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Resumen

LLa B-amiloidosis cerebral se caracteriza por la acumulacion del péptido B-amiloide (AB) en
el parénquima y vasos cerebrales siendo la principal caracteristica neuropatolégica de la
Enfermedad de Alzheimer (EA) y la Angiopatia Amiloide Cerebral (AAC). Ambas
enfermedades se caracterizan por un impacto devastador en los pacientes, sin embargo
actualmente no existe ningun tratamiento modificador para estas enfermedades. La
hipétesis mas aceptada en el campo propone que la B-amiloidosis cerebral ocurre por la
desregulacion de los mecanismos de eliminacion de AB de cerebro. En este contexto, se ha
propuesto que las apolipoproteinas ApoA-I 'y Apo]/Clusterin tienen un rol protector frente
a la B-amiloidosis cerebral. Por ello, el objetivo principal de esta Tesis Doctoral es estudiar
el potencial terapéutico de variantes genéticas y estructurales sobre las proteinas
recombinantes ApoA-1 y Apo], respectivamente, en un modelo animal de B-amiloidosis

cerebral.

La primera estrategia se basé en el estudio del potencial terapéutico de la variante genética
de ApoA-I, ApoA-I-Milano recombinante humana (rApoA-I-M). Se observé que la
administracion intravenosa cronica en el modelo murino de B-amiloidosis cerebral APP23
promovié una disminucién de la carga B-amiloide parenquimal y vascular mediante el
aclaramiento del péptido AB de cerebro a sangre, asi como una disminucién de la
neuroinflamacién. En segundo lugar, se formulé ApoJ recombinante humana en
nanodiscos de HDLs reconstituidos (nanodiscos rHDL-rApo]). Por un lado, esta
estructura mostré mayor capacidad de promover el eflujo de colesterol 7z vitro y tras la
administracion periférica colocalizé con vasos afectados por AB en el modelo murino de 3-
amiloidosis cerebral APP23. Sin embargo, el tratamiento crénico con nanodiscos tHDL-
rApo] en el modelo APP23 no mostré una mayor capacidad de prevenir la acumulacion de
B-amiloide en cerebro que la proteina rApo] libre. Por otro lado, la administraciéon cronica
periférica de rApoJ humana libre resulté en una disminucién del B-amiloide vascular y
carga B-amiloide insoluble, asi como un aminoramiento de la muerte neuronal en
hipocampo. Este efecto se acompand de un aumento en la expresion del marcador
lisosomal CDG68 en la microglia alrededor de las placas neuriticas, proponiendo que la
administracion de ApoJ a nivel periférico promueve la eliminacion de AP mediante

estimulacion de la fagocitosis en el parénquima cerebral.

En resumen, consideramos que esta tesis doctoral contribuye a una mejor comprensioén de
los efectos de ApoA-I y Apo] circulantes sobre la -amiloidosis cerebral y propone el valor

terapéutico potencial de tApoA-I-M y rApo] en el contexto de la EA y AAC.
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Abstract

Cerebral B-amyloidosis is characterized by parenchymal and vascular deposition of
Amyloid-B peptide (AB), being the main neuropathological hallmark of Alzheimer’s
Disease and Cerebral Amyloid Angiopathy (CAA). Both diseases are characterized by a
devastating impact on patients. Nevertheless, currently there is absence of a disease-
modifying therapeutic strategy. The most accepted hypothesis in the field proposes that
cerebral -amyloidosis occurs by a deregulation of AP elimination pathways. In this
context, ApoA-I and Apo]/Clusterin apolipoproteins have been proposed to have
protective role against cerebral 3-amyloidosis. Thus, the main objective of this Doctoral
Thesis is to study the therapeutic potential of genetic and structural modifications in
recombinant ApoA-I and Apo] respectively, using an animal model of cerebral B3-

amyloidosis.

