. The miRNA effects on liver sinusoidal endothelial cells during liver
metastasis have not yet been analysed. Herein, analysis of miRNA expression in these cells during
colorectal liver metastasis revealed repressed expression of microRNA-20a. Importantly,
downregulation of miR-20a occurs in parallel with upregulation of its known protein targets. To restore
normal miR-20a levels in liver sinusoidal endothelial cells, we developed chondroitin sulfate-sorbitan
ester nanoparticles conjugated with miR-20a in a delivery system that specifically targets liver
sinusoidal endothelial cells. The restoration of normal mir-20a levels in these cells induced
downregulation of the expression of its protein targets, and this also resulted in a reduction of in vitro
LSEC migration and a reduction of in vivo activation and tumour-infiltrating capacity and ability of the

tumour decreased by approximately 80% in a murine liver metastasis model.

157



Inés Fernandez Pifeiro

1. Introduction

Colorectal cancer is the third most frequently occurring cancer and a common cause of cancer-
related death worldwide (1). The origin of colorectal cancer is usually a malignant polyp developed in
the mucosa of the intestine (2). Once the cells of the polyp acquire malignant properties they can detach
from the primary tumour and spread throughout the body, invading other organs(3). One of the most
common metastatic target organs is the liver (4). Because of its anatomic position and special histologic
architecture, the liver is frequently metastasized by different cancer types. Special fenestrated capillaries
called sinusoids irrigate the liver tissue, and these blood vessels facilitate the infiltration of tumour cells
(5). Once the tumour cells are trapped in the sinusoids, they migrate into the tissue parenchyma and
grow, thus initiating metastasis. Then, liver cells that are in proximity of tumour undergo deep phenotype
changes (6), which include phenotypic transformation of liver sinusoidal endothelial cells (LSECs), one
of the most important events in liver metastasis (7). LSECs from the fenestrated capillaries of hepatic
sinusoids are the first hepatic cell line that interacts with metastatic cells. Upon such interaction, LSECs
activate the production of proinflammatory chemokines that generate a favourable environment for

tumour growth (8).

One unexplored potential mechanism of LSEC activation is an alteration in cellular epigenetic
regulators, in particular microRNAs (miRNAs). miRNAs are small double-stranded RNA molecules
comprising 18-22 nucleotides that negatively regulate protein expression by targeting complementary
messenger RNAs (MRNAs)(9). The importance of miRNAs has been described in a great variety of
physiological processes, such as development (10) and derivation of stem cells, including hepatic
cells,(11) as well as in diseases such as cancer(12) and neurodegeneration (13). In cancer, miRNAs have
been shown to play important roles in malignancy processes, which are sometimes associated with their
overexpression (14) and other times with their downregulation (15). Among their broad range of
features, there is one feature that makes them especially interesting as therapeutic candidates: their
multitarget capacity. As binding to the mRNA does not necessarily require 100% complementarity, a
single miRNA can bind to many different mRNAs, thus simultaneously blocking protein translation of
multiple targets (16),(17). This also entails the possibility of side effects that could emerge if mMiRNA
were to be delivered indiscriminately throughout the body. Herein, we shed light on the physiological
significance of miRNA deregulation in LSECs and on the potential therapeutic applications derived
from a careful choice of miRNA delivery system. In this regard, it is of key importance to guide miRNAs
to the specific target cells we want to treat. miRNA instability in serum along with its inability to cross
biological membranes makes it necessary to incorporate them into delivery systems to enhance
protection and specific cell-targeting. In this way, nanocarriers have emerged as a promising miRNA

delivery tool (18). Thus, we have recently developed and patented sorbitan ester-based nanoparticles
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and provided an in vivo proof of concept regarding their safety and efficacy for gene therapy (19, 20).
Here, we developed chondroitin sulfate-functionalized nanoparticles (SP-OA-CS), and we tested them
by loading them with specific miRNA for delivery to LSECs in an attempt to explore their therapeutic

potential against liver metastasis progression.

2. Materials and methods

2.1. Animals

Balb/c mice (6- to 8-week-old males) were obtained from Charles River Laboratories Spain S.A.
(Barcelona, Spain). All the procedures were approved by the Ethical Committee for Animal
Experimentation (CEEA) of the University of the Basque Country (EHU/UPV) in accordance with
institutional, national and international guidelines regarding the protection and care of animal use for
scientific purposes (CEBA/237/2012/BADIOLA ETXABURU). Mice were kept in the animal facility
of EHU/UPV and had access to standard chow and water ad libitum.

2.2. Colorectal cancer cells

Murine colorectal cancer C26 cells (ATCC, Manassas, VA) syngeneic with Balb/c mice were used.
The cells were grown under standard conditions in RPMI medium (Sigma-Aldrich; St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 pg/ml) and
amphotericin B (0.25 pg/ml), all purchased from Life technologies, Carlsbad, CA.

2.3. Control and tumour-activated LSECs

Balb/c mice were anesthetized with isoflurane, and a small cut was made in their left broadside.
Then, 50 pl of C26 colon carcinoma cells at a concentration of 2 x 10° cells/ml were inoculated into the
spleen of each mouse, and the peritoneum and skin were sutured. The control mice were inoculated with
PBS. Fourteen days later, all mice were sacrificed, and the tumour-activated LSECs and control LSECs
were isolated by Percoll (Sigma-Aldrich; St. Louis, MO, USA) gradient (25% on top of 50%) differential
centrifugation. LSECs were seeded with RPMI 1640 medium containing 10% FBS, and finally, RNA
purification was performed following the protocol of a Purelink RNA minikit (Gibco Life Technologies
Inc., Gaithersburg, MD).

2.4. miRNA microarray analysis

The purified total RNA was analysed using Agilent mouse miRNA microarrays. Release
18.0, 8x60K (v18) microarray slides (Agilent Technologies, USA), with 1,200 mouse miRNAs
represented, were used. Briefly, 100 mg of total RNA was labelled and hybridized following
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the standard Agilent Protocol for the miRNA Microarray System with a miRNA Complete
Labelling and Hybridization Kit, including Agilent miRNA Spike-ins, and the results were
scanned using an Agilent Microarray Scanner G2565CA (Agilent Technologies, USA). The
scanned TIFF image files were processed using Agilent Feature Extraction Software vs 10.7.3.1
to extract raw data and obtain QC reports. The microarray raw data were normalized using the
quantile method. To find the statistically significant differentially expressed miRNAs (DEMs)
between two groups of samples, we calculated the mean of each probe across all the samples
of the group. Next, we filtered out all the probes whose absolute value of the difference of mean
values between the two groups was less than a selection threshold pem = 4 (that corresponds
to a fold change of 2 in log> scale), and we applied a Student’s t-test with a significance
threshold apem = 0.05. The PCA and the hierarchical clustering of genes and samples were
performed with one minus the correlation metric and the unweighted average distance
(UPGMA) linkage method. All the analysis algorithms and graphics were implemented
functions in Matlab.

2.5. miRNA microarray data validation with miRNA RT-qPCR

The microarray data of three of the most downregulated miRNAs (miR-20a, miR-29 and miR-93)
were validated with real-time PCR (RT-qPCR) using a miRCURY LNA™ Universal RT microRNA
PCR system (Exigon, Denmark), following the manufacturer’s instructions. Then, 50 ng of total RNA
was used for cONA synthesis using a Universal cDNA synthesis kit Il (Exigon, Denmark). cDNA was
amplified in triplicate in a 7900 HT Fast Real Time System (Life Technologies, USA) using microRNA
LNA primer sets for the specified miRNAs (Exiqon, Denmark) and ExXiLENT SYBR® Green master
mix (Exigon, Denmark). The expression of miRNAs was normalized to the SNORDG68 control gene,
and the relative expression was calculated with the 2-AACt method (21).