The first strategy was to study the potential therapeutic value of a naturally occurring
genetic variant of ApoA-I, recombinant ApoA-I-Milano (rApoA-I-M). The chronic
intravenous administration of human rApoA-I-M in the cerebral B-amyloidosis mice model
APP23, lead to a significant reduction in both vascular and parenchymal AB, promoting the
AB clearance from brain into the bloodstream. The treatment also showed lower levels of
certain neuroinflaimmatory markers. Secondly, recombinant Apo] was formulated in
reconstituted HDL nanodiscs (tHDL-rApo] nanodiscs). On one hand, this structure was
more effective than free rApoJ promoting the cholesterol efflux 7# witro and after
intravenous administration; tHDL-rApo] nanodiscs co-localized with fibrillar A affected
vessels. Nevertheless, the chronic peripheral administration of rHDL-rApo] nanodiscs in
the APP23 mice model did not improve the effect of free rApo] in terms of cerebral 3-
amyloid accumulation. Indeed, the chronic intravenous administration of free human
rApo] prevented the number of B-amyloid affected brain vessels and the total cerebral
insoluble AB load together with amelioration of neuronal loss in the hippocampus. This
effect was accompanied by an increased in the expression of the lysosomal marker CD68 in
microglial cells in the periphery of AR deposits, proposing that circulating rApo] promotes

the AB elimination through cerebral phagocytosis stimulation.

In summary, we consider that this Doctoral Thesis contributes to the understanding of the
role of circulating ApoA-I and Apo] in cerebral 3-amyloidosis and proposes the potential

therapeutic value of rApoA-I-M and free rApo] in the context of AD and CAA.
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1.1- El péptido B-amiloide

1.1.1- La produccién del péptido B-amiloide

El péptido B-amiloide (AB) es el producto del procesamiento secuencial de la

Proteina Precursora Amiloide (PPA). La proteina PPA (110 KDa) es una proteina

con un solo paso transmembrana que cuenta con un largo dominio extracelular y un

pequeno dominio citosdlico. En su procesamiento canoénico se pueden distinguir el

procesamiento amiloidogénico y el no amiloidogénico dependiendo de qué

secuencia de secretasas actue (Figura 1).

Procesamiento no amiloidogéenico

Procesamiento amiloidogenico

Af
“r’-SEErEtﬂSﬂ .-' i : "r'—SeCIE:taSﬂ,
-+ —_—
|..| '|
?_' DICP |

sPPAx || |||

PPA_FCT99 i

Figura 1: Esquema del procesamiento de PPA por la via amiloidogénica y no amiloidogénica. PPA:
Proteina Precursora Amiloide, s-PPAa y s-PPA: fracciones solubles de PPA - y 3-, PPA-FCT83 y
PPA-FCT99: Fragmentos C-terminales de PPA de 83 y 99 aminoacidos respectivamente, DICP:
Dominio Intracelular citosolico de PPA. (Modificado de Thathiah y Strooper, 20111).
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En el procesamiento no amiloidogénico, a-secretasa actua sobre PPA liberando los
fragmentos s-PPAa (soluble extracelular) y PPA-FCT83 (Fragmento C-Terminal,
anclado a la membrana citosolica). Sobre este ultimo fragmento actia
posteriormente el complejo de ¥-secretasa, dando lugar a la liberacién de los
fragmentos solubles DICP (Dominio intracelular de PPA; citosélico) y P3
(extracelular) ambos sin tendencia a agregar. Sin embargo, en el procesamiento
amiloidogénico, tras la proteodlisis generada por B-secretasa sobre PPA se libera el
péptido solube s-PPA al medio extracelular y deja anclado a la membrana citosélica
el fragmento C-Terminal PPA-FCT99. Este ultimo fragmento es susceptible a la
accion de la ¥-secretasa, dando lugar a la liberacion del péptido DICP (citosélico) y
AB (extracelular). Por otra parte, el lugar de protedlisis de la ¥-secretasa en el
procesamiento amiloidogénico puede variar liberando péptidos de AR de diferente
longitud, siendo AB4o y ABs2 (40 y 42 aminoacidos respectivamente) los de mayor
interés clinico?. Los mondémeros de AB (= 4 KDa) tienden a una conformacion rica
en hojas-B que es propensa a agregarse formando oligomeros de peso molecular
variable (Figura 1). Estos oligbmeros tienen una tendencia a seguir alongandose
hasta que se forman grandes fibras insolubles que se depositan en cerebro dando
lugar a lo que se conoce patolégicamente como B-amiloidosis cerebral. Esta
acumulacién de B-amiloide en cerebro da lugar a la Enfermedad de Alzheimer (EA),
en la que se observan depdsitos parenquimales del péptido AB y a la Angiopatia
Amiloide Cerebral (AAC), caracterizada por la presencia de depodsitos amiloides en

los vasos cerebrales.

1.1.2.- Aclaramiento de AR de cerebro

La proteina PPA esta muy conservada a lo largo de la evolucién y su procesamiento
secuencial esta complejamente regulado. Estas caracteristicas hacen pensar que PPA
y su procesamiento tiene un rol de importancia biolégica en condiciones no
patologicas. De hecho, diversas publicaciones han intentado arrojar luz sobre este
asunto. Asi, distintos autores han descrito el rol de PPA como un factor clave en

fases el desarrollo relacionadas con la formacién, migraciéon y diferenciacion de
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neuronas. Ademas, se ha propuesto que la fraccion s-PPAa y el péptido AR podrian
participar en la neurogénesis adulta’. Estas evidencias, refuerzan la idea de que la
producciéon de AB ocurre en condiciones no patologicas y que existen vias de
eliminacion que evitan su acumulacion. En este sentido, la hipotesis mas aceptada en
el campo propone que la [-amiloidosis cerebral esporadica ocurre como

consecuencia de la desregulacion de estos mecanismos de eliminacion? (Figura 2).

Existen diversas rutas de eliminacién del péptido AB. Por una parte, el péptido A
puede ser degradado por proteasas secretadas por la glia o neuronas. Neprilisina
(NEP) y la enzima degradadora de insulina (IDE, Insulin degrading engyme) han sido
las proteasas mas estudiadas®. Esta via de eliminaciéon parece estar alterada en
pacientes con -amiloidosis cerebral. Asi, la actividad de IDE y NEP disminuye en
cerebros de enfermos con EA®. Por otra parte, también se ha descrito que algunas
metaloproteinasas (MMP) pueden proteolizar el AP in vitro, como ocurre en la

degradacion secuencial del AR por MMP-2 y MMP-97.

Astrocito

[ 1- Degradacion proteolitica | L4
L]
Ej: Neprilisina, IDE /'

-~ =

Microglia

2- Absorcién y degradacion

( » PPA / ‘ por astrocitos y microglia
4 — Secretasas
P Sccrctass: W

4
Y AB > AB40:AB42 3- Aclaramiento a través de

Neurona > ABA2 \ la Barrera Hematoencefalica (BHE)

= A[:/ ‘4- Drenaje peﬁvascularv

@Q Pie de astrocito»&!g &
Placa neuritica »,.‘/ AAC]

oligomero 4

Capilar cortical

Espacio perivascular

A, Claridimon

Figura 2: Mecanismos de eliminaciéon de AB de cerebro. (Modificado de Charidimou e7 a/, 2012 8).
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En otra de las vias de eliminacion de AB, conocida como absorcion por la glia, los
astrocitos y la microglia pueden fagocitar material B-amiloide a través de distintos
receptores que han sido relacionados con la enfermedad de Alzheimer como SRB-I
(Scavenger Receptor-Bl) y CID36 (Cluster of Differentiation 36)°, RAGE (Receptor for
Adpanced Glycation End-products)'? y LRP1 (Lapoprotein Receptor Protein-1)11:12 expresados
tanto en microglia como astrocitos. Por otro lado, el receptor LRP2/megalin
(Lipoprotein Receptor Protein-2)'3 puede mediar la fagocitosis en astrocitos y el receptor
TREM2 (Triggering Receptor Excpressed in Myeloid Cells- 2) puede mediar la fagocitosis de

A especificamente en microglial415.