2.6. Quantitative mass spectrometric analysis of liver sinusoidal endothelial cells

Isolated tumour-activated LSECs and control LSECs were independently processed for mass
spectrometric analysis as previously described (22). Briefly, samples were shortly separated in a
polyacrylamide gel, and proteins were reduced with dithiothreitol, alkylated with iodoacetamide, and
digested with trypsin. After extraction, the peptides were finally resuspended in 0.1% trifluoroacetic
acid. Approximately 500 ng of peptides were subsequently separated on an Ultimate 3000 rapid
separation liquid chromatography system (Thermo Fisher Scientific, Dreieich, Germany) and analysed
on an Orbitrap Elite (Thermo Fisher Scientific, Dreieich, Germany) hybrid mass spectrometer

(supplemental methods).
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2.7. Preparation and characterization of control SP-OA-CS, SP-OA-CS associated with
PEGFP and SP-OA-CS associated with miRNA

For construction of the nanoparticles, a solution of sorbitan monooleate (Span 80, SP) and
oleylamine (OA) (Sigma-Aldrich; St. Louis, MO, USA) was prepared in ethanol at a concentration of
6,6 and 0,33 mg/ml, respectively. Then, this organic phase was added under magnetic stirring to an
aqueous phase containing chondroitin sulfate (CS) (Calbiochem, USA) at a concentration of 0,125
mg/ml, in a volume ratio of 1:2, respectively. Ethanol was removed under reduced pressure on a rotary
evaporator. For the encapsulation of genetic material, this was included in the aqueous phase during the
construction of the nanoparticles at concentrations of 33,3 ug/ml for Enhanced Green Fluorescent
Protein plasmid (pEGFP) (Elim Biopharmaceutics, USA) and 8,33 pg/ml and 16,7 pg/ml for miRNA
(miR-20 or miR-control) (Exigon, Denmark). The final formulations obtained were 200 pug/ml pEGFP-
loaded NPs, 50 and 100 pg/ml miRNA-loaded NPs. Formulations were administered in a 5% glucose
solution for the in vivo studies. The efficiency of the association of the plasmid DNA and the miRNAs
was determined by agarose gel electrophoresis. The morphology of the nanoparticles was examined with
transmission electron microscopy (CM 12 Philips, Eindhoven, The Netherlands) after staining with 2%
w/v phosphotungstic acid solution. For this purpose, the samples were placed on copper grids (400

mesh) coated with a Formvar® film.

2.8. In vivo validation of nanoparticle-specific targeting to LSECs

To confirm the specific targeting of the SP-OA-CS nanoparticles associated with pEGFP to LSECs,
Balb/c mice were systemically inoculated via the tail vein with nanoparticles, and after 48 h, the mice
were sacrificed by cervical dislocation. The livers were collected and frozen, and different sections at
different levels of each organ were prepared with a cryostat. Finally, the nanoparticle green fluorescence

in the sections was analysed using fluorescence microscopy (Zeiss Axioskope).

2.9. Western blot analysis of LESCs activated with tumour-conditioned medium.

Western blotting analysis was performed with tumour-activated LSECs and tumour-activated
LSECs cultured with exogenous miR20a. In brief, LSEC cultures were lysed with RIPA buffer,
separated through 8% SDS-PAGE electrophoresis and blotted onto a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA). E2 transcription factor 1 (E2F1) (Santa Cruz Biotechnology, Dallas,
Texas, USA) and Rho GTPase activating protein (ARHGAP1) (Abcam, Cambridge, UK) (1:1000) were
detected using horseradish peroxidase-conjugated protein A (1:5,000) (Sigma-Aldrich; St. Louis, MO,
USA). The bands were visualized using a Super Signal Femto Substrate kit (Pierce Chemical Co,

Rockford, IL). GAPDH was used as a protein loading control.
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2.10. Migration of tumour-activated LSECs

A tumour-activated LSEC migration assay was performed on modified Boyden chambers. Briefly,
LSECs were cultured onto an 8 um-diameter pore membrane (Greiner Bio-One, La Jolla, CA, USA)
precoated with collagen type | 10 pg/ml (Sigma-Aldrich; St. Louis, MO, USA) at a concentration of
2x10° cells/ml. Then, cells were allowed to migrate for 24 h in the presence of different treatments.
Migrated cells were quantified after 4% formalin fixation and crystal violet staining (Sigma-Aldrich, St.
Louis, MO, USA). The results were calculated from three independent experiments, and data were
expressed as the mean of total migrated cells per membrane.

2.11. In vivo colorectal cancer liver metastasis development and histological liver tissue

analysis

To develop an experimental colorectal cancer liver metastasis model, Balb/c mice were
anesthetized with isoflurane (Esteve, Spain), and a small cut was made in their left side. Then, the spleen
was exposed to perform an intrasplenic inoculation of 50 pl of C26 colon carcinoma cells at a
concentration of 2 x10° cells/ml for each mouse. The animals were divided into 5 groups, and the
treatments were performed every 3 days from the day of the inoculation of cancer cells. Finally, the
livers were embedded in paraffin and frozen for histological analyses. To quantify the occupied tumour
area, consecutive 7-pm sections were cut with 500 um between them in paraffin embedded livers. Then,
haematoxylin and eosin staining was performed, and the tumour area was quantified using ImageJ
Software. In addition, to analyze the potentially activated infiltrating LSECs in the metastasized area,
immunostaining with 1:100 dilution of anti-CD31 monoclonal antibody was performed (BD
Pharmingen, USA), followed by the appropriate secondary fluorescent Alexa 594 (1:1000) antibody.
Images were quantified using the AnalySIS V3.2 program (Olympus Software Imagine Solutions
GMBH, Munster, Germany). The results are expressed as a percentage of specifically coloured tissue

area relative to the entire analysed area.

3. Results
3.1. The purity of LSEC primary culture is higher than 95%

LSECs were isolated from mice 15 days after inoculation of colorectal cancer C26 tumor cells
(Figure 1A). The isolated control and tumour-activated LSEC purity was confirmed by an
immunostaining assay as described in materials and methods. More than 95% of the cells in the LSEC
cultures were positive for the CD31 marker (Figure 1B). These cells were used to run a microarray
analysis to detect which miRNAs were deregulated in LSECs when livers were colonized by tumour

cells compared with control livers.
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Figure 1. Induction and isolation tumour-activated LSECs. (A) Experimental design: Two
groups of mice were inoculated with C26 murine colon cancer cells and with PBS (Control).
After 15 days, the mice were perfused and after Percoll ® gradient centrifugation, the LSECs
were isolated and miRNA expression microarrays of both cultures were performed. (B) The
purity of the LSEC culture was tested by inmunocytochemical analysis. The cells were stained
to detect CD31 expression, cell culture purity was analysed using Image J, and the result
indicated a purity of up to 95%.

3.2. miRNA microarray assay reveals changes in miRNA expression between tumour
activated LSECs and control LSECs.

A 16 k microarray was run to detect changes in miRNA expression in LSECs obtained from
tumour-colonized and control livers. The global analysis of the whole genome miRNA expression
revealed that tumour-colonized LSECs and healthy LSECs have a very distinct miRNA expression
fingerprint, distinct both in the principal component analysis (PCA) shown in Figure 2B and in the
hierarchical clustering (Figure 2C). We searched for the most deregulated miRNAs (Figure 2D and
Figure 2E) and found 33 miRNAs that were significantly (p<0,005) downregulated in tumour-colonized
LSEC samples relative to non-colonized samples (Figure 2A). miR-20a, miR-29 and miR-93 were
among the most significantly downregulated miRNAs (Figure 2D and Figure 2E). These miRNAs were

validated using gPCR. Among these, the most deregulated was miR-20a, with a negative fold change of

more than 7 (Figure 2F).
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Figure 2. The miRNA expression fingerprint of control and tumour activated LSECs (A)
Heat map of the expression of the top 33 most significantly downregulated miRNAs in LSECs
colonized by the tumour (LSEC-T) relative to healthy LSECs. The miRNA expression is
represented on a log scale. Higher and lower expression corresponds to a redder and bluer
colour, respectively. The colour bar on the top codifies the miRNA expression. The table to
the right provides the p-values calculated using a t-test. (B) Principal Component Analysis
(PCA) of miRNA expression. (C) Hierarchical clustering of miRNA expression performed
with the correlation metric and the average linkage method. (D) Volcano plot of LSEC vs
LSEC-T. The black vertical lines represent the boundaries of the 2-fold changes (in log2 scale)
in MiRNA expression (E) Pairwise scatter plot of LSEC vs LSEC-T. The black lines represent
the boundaries of the 2-fold changes (in log, scale) in miRNA expression levels. Transcripts
up- and downregulated in LSEC-T compared with LSECs are shown with red and green dots,
respectively. The positions of the three selected miRNAs are shown as orange dots. The colour
bar indicates the scattering density. The darker blue colour corresponds to higher scattering
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density. The transcript expression levels are log2 scaled. (F) RT-PCR of the three selected
mMiRNAs, where the expression change is compared between healthy LSECs (white) and
tumour-activated LSECs (black).

3.3. E2F1 and ARHGAP1 miR-20a target proteins were upregulated in LSECs colonized by
the tumour relative to healthy LSECs

We used the miRBASE database (www.mirbase.org) to identify 713 proteins as possible miR-20a
targets. In parallel, in a proteomic study, we identified 174 proteins that were upregulated in tumour-
activated LSECs compared with control LSECs. When both data sets were compared, 5 coincidentally
expressed proteins were found: E2F1, JAK1, ARHGAP1, ACSL4 and DECRL1 (Figure 3A).

174

miR-20 targets

S R W T 000 nRHoRPL
- .-b— — _—
-* M S GAPDH

Healthy LSEC ~ Tumour LSEC Tumour LSEC  Tumour LSEC Tumour LSEC
Mirus miR-Control miR-20

Figure 3. In vitro validation of miR-20a and the effect on the migration capacity of
LSECs. (A) Euler-Venn diagram of the number of possible targets of miR-20a predicted by
using a list of targets from the miRBASE database (red) and the upregulated proteins by mass
spectrometry analysis (green). (B) Western blot analysis of ARHGAP1 and E2F1 validates the
miR-20a role in the expression pattern of two of the predicted targets. Analyses were
performed under 5 different conditions: i) LSECs from healthy livers, ii) LSECs from livers
colonized by the tumour, iii) LSECs from livers colonized by the tumour and treated with the
transfection vehicle Mirus, iv) LSECs from livers colonized by the tumour and transfected
with control nonspecific mMiRNA and v) LSECs from livers colonized by the tumour and
transfected with miR-20a.

To validate these results, a western blot analysis was performed with LSECs under different
treatments. Under control conditions, E2F1 and ARHGAP1 showed low expression. However, after

LSEC activation with the tumour, both E2F1 and ARHGAP1 were largely upregulated. Additionally,

165


http://www.mirbase.org/

Inés Fernandez Pifeiro

when cells were transfected in vitro with miR-20a, the protein expression was reduced in both cases to

basal levels (Figure 3B).

3.4. Increased migratory capacity of LSECs activated by tumour signals is prevented by miR-
20a

To verify whether miR-20a ablation in LSECs from tumour-colonized livers had any consequence
on the physiological behavior of these cells, we cultured them in collagen-coated 8-pum pore inserts to
measure their migration capacity. Tumour-activated LSECs were treated with miR-20a, with miR-
control or with the unloaded transfection vehicle Myrus®. We found that LSEC migration capacity
increased approximately two-fold when cells were activated by the tumour, but this was reversed almost
to basal levels when cells were transfected with exogenous miR-20a (p<0,05). Therefore, restoring
cellular miR-20a expression in LSECs was sufficient to prevent the increased migratory capacity

associated with tumour-induced activation (Figure 4).
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Figure 4. Migration capacity of LSECs analysed under the same conditions used in Figure 3B.
* reflects the statistical significance, the difference between healthy LSECs compared with
LSECs from liver colonized by the tumour; and + indicates the statistical significance of the
difference between LSECs from liver colonized by the tumour and LSECs from liver
colonized by the tumour but transfected with miR-20a. In both cases, a p < 0.05 threshold was
used.

3.5. Sorbitan ester nanoparticles encapsulate both DNA and miRNA forms of nucleic acids
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The nanoparticles (SP-OA-CS) were developed through a self-assembly process, as previously
described (23) (Figure 5A). The genetic material (plasmid EGFP or miR-20a) inserted into nanoparticles
was evaluated using electrophoresis. As shown in Figure 5C, migration of the nucleic acids into the gel
was prevented by their association with the nanoparticles in the finally selected formulations (lines 2
and 4), and no free genetic material was observed in these formulations. Blank nanoparticles (with no
genetic material incorporated) and those nanoparticles with associated pEGFP and miR-20a had
nanometric sizes of 133 nm, 143 nm and 143 nm and negative surface charges of -38 mV, -36 mV and

-33 mV, respectively (Table 1 and Figure 5B). The morphology of the nanosystems was observed using

transmission electron microscopy (TEM). TEM images confirmed the nanometric size of the
formulations (Figure 5D).
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Figure 5. Characteristics of sorbitan ester nanoparticles. (A) Schematic diagram of
nanoparticle composition. (B) Size distributions of nanoparticles associated with miR-20a. (C)
Characteristics of sorbitan ester nanoparticles coated with chondroitin sulfate. 1) Free pEGFP
(200 pg/ml), 2) Nanoparticles + 200 pg/ml pEGFP, 3) Free miR-20a (5 pg/ml), 4)
Nanoparticles + 50 pg/ml miR-20a, 5). Nanoparticles + 100 pg/ml miR-20a (D) TEM images
of nanoparticles. 1) Blank SP-OA-CS nanoparticles, 2) pEGFP-loaded nanoparticles, 3) miR-
20a-loaded nanoparticles.

Table 1. Physicochemical characterisation of blank, pEGFP- and miR-20-loaded CS nanoparticles.
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Formulation Size (nm) Pdl ¢ Potential (mV)
SP-OA-CS 132,9+4,2 0,069 -382+1,6
SP-OA-CS-pEGFP 1427 £ 13,8 0,091 -36,4 + 8,6
SP-OA-CS-miR-20 1426 +14 0,065 -33,3+£3,0

To demonstrate the cellular uptake and transfection ability of SP-OA-CS nanoparticles by LSECs
a plasmid DNA encoding GFP was incorporated during their preparation. GFP expression was evaluated
24 h post-transfection using fluorescence microscopy. At this experimental time, LSECs expressed GFP,
as shown in Figure 6A-B, indicating successful nanoparticle internalization and plasmid delivery. To
evaluate whether our nanoparticle-based delivery system could be effective in targeting LSECs in vivo,
SP-OA-CS containing EGFP plasmid were injected systemically into mice. As shown in Figure 6C, the
liver sinusoids expressed GFP, indicating successful plasmid delivery. Moreover, sections were
immunostained with anti-mannose receptor (Figure 6E-F) and F4/80 antibodies (Figure 6D). As shown
in Figure 6F, the GFP-positive cells were endothelial cells. The miR-20a fluorescence signal was
detected in LSECs (Figure 7A-B) when the mice were injected with nanoparticles associated with

miRNA. Meanwhile, the fluorescent signal was broader when miR-20a was injected in the naked form

(Figure 7C-D).
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Figure 6. Transfection capacity of chondroitin sulfate-coated sorbitan ester
nanoparticles in vitro and in vivo. The in vitro transfection efficiency of SP-OA-CS
nanoparticles associated with pEGFP was tested using (A) 1 pg of plasmid, and (B) 2 pg of
plasmid. The in vivo transfection capacity was measured by injecting the nanoparticles into
mice. (C) Liver sinusoids exhibit green fluorescent protein expression at 10X magnification.
(D) Samples stained with antibody against F4/80 (red) to detect Kupffer cell uptake of the
nanoparticles (10X). (E) To check the origin of GFP expression, the samples were stained with
antibody against mannose receptor (red) to detect LSECs and Kupffer cells, and the results
show high signal mixing between red and green (10X). (F) The tissue was observed at higher
magnification (40x) showing signal mixing (yellow) in LSECs and no mixing (only red) in
Kupffer cells.
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Figure 7. To analyse the in vivo nanoparticle miR-20a delivery efficiency to LSECs;
fluorescently labelled miR-20a was injected into the mice, either in association with SP-OA-
CS nanoparticles (A-B) or naked (C-D). The samples were stained with anti-mannose receptor
antibody. The microphotographs (A) at 20x and (B) at 40x show the presence of miR-20a in
LSECs. Meanwhile, the microphotographs (1) at 20x and (J) at 40x show miR-20a not only in
LSECs but also out of the sinusoids.

3.6. Nanoparticle-mediated delivery of miR-20 to LSECs decreased liver metastasis

progression and reduced activated LSEC recruitment into metastatic foci

A murine liver metastasis model was developed to study the potential therapeutic effect of the
LSEC-targeted nanoparticles containing miR-20a as previously described (Figure 8). As shown in
Figure 9, the tumour-occupied area decreased by approximately 20% when mice were treated with naked
miR-20a. Additionally, the tumour-occupied area was decreased by almost 80% when the animals were
treated with SP-OA-CS associated with miR-20a. Moreover, quantification of the activated LSECs in
the tumour foci by CD31 immunostaining showed a reduction of 70% in tumour-infiltrated LSECs in

the livers of mice treated with SP-OA-CS associated with miR-20a compared with control samples

(Figure 10).
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Figure 8. In vivo analysis of the effect of treatment with chondroitin sulfate-coated
nanoparticles loaded with miR-20a in a murine liver metastasis model. A liver murine
metastasis model was developed by intrasplenically injecting C26 murine colon cancer cells
into mice. The different treatments were injected into mice every 3 days. Group | mice received
PBS as a control treatment; group Il mice received miR-20a-loaded nanoparticles; group Il
mice received miR-20a; group 1V mice were treated with nonspecific miRNA (Control)-
loaded nanoparticles; and group V mice were treated with empty nanoparticles. After 21 days,
the animals were sacrificed, and the livers were removed for histological analysis.
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Figure 9. Liver sections were stained with haematoxylin-eosin, and the tumour size was
determined as the area of occupied surface relative to the liver surface in a field under the
microscope at 4x magnification. Statistically significant (p <0.05) differences between the
control group and the group treated with miR-20a without any vehicle and between the control
group and the group treated with chondroitin sulfate-coated span nanoparticles loaded with
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miR-20a are marked with *. Statistically significant (p <0.05) differences between the group
treated with miR-20a without any vehicle and the group treated with chondroitin sulfate-coated
span nanoparticle loaded with miR-20a are marked with +.
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Figure 10. Tumour foci from different groups of metastasis model mice were analysed to
determine the number of active LSECs in the tumours to evaluate the tumour supporting role
of the cells. Statistically significant (p <0.05) differences between the control group and the
group treated with miR-20a without any vehicle and between the control group and the group
treated with chondroitin sulfate-coated span nanoparticles loaded with miR-20a are marked
with *. Statistically significant (p <0.05) differences between the group treated with miR-20a
without any vehicle and the group treated with chondroitin sulfate-coated span nanoparticle
loaded with miR-20a are marked with +.

4. Discussion

The importance of miRNAs as key regulators in embryonic development as well as in the
maintenance of physiological homeostasis and different diseases has been broadly described (24). In
this study, we aimed to analyse the function of miRNAs in LSEC activation during liver metastasis

progression.

In an attempt to explore the mechanisms underlying prometastatic LSEC activation, we developed
a colorectal cancer liver metastasis model and isolated LSECs to evaluate the deregulation of miRNA
expression relative to normal healthy conditions. Microarray data from LSECs colonized by the tumour
compared to data from healthy LSECs allowed us to identify 33 upregulated miRNAs. Among the most
upregulated miRNAs in terms of fold-expression change, three miRNAs were chosen to be validated by

gPCR and, among them, miR-20a was the most altered, with a fold change of up to 7 compared to
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healthy LSECs. miR-20a has been previously described as a miRNA that is deregulated in many
different tumours, such as lung cancer (25), cervical cancer (26) and thyroid cancer (27), and it has also
been described as an essential component of embryonic development and a regulator of Wnt signaling
(28).

miRNAs repress protein expression through complementary matching with target mRNA using
different mechanisms (29). During liver metastasis progression, the LSEC phenotypic changes to
generate a prometastatic cell are the result of a change in the cellular protein expression pattern. We
hypothesized that some proteins that facilitate this metastasis-supporting phenotype of LSECs are
blocked by miRNA naturally expressed in healthy conditions and that downregulation of these miRNAs
during the activation of LSECs leads to prometastatic protein overexpression. Thus, in parallel with the
miRNA study, we performed a proteomic study of tumour-colonized and healthy LSECs. In addition,
the potential targets of miR-20 were searched using the microRNA database miRBASE, yielding a list
of 713 protein target candidates. Specifically, five of them were validated by our proteomic study as
overexpressed in tumour-colonized LSECs: JAK1, ARHGAP1, ACSL4, DECR1, and E2F1. In addition,
two of them, ARHGAP1 and E2F1, showed direct correlation between tumour-activated expression and
miR-20a. ARHGAP1 is a Rho GTPase activating protein that is also related to angiogenic processes in
metastasis (30). E2F1 is a transcription factor that can activate different downstream genes involved in
many biological processes, such as those involved in the cell cycle during G;—S-phase transition, DNA
synthesis and replication, DNA repair, apoptosis, autophagy, self-renewal, development, and
differentiation (31). E2F1 is one of the known key proteins that can modulate cell fate and activation
capacity. It has been reported that this protein acts as a crucial protein during mesenchymal cell
differentiation to endothelial cells (32) and lymphatic cell differentiation and proliferation (33). E2F1
has not only been described as an endothelial cell differentiation and proliferation element but also as
an angiogenesis regulator (34). Thus, E2F1 overexpression could be part of the molecular mechanism

involved in LSEC prometastatic activation.

In the present study E2F1 and ARHGAPL1 expression levels were upregulated in tumour-activated
LSECs. Importantly, the expression of both proteins decreased after exogenous miR-20a administration.
In these conditions, in vitro LSEC migration decreased, and in vivo endothelial cell activation was also
reduced. The interaction between miR20a and E2F1 had been previously described in a myoblast
differentiation model (35). We show that the number of CD31-positive LSECs was significantly lower
in the in vivo metastasis model after miR-20a treatment. This indicates that restoration of miR-20a levels

in activated LSECs could be sufficient to decrease neoangiogenesis and vascular support to tumours.

Considering the multitarget capacity of miRNAs and the different effects that may be produced

depending on the organ they are targeting, it was mandatory to design a system that could specifically
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deliver the miR-20a to LSECs. Overall, our previously developed nanoparticle, based on sorbitan esters,
met the essential requirements as suitable nucleotide-based bioactive molecules, as previously described
(36). In some of our previous patents we collected in vivo proofs of concept of the safety and efficacy
of such nanosystems for the development of nanomedicines based on delicate bioactive molecules,
including gene therapy nanomedicines (37). On the basis of previous data we decided to modify the
surface of these nanoparticles with the polysaccharide chondroitin sulfate (CS) as a functional moiety
for achieving nanoparticle-mediated miRNA targeted delivery to LSECs, thus producing span,
oleylamine and chondroitin sulfate based nanoparticles (SP-OA-CS). This biocompatible and
biodegradable material was chosen for its high affinity for hyaluronan receptors and mannose receptors,
both of which are expressed on LSECs (38, 39). The hyaluronic acid receptor for endocytosis (HARE,
also known as Stabilin-2) is the main scavenger receptor for hyaluronic acid and chondroitin sulfate
clearance (40). It is mainly expressed on the sinusoidal endothelial cells of the lymph nodes, liver, and
spleen (41). As a first step in the evaluation of the initial nanoparticle prototype, we tried to corroborate
the LSEC targeting ability both in vitro and in vivo. For this purpose, we incorporated the plasmid EGFP
into the nanoparticles, as the expression of the GFP protein and subsequent fluorescent labelling will be
produced at the targeted cells, thus allowing us to not only corroborate the targeting ability but also the
transfection efficacy in vitro and in vivo. In this respect, we should consider that one of the major
limitations of drug delivery nanosystems is their fast uptake by the reticuloendothelial system (RES),
which consists of phagocytic cells such as monocytes and macrophages, including liver Kupffer cells,
resulting in short circulation half-lives of nanosystems (42-44). However, our anionic nanosystems

demonstrated in vivo LSEC-specific internalization, avoiding Kupffer cell uptake.

The role of activated LSECs during liver metastasis progression is well known. In this work, we
tried to restore the normal healthy LSEC phenotype through miRNA delivery, in an attempt to revert
pathological changes in the protein expression pattern of LSECS by affecting multiple prometastatic
targets simultaneously. This strategy proved largely successful, because the expression of CD31 in livers
collected from the in vivo metastasis murine model treated with miR-20a-conjugated nanoparticles
revealed a reduction of 70% in CD31-positive LSEC infiltration into tumour foci. Moreover, this
correlated well with a metastatic tumour-occupied area reduction of approximately 80% relative to
metastasized liver controls, and this reduction was also significantly more than the one induced by naked
miR-20a, which merely reduced tumour volume by 20%. In the same way, proteins such as E2F1 and
ARHGAP1, which are related to cell cycle, metabolism, migration and differentiation, were found to be
depleted in vitro after miR-20a injection. It is unknown why early activation of LSECs induces miR-
20a depletion, and further research is needed to elucidate the full cascade of events that occur after
tumour cell adhesion to LSECs. In any case, in the present report we show that our developed

nanosystem is able to specifically deliver miR-20a to LSECs, which could eventually be clinically
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exploited as a valuable therapeutic strategy to inhibit the progression of liver metastasis. Accordingly,
these results corroborate the implication that miR-20a downregulation plays a prometastatic role in
LSEC differentiation, as well as the supporting role of LSECs in the metastatic liver tumour

microenvironment.
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General discussion

The need for new gene delivery systems together with the advantageous properties of
nanocarriers have led us to investigate the potential of the herein described polysaccharide-
functionalised nanoparticles as carriers for nucleic acids. The rationale behind our therapeutic
approach has been based on the current progress in understanding the altered molecular
pathways in cancer and the subsequent identification of new targets. Hence, we decided to take
advantage of the finding of altered expression of microRNAs in cancer microenviroment and
the ideal properties of our nanoparticles to specifically deliver a deregulated microRNA into

liver sinusoidal endothelial cells for the treatment of colorectal liver metastasis.

The description of our work has been structured in three chapters. The first two chapters
cover the design and development of three different polysaccharide-functionalised nanoparticle
formulations, as well as their in vitro and in vivo evaluation. The last one focuses on the
application of the most suitable nanosystem in the treatment of colorectal cancer metastasized

to the liver. Below we discuss the aforementioned results.

1. Functionalisation of span nanoparticles with natural polymers.
-Nanoparticle functionalisation and characterisation

Lipid nanocarriers are among the most studied systems for nucleic acid delivery. Herein
we have focused on the functionalisation of a lipid nanostructure based on sorbitan monooleate,
also known as span 80 (SP). SP is a nonionic surfactant and it is generally recognised as safe
(GRAS) by FDA, being widely used in the pharmaceutical industry (1-3). The cationic lipid
oleylamine (OA) was added to the system to facilitate the nucleic acid association through
electrostatic interactions with the negative charges of nucleic acids. OA is a fatty amine
generally used as stabilising agent, being increasingly used for gene delivery due to its high
transfection potential (4-7). Physicochemical properties of the basic nanosystems prior

functionalisation are listed in Table 1. As shown in this table, SP nanoparticles size increases
from 131 nm to 204 nm and zeta potential reverts from negative to positive when OA is

incorporated to the system.

Polysaccharides are the most commonly used natural polymers in gene and drug delivery
systems due to their optimal properties. They are renewable, biocompatible, biodegradable, and

relatively cheap naturally occurring polymers, which can act as targeting moieties, inasmuch
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some of them are substrates for cell surface receptors. Alternatively, their presence on
nanocarriers surface may also lengthen their circulation time in the bloodstream by reducing
mononuclear phagocyte system recognition, due to steric shielding and mitigated complement
activation (8, 9). In this work, we have selected the polysaccharides xanthan gum (XG),
chondroitin sulfate (CS) and hyaluronic acid (HA) to be incorporated in our previously
developed SP-OA nanoparticles in order to modulate their physicochemical properties and
biological behaviour. Since the final objective of this project was to develop a novel
microRNA-based nanomedicine for colorectal liver metastasis treatment through liver
sinusoidal endothelial cells (LSECs) targeting, the potential of these polysaccharides to target
endothelial cells and more specifically LSECs has been evaluated.

Table 1. Physicochemical properties of the developed nanoparticles.

Formulation Size (nm) Pdl ¢ Potential (mV)
SP 131.4+6.9 0.084 + 0.037 -30.3+2.0
SP-OA 205.4+11.1 0.110 £ 0.015 +46.8 £ 3.3
SP-OA-XG 146.8 + 7.4 0,150 + 0.036 -48.0+15
SP-OA-CS 122.8+11.9 0.079 £ 0.019 37721
SP-OA-HA 137.0+10.4 0.114 £ 0.024 -28.6+8.4

XG is an exopolysaccharide produced by the bacteria Xanthomonas campestris. It is
composed of (1, 4)-p-D- glucan with trisaccharide side chains composed of mannose-(1, 4)- B-
glucuronic acid-(1, 2)- B-mannose attached to alternate glucose residues in the backbone (10,
11). Considering the presence of mannose residues in XG composition, we initially
hypothesized that these residues could be used to target mannose receptor which is known to
be overexpressed in LSECs. Mannose receptor acts as a scavenger receptor, recognizing and

facilitating uptake of diverse glycoconjugate ligands.

CS and HA are naturally occurring glycosaminoglycans which are main components of the
extracellular matrix, considered biocompatible and biodegradable polymers, and are widely
used in the biomedical field (12-15). CS and HA are composed of glucuronic acid and N-
acetylglucosamine repeats via a f-1-4 linkage, being the sulfate group in at least one of CS side
groups the main structural difference among them. These natural polymers were chosen for
their high affinity for hyaluronan and mannose receptors, both of which are expressed on
LSECs (16, 17). The hyaluronic acid receptor for endocytosis (HARE, also known as Stabilin-
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2) is the main scavenger receptor for hyaluronic acid and chondroitin sulfate clearance (18).
The mannose receptor, in addition of its role in innate immune response by binding
polysaccharides of the surface of pathogenic microorganisms, has a cysteine-rich domain that

binds sulfated carbohydrates such as chondroitin sulfate.

The above-described polysaccharides were incorporated to the span system during the
nanoparticle preparation, by addition of the polysaccharides to the aqueous phase. As shown in
Table 1, this incorporation led to a decrease in the nanoparticle size from 205 nm to 147, 123
and 137 nm for XG, CS and HA functionalised nanoparticles, respectively. In addition, a
reversal of the nanoparticle surface charge from positive (+47 mV for SP-OA nanoparticles) to
negative (-48, -38 and -29 mV for XG, CS and HA nanoparticles) was observed. According to
these results, and considering the lipophilic nature of the span nanoparticle core (19), we can
assume that the carboxylic groups of XG, CS and HA, as well as the sulfate groups of CS
(Figure 1, 2 and 3) are disposed on the nanoparticle surface, as evidenced by the negative zeta

potential of the resulting nanosystems and as schematised in Figure 4. Such negatively charged
external shell created around the nanoparticles is an interesting feature to avoid unspecific
interactions with serum components and cell membranes after a systemic administration,
increasing biological stability of the systems, as well as acting as a targeting moiety. The
observed decrease in nanoparticle size after polysaccharide incorporation could be explained
by an increase in the polymers packing due to electrostatic interactions and subsequent physical
crosslinking of the different components. Moreover, morphological characterisation of the
nanosystems was performed by transmission electron microscopy (TEM) and it corroborated

the nanometric size and spherical shape of the nanoparticles (Figure 5).

Figure 1. Xanthan gum structure.
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Figure 4. Schematic representation of polysaccharide-functionalised span nanoparticles.
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Figure 5. TEM images of XG (A), CS (B) and HA (C) nanopatrticles.
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-Plasmid association

The potential of the developed nanoparticles to act as gene delivery systems was evaluated
using enhanced green fluorescent protein plasmid (pEGFP) as a model molecule. As

summarised in Table 2, the incorporation of the plasmid DNA did not significantly interfere in

nanoparticles size and surface charge. Once the nanoparticles ability to associate the model
plasmid was confirmed, we decided to evaluate the capacity of the systems to protect this
plasmid against DNase | degradation (Figure 6). Protection against enzymatic degradation is a
prerequisite for ensuring intact delivery of the associated plasmid DNA in its bioactive form
into its site of action. In this respect we should consider that when naked nucleic acids are
systemically administered they are quickly degraded by DNases, which are enzymes naturally
present in tissues and biological fluids. To perform DNase | protection assay, this enzyme was
incubated with free DNA and nanoparticle-associated DNA, and DNA was subsequently
released from the nanoparticles using the surfactant sodium dodecyl sulfate (SDS). Figure 6
demonstrates the presence of DNA bands corresponding with DNA associated with XG, CS
and HA NPs after incubation with DNase I, evidencing the absence of degradation. Therefore,
we have demonstrated that the incorporation of plasmid DNA into polysaccharide-
functionalised nanoparticles prevents its enzymatic degradation ensuring its intact delivery into

its site of action.

Table 2. Physicochemical properties of the developed nanoparticles associating EGFP

plasmid (200 pg/ml).

Formulation Size (nm) Pdl € Potential (mV)
SP-OA-XG-pEGFP 1535+ 17.8 0.102 + 0.036 -40.6 £4.6
SP-OA-CS-pEGFP 137.3 £ 13.7 0.091 + 0.022 -37.1+£6.9
SP-OA-HA-pEGFP 1345+ 114 0.083 + 0.026 -32.4+£2.8
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Figure 6. Agarose gel electrophoresis of free pEGFP and pEGFP released from
nanoparticles after 1 hour of incubation with DNase | and subsequent pEGFP-NP
disassembly mediated by SDS. (A) XG nanoparticles, (B) CS and HA nanoparticles.

-Nanoparticle stability

Another critical issue in the development of nanomedicines is their low stability or
tendency to lose their physicochemical properties after storage, which precludes their
scalability to pharmaceutical industry. Thus, once the functionalised nanoparticles were
developed and characterised, their stability were evaluated after 3 and 12 months of storage at
4°C, room temperature (RT) and 37°C (Figure 7). When nanoparticles were stored in
suspension, they resisted even 12 months of storage without major changes in size and Z
potential at 4°C and room temperature (RT). Considerable size and Z potential increases were
only observed when the nanoparticles were stored at 37°C, a result which could be explained
by hydrolysis of the sorbitan monooleate molecules, resulting in free fatty acids that could
partially neutralise positive charge of OA, leading to a decrease in the superficial charge and to
an increase in the size. This effect could also be consequence of the Ostwald ripening, based on
the growth of the largest particles on expenses of the smallest ones (20). Moreover, the
developed formulations showed resistance to the lyophilisation process, increasing their long-
term stability. In addition, lyophilisation can be used to remove water and protect the loaded
bioactive molecule from hydrolysis and degradation. Thus, we have developed lipid systems
functionalised with polysaccharides which stand out for their short- and long-term stability both

in suspension and as a lyophilised product. This behaviour could be explained by structural
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differences with other lipid based nanosystems, such as vesicular ones (i.e., liposomes), known
for their stability limitations.
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Figure 7. Stability of XG (A), CS (B) and HA (C) nanoparticles stored in suspension
at 4°C, room temperature (RT) and 37°C. After 3 and 12 months, size was measured.
*p<0.05 and **p<0.01 vs. samples at initial time (t=0).
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2. Evaluation of the in vitro and in vivo toxicity, transfection ability and

biodistribution of the developed nanoparticles.
-Nanoparticle influence on cell viability

Once the nanosystems were characterised in terms of physicochemical properties, DNA
binding ability and stability, the next step was to determine the biocompatibility of the systems.
For this purpose, toxicity of the developed gene delivery systems was evaluated in vitro and in
vivo. Thus, nanoparticles effect on cell viability was assessed in two different cell types using
XTT assay: human lung adenocarcinoma cell line (A549) for XG, CS and HA nanoparticles
and Human Umbilical Vein Endothelial Cells (HUVEC) for further evaluation of XG
nanoparticles. As shown in Figure 8, we have shown that all the CS and HA decrease metabolic
activity only at the highest nanoparticle concentration tested of 768 pg/ml. At this
concentration, CS and HA functionalised nanoparticles decrease A549 cell viability to 59% and
84% respectively. In the case of XG nanoparticles, this effect on cell viability was not observed
in A549 cell line, being just observed when these nanoparticles were incubated with HUVEC
(Figure 9), decreasing to 31%. From previous work (21) and from preliminary studies, we know
that non-functionalised sorbitan monooleate-oleylamine nanoparticles do not interfere on cell
viability even when higher concentrations were tested in different cell lines. However, the effect
of polysaccharide functionalised nanoparticles on cell viability can not be explained by the
toxicity of the polysaccharides. Diverse studies have described XG, CS and HA
biocompatibility and safety (10, 22-25). Accordingly, the cytotoxicity observed for the
nanoparticles at the highest tested concentration may be related to a great nanoparticles uptake
due to polysaccharide functionalisation, rather than to the toxicity of the polymers themselves.
In any case, it should be emphasized that the doses of nanoparticles subsequently used in

transfection experiments were much lower than 768 pg/ml.
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Figure 8. Cell viability of A549 after 4 hour incubation with XG (A), and CS and HA
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Figure 9. HUVEC cell viability after 2 hour incubation with XG nanoparticles.

-In vitro transfection

Once the nanoparticle cytotoxic profile was determined in vitro, the ability of the developed
systems to effectively deliver the model plasmid into cells was evaluated. Thus, A549 cells
were transfected with different doses of pEGFP loaded in CS and HA nanoparticles whereas
that HUVEC were transfected with pEGFP-loaded XG nanoparticles. As shown in Figure 10,
efficient transfections were achieved with all formulations. The doses of nanoparticles used

were lower than those interfering in cell viability (<300 pg/ml).

Also, it should be considered that HUVEC are primary cells which are isolated directly
from tissues and, in contrast with cell lines, are especially sensitive. However, they are more
representative of in vivo responsiveness and environment. Accordingly, the ability of the system

to transfect HUVEC in vitro should be noticed, since primary cells resistance to transfection is
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widely known. Moreover, in additional studies performed using A549 cell line, XG
nanoparticles demonstrated their ability to transfect cells in presence of serum at low doses of
the nanosystem (Figure 11). These results demonstrate the protection and stabilising properties
of the polysaccharide, avoiding the widely described serum-transfection agent interaction that
leads to a decrease in transfection efficacy. Indeed, serum is recognised as one of the most
serious barrier for nanocarrier-mediated nucleic acid delivery (26). These results can be
considered to predict the system in vivo behaviour: XG surface shell could prevent opsonisation
of our developed nanoparticles, i.e. the binding of plasma proteins which would make the
nanoparticles more visible to phagocytes and, therefore, lead to their removal from the
circulation (27). Thereafter, we confirmed that our nanosystems have a specific ability to
circumvent one of the main limitations of nanosystems in vivo, as they are able to avoid
phagocytosis by Kupffer cells (Figure 14A), liver resident macrophages, when systemically
administered to mice, lending support to the theory that polysaccharide-functionalisation can
help our nanoparticles to avoid reticuloendothelial system (RES) clearance. Moreover, the same
RES escape effect was observed for CS nanoparticles (Figure 15), confirming the shielding

properties of the polysaccharide external shell on our span nanoparticles.

Lipofectamine

A549

Lipofectamine

HUVEC

Figure 10. HUVEC and A549 cells were efficiently transfected with pEGFP-loaded
NPs using doses of 1 pg of plasmid per well. Lipofectamine was used as positive
control.
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0.5 ug pEGFP-Lipofectamine 0.5 ug pEGFP-XG

1 ug pEGFP-XG 1.5 ug pEGFP-XG

Figure 11. A549 cell line was transfected with increasing doses of pEGFP loaded XG
nanoparticles. NPs were incubated during 24 hours with the cells in DMEM containing
10% of foetal bovine serum (FBS). Lipofectamine was used as a positive control.

-In vivo toxicity

To further ensure the biocompatibility of the developed nanosystems, we decided to
evaluate their in vivo toxicity. For this purpose, pEGFP-loaded nanoparticles were
intravenously injected to mice and, after 24 hours, the hepatic function and cytotoxic effects in
the major mice organs were evaluated through the analysis of aspartate aminotransferase (AST)
serum levels and by means of histopathological examination. No variation of AST levels was
observed for any of the assayed formulations, indicating no major liver toxicity caused by the
nanoparticles (Figure 12). To further corroborate the safety of the systems, their cytotoxic
effects in the major mice organs, including kidney, liver, lung and spleen, were evaluated by
performing histopathological studies. No obvious damage was observed on the samples
analysed, indicating that the nanoparticles are not toxic to major organs and, therefore, also
demonstrating their safety in vivo which further supports the high clinical potential of the
developed nanosystems (Figure 13).

However, inflammatory cell infiltrates were observed in the liver after XG functionalised
nanoparticles systemic administration, which we consider to be a mild inflammatory reaction

(Figure 13). We have considered two different possibilities to explain this reaction. On the one
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hand, diverse studies have described XG role in immunomodulation, activating polyclonal
lymphocytes B in the absence of T-cells (28), as well as inducing humoral response mediated
by IgG1 when it was subcutaneously administered as adjuvant associated to ovalbumin (22),
through toll-like receptor- (TLR-)-4 recognition (29). On the other hand, we should take into
account that the nanoparticles are loaded with pEGFP and that GFP expression has been
associated to inflammatory and immune responses (30-34). Accordingly, the mild inflammation
observed in the liver could be explained by both the XG immunomodulation activity and/or an
immune response to GFP expression or even the synergistic effect of both factors. However, it
should be emphasized that AST levels remained unchanged after nanoparticle administration,

indicating no major liver toxicity caused by the nanoparticles (Figure 12).

AST

100+

ui

Q?

Figure 12. In vivo XG, CS and HA nanoparticle toxicity was evaluated by aspartate
aminotransferase (AST) serum levels 24 hours after intravenous administration of the
nanoparticles to mice.
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Ccs XG Control

HA

Figure 13. In vivo XG, CS and HA nanoparticle toxicity was evaluated by
histopathological examination of major organs sections stained with haematoxylin and
eosin, after intravenous administration of the nanoparticles to mice. The black arrow
shows a small lymphocyte aggregate in the liver of an animal treated with XG
nanoparticles.

-In vivo biodistribution

EGFP plasmid enabled not only to analyse nanoparticles potential to act as gene delivery
systems but also to study the biodistribution of the nanoparticles after systemic administration
to mice. Thus, 24 hours after intravenous pEGFP-loaded XG nanoparticles administration to
mice, animals were sacrificed and GFP expression was evaluated in liver, kidney, lung and
spleen. As shown in Figure 14, GFP was observed in endothelial cells of liver, lung and kidney
blood vessels, as well as in the liver sinusoids, but not in the spleen. In the case of the sinusoids
such ability can be mediated by mannose receptor present in LSECs, considering XG mannose

residues and expression of this receptor in LSECs. Moreover, the ability of negatively charged
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molecules to act as ligands for scavenger receptors in LSECs has been described and exploited
for LSECs targeting in numerous works (35-37). However, considering vascular endothelium
heterogeneity, as exemplified by the absence of mannose receptors in endothelial cells of blood
vessels, further hypothesis should be considered to explain the nanoparticles ability to also
target endothelium of blood vessels. Taking this into consideration, we conjecture that sorbitan
monooleate nanoparticles can specifically target endothelial cells through the particular surface
shell created by the polysaccharide XG without the need of receptor-ligand-type targeting
strategies. Thus, we consider that endothelial uptake occurs through the NPs interaction with
caveolae lipid rafts or, also, through nonspecific binding and clustering of the particles on
cationic sites on the plasma membrane and their subsequent endocytosis (38).

In addition, liver Kupffer cells were immunostained along with GFP, and no colocalization
was observed between both stainings (Figure 14), which evidences that the nanoparticles
specifically target endothelial cells and escape reticuloendothelial system (RES). Kupffer cells
have an important role in the removal of nanoparticles from the organism, being one of the main
causes of low stability and efficacy of these systems in vivo (39, 40). It has been described that
negative surface charge of particles is related to a greater RES uptake (41). Contrary to the
literature, we have developed a negatively charged nanosystem that evades the non-specific
uptake by RES, achieving a specific targeting of endothelial cells, which can be considered as

a paradigm shift.
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Control

XG

Figure 14. (A) Liver sections showing GFP expression in green and Kupffer cells
labelled with F4/80 antibody in red. (B) Immunohistochemistry of major organs
sections showing GFP expression (green) in endothelial cells 24 hours after XG-
pEGFP intravenous administration to mice. Mice injected with 5% glucose solutions
were used as controls. Cell nuclei are stained in blue with DAPI.
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In the case of CS and HA nanoparticles, GFP expression was confined to liver sinusoids
after intravenous administration to mice. Due to the highest GFP expression observed in the
sinusoids with CS nanoparticles, we decided to select these nanoparticles to pass on to the next
stage of biological assessment. According to this and to fully characterised CS nanoparticle
targeting to LSECs, EGFP plasmid-loaded CS nanoparticles were injected systemically into the
tail vein in mice. After 48 hours the mice were sacrificed, and liver sections analysed under
confocal microscopy. Liver sinusoids were detected in green under fluorescence conditions
(Figure 15A), indicating GFP expression and, therefore, nanoparticle uptake. Then, sections
were immunostained with F4/80 antibody (Figure 15B) to detect Kupffer cells (liver resident
macrophages) and with CD31 or mannose receptor antibody (Figure 11C-D) to detect LSECs.
A merge of signals was detected exclusively in CD31 and GFP positive cells. This result
suggests that nanoparticles were specifically internalized by the LSECs while avoiding Kupffer

cells uptake.

Figure 15. The in vivo transfection capacity and targeting ability of CS nanoparticles
was measured by injecting the nanoparticles into mice. (A) Liver sinusoids exhibit
green fluorescence at 10X magnification. (B) Samples stained with antibody against
F4/80 (red) to detect Kupffer cell uptake of the nanoparticles (10X). (C) To check the
origin of GFP expression, the samples were stained with antibodies against F4/80 (B)
and mannose receptor (C) (red) to detect Kupffer cells and LSECs respectively (10X).
The results show high signal mixing between red and green for mannose receptor-
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labelled cells. The tissue was observed at higher magnification (40x) showing signal
mixing (yellow) in LSECs and no mixing (only red) in Kupffer cells (D).

3. Application of microRNA-loaded CS nanoparticles in the treatment of colorectal

cancer metastasis to the liver.

One of the most common metastatic target organs is the liver (42). Because of its anatomic
position and special histologic architecture, the liver is frequently metastasized by different
cancer types. Phenotypic transformation of liver sinusoidal endothelial cells (LSECs) is one of
the most important stages of liver metastasis progression. A murine liver metastasis model was
developed through intrasplenic inoculation of mice with colon carcinoma cells (Figure 16).
Then, LSECs were isolated and their microRNA expression was compared to that of healthy
LSECs. Among all the deregulated miRNA, miR-20a was the most downregulated compared
to healthy LSECs. miR-20a has been previously described as a miRNA that is deregulated in
many different tumours, such as lung cancer (43), cervical cancer (44) and thyroid cancer (45),
and it has also been described as an essential component of embryonic development and a
regulator of Wnt signaling (46).

Infrasplenic
inoculation of

C26 cells LSECs of metastatized
livers
% 15 days @ "
N LSECs isolation
_— . - - .
’ N ——— s MicroRYA
Liver metastasis microarray
Infrasplenic
inoculation of LSECs of healthy livers
PBS (Control)
N 15 days . LSEC isolation ™
—_—>
. —_— ° o= = T

Figure 16. Liver metastasis murine model and liver sinusoidal endothelial cell
isolation.

MIRNAS repress protein expression through complementary matching with target mMRNA
using different mechanisms (16). During liver metastasis progression, the LSEC phenotypic
changes to generate a prometastatic cell are the result of a change in the cellular protein

expression pattern. We hypothesized that some proteins facilitating this metastasis-supporting
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phenotype of LSECs are blocked by miRNA naturally expressed in healthy conditions and that
downregulation of these miRNAs during the activation of LSECs leads to prometastatic protein
overexpression. In the present study E2F1 and ARHGAP1 expression levels were upregulated
in tumour-activated LSECs. Importantly, the expression of both proteins decreased after
exogenous miR-20a administration. In these conditions, in vitro LSEC migration decreased,
and in vivo endothelial cell activation was also reduced. This indicates that restoration of miR-
20a levels in activated LSECs could be sufficient to decrease neoangiogenesis and vascular

support to tumours.

Due to miRNA instability and inability to cross biological barriers, it is of key importance
to guide miRNAs to the specific target cells we want to treat. Therefore, we decided to apply
our chondroitin sulfate-functionalized nanoparticles into miR-20a delivery to LSECs in an

attempt to explore their therapeutic potential against colorectal liver metastasis progression.

-Incorporation of miRNA-20a to CS functionalised nanoparticles

Once demonstrated the role of miR-20a in metastasis progress, we decided to incorporate
this microRNA in our previously developed CS functionalised nanoparticles in order to achieve
a LSEC targeted delivery. Thus, miR-20a was incorporated to the aqueous phase during the
nanoparticle preparation. The genetic material association efficiency was evaluated using
electrophoresis. As shown in Figurel7A, migration of the nucleic acids into the gel was
prevented by their association with the nanoparticles, and no free genetic material was observed
in the ultimately selected formulation (lane 2). Blank nanoparticles (with no genetic material
incorporated) and miR-20a-loaded nanoparticles had nanometric sizes of 133 nm and 143 nm
and negative surface charges of -38 mV and -33 mV, respectively (Table 3). The morphology
of the nanosystems was observed using transmission electron microscopy (TEM). TEM images
confirmed the nanometric size of the miRNA-loaded nanoparticles (Figure 17C).

Table 3. Physicochemical properties of blank and mir-20a loaded CS nanoparticles.

Formulation Size (nm) Pdl { Potential (mV)
SP-OA-CS 1329+4,2 0,069 -382+1,6
SP-OA-CS-miR-20a 1426 +14 0,065 -33,3+3,0

200



General discussion

Once the association efficiency of miR-20a to the nanoparticles was determined, the ability
of the system to specifically deliver fluorescently labelled miR-20a into LSECs was evaluated.
After 24 hours of intravenous administration of miR-20a-loaded CS nanoparticles to mice, the

miR-20a fluorescence signal was detected in LSECs (Figure 18A-B). Meanwhile, the

fluorescent signal was broader and scarcer when miR-20a was injected in the naked form
(Figure 18C-D), indicating that a more specific and efficient miR-20a delivery is achieved when

this molecule is incorporated into CS functionalised nanoparticles.

Figure 17. Characterisation of chondroitin sulfate functionalised nanoparticles
associating miR-20a. (A) Schematic diagram of the nanoparticles. (B) Agarose gel
showing free miR-20 (5 pg/ml; lane 1), nanoparticles associating 50 pg/ml miR-20
(lane 2), nanoparticles associating 100 pg/ml miR-20 (lane 3) (C) TEM image of miR-
20a loaded nanoparticles.
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Figure 18. To analyse the in vivo nanoparticle miR-20a delivery efficiency to LSECs;
miR-20a conjugated with green fluorescence signal was injected into the mice, either
in association with CS functionalised nanoparticles (A, B) or naked (C, D). The
samples were stained with anti-mannose receptor antibody. The microphotographs (A)
at 20x and (B) at 40x show the presence of miR-20a in LSECs. Meanwhile, the
microphotographs (C) at 20x and (D) at 40x show miR-20a not only in LSECs but also
out of the sinusoids.

-Therapeutic effect of nanoparticle-mediated delivery of miR-20 to LSECs into a mouse

model of colorectal liver metastasis.

As previously described, we tried to restore the normal healthy LSEC phenotype through
miRNA delivery, in an attempt to revert pathological changes in the protein expression pattern
of LSECS by affecting multiple prometastatic targets simultaneously. For this purpose, CS
functionalised nanoparticles associating miR-20a were administered to mouse models of
colorectal liver metastasis to study the potential therapeutic effect of this system (Figure 19).
This strategy has proved to be largely successful, because the expression of CD31, a LSECs
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specific marker, in livers collected from the in vivo metastasis murine model treated with miR-
20a-conjugated nanoparticles revealed a reduction of 70% in CD31-positive LSEC infiltration
into tumour foci (Figure 20). This indicates that the nanoparticles efficiently delivered miR-20a
into LSECs and the consequently restoration of miR-20a levels could be sufficient to decrease
neoangiogenesis and vascular support to tumours. Moreover, miR-20a-loading nanoparticles
induced a metastatic tumour-occupied area reduction of approximately 80% relative to
metastasized liver controls, and this reduction was also significantly larger than the one induced

by naked miR-20a, which merely reduced tumour volume by 20% (Figure 21).

In conclusion, our developed nanosystem was able to specifically deliver miR-20a to
LSECs and to offer a new and valuable therapeutic strategy to inhibit the progression of

colorectal liver metastasis.

Control
Nano+miR20 Jt.zt_'
miR20
Nano+miRC

Nano

Figure 19. In vivo analysis of the effect of treatment with CS functionalised
nanoparticles loading miR-20a in a murine liver metastasis model. A liver murine
metastasis model was developed by intrasplenically injecting C26 murine colon cancer
cells into mice. The different treatments were injected into mice every 3 days. Group
I mice received PBS as a control treatment; group Il mice received miR-20a-loaded
nanoparticles; group Il mice received miR-20a; group IV mice were treated with
nonspecific miRNA (Control)-loaded nanoparticles; and group V mice were treated
with empty nanoparticles. After 21 days, the animals were sacrificed, and the livers
were removed for histological analysis.
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Figure 20. Tumour foci from different groups of metastasis model mice were analysed
to determine the number of active LSECs in the tumours to evaluate the tumour
supporting role of the cells. Statistically significant (p <0.05) differences between the
control group and the group treated with miR-20a without any vehicle and between
the control group and the group treated with CS nanoparticles loaded with miR-20a
are marked with *. Statistically significant (p <0.05) differences between the group
treated with miR-20a without any vehicle and the group treated with CS nanoparticle
loaded with miR-20a are marked with +.
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Figure 21. Liver sections were stained with haematoxylin-eosin, and the tumour size
was determined as the area of occupied surface relative to the liver surface in a field
under the microscope at 4x magnification. Statistically significant (p <0.05)
differences between the control group and the group treated with miR-20a without any
vehicle and between the control group and the group treated with CS nanoparticles
loaded with miR-20a are marked with *. Statistically significant (p <0.05) differences
between the group treated with miR-20a without any vehicle and the group treated
with CS nanoparticle loaded with miR-20a are marked with +.
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Conclusions

This work has been focused on the development of polysaccharide-functionalised
nanoparticles as gene delivery systems with potential to act as an alternative therapeutic strategy

in the treatment of colorectal cancer metastasized to the liver.
Considering the obtained results we can conclude:

1. It is possible to include diverse natural polysaccharides into sorbitan monooleate-based

nanoparticles, modulating the system characteristics and properties.

2. The developed nanoparticles show a remarkable short- and long- term stability at

different temperatures both as suspension or lyophilised.

3. These nanoparticles are able to efficiently associate, protect and deliver in vitro and in

vivo plasmid DNA, showing an appropriate toxicological profile.

4. The polysaccharide functionalisation of the nanoparticles allows to modulate their

biological behaviour and biodistribution.

5. Treatment of a mouse model of colorectal liver metastasis with selected nanoparticles
associating miR-20a allows a decrease of the metastatic tumour-occupied area by
approximately 80% and a reduction of 70% in CD31-positive LSEC infiltration into tumour
foci. Therefore, these results provide an in vivo proof-of-concept of the clinical potential of the

developed nanoparticles as a novel microRNA-based therapeutic strategy for cancer treatment.
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The main objective of this work has been the design of a new
polysaccharide functionalised nanosystem as a non-viral
microRNA vector for the treatment of liver metastasis from
colorectal cancer. For this purpose, we modified our previously
developed span nanoparticles using polysaccharides with
endothelial targeting properties and studied their ability to act as
gene delivery systems. Finally, we provide an in vivo

proof-of-concept of the clinical potential of these nanoparticles as
a novel microRNA-based therapeutic strategy for cancer

treatment.
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