La microglia es el tipo celular principal encargado de la respuesta inmune innata en
cerebro'® que debido a su fenotipo fagocitico, es capaz de internalizar el péptido AB
y promover su degradacion por la via lisosomal o ubiquitin-proteosomal’. Sin
embargo, esta capacidad fagocitica de la microglia parece estar alterada en modelos
animales de [B-amiloidosis cerebral, impidiendo la correcta digestion del péptido
AR89 Por otra parte, pese a que la infiltraciéon de células inmunes del torrente
sanguineo a cerebro estd muy regulada, se ha observado que en condiciones
patoldgicas asociadas al deposito de AR puede ocurrir la entrada de monocitos?’ que
rapidamente se diferenciarfan a macrofagos activos?!. Ademas, se ha propuesto una
mayor eficacia fagocitica de los macréofagos derivados de monocitos periféricos que
de la microglia residente??. Por ejemplo, en estudios previos se ha observado que la
estimulaciéon de la infiltracion de macréfagos periféricos produjo una diminucién
cercana al 90% de la carga B-amiloide en parénquima en un modelo animal de EA
(T'g2576)?3. Por otra parte, la capacidad fagocitar el péptido Af parece estar alterada
en monocitos derivados de pacientes de EA?*. Debido a estas evidencias, la
degradacién lisosomal del péptido AB, tanto por la microglia residente como por
macréfagos de origen periférico, parece tener un gran peso sobre el aclaramiento de
AB. Por ello, tratamientos que rescaten la capacidad fagocitica de estos tipos
celulares, puede ser una estrategia terapéutica prometedora en el contexto de la §3-

amiloidosis cerebral?>.

Otro de los mecanismos de eliminaciéon de AB mas estudiado en los ultimos afios es

el “drenaje perivascular”. En este mecanismo los solutos del liquido intersticial
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difunden a lo largo de la lamina basal de las arterias y capilares cerebrales, en
direccion contraria al flujo sanguineo siendo éste impulsado por las pulsaciones
vasculares, hasta llegar a las arterias leptomeningeas. Una vez alli, el AB se elimina
por los nodos linfaticos cervicales?. Este mecanismo de eliminacién parece estar
alterado en condiciones de AAC, promoviendo la acumulaciéon de AB en los
compartimentos perivasculares provocando la formacién de lesiones conocidas
como espacios perivasculares en el centrum semiovale visibles por resonancia magnética
(RM), también llamados espacios de zrehow-Robin®’. Estos espacios perivasculares
en el centrum semiovale también han sido detectados por RM en enfermos de EAZ8,
por lo que se ha propuesto que alteraciones en el drenaje perivascular también
pueden contribuir a esta patologia?t. Conjuntamente con el drenaje perivascular,
también se ha propuesto la existencia de un “sistema glinfatico”, en el que los
solutos del liquido intersticial que fluyen por la via de drenaje perivascular a lo largo
de las arterias cerebrales, se filtrarfan al neurpilo para terminar en el espacio

perivenular donde también ocurre el drenaje de AB%.

Ademas, el aclaramiento de AP de cerebro puede ocurrir a través de la Barrera
Hematoencefalica (BHE). Los microvasos cerebrales tienen una citoarquitectura
unica cimentando la BHE la cual se caracteriza por tener una baja permeabilidad a
pequenas moléculas polares y péptidos, por lo que el transporte a través de la misma
esta estrictamente regulado mediante receptores especificos. Estas caracteristicas
permiten al cerebro nutrirse de todos los componentes necesarios para su correcto
funcionamiento as{ como deshacerse de metabolitos toxicos. La BHE esta formada
por las células endoteliales, la ldimina basal y los pies de astrocitos y pericitos. Dentro
de esta compleja estructura, la baja permeabilidad que caracteriza la BHE viene dada
por la expresion de uniones estrechas (T, #ght junctions, ocludinas y claudinas) y

uniones adherentes (A], Adberens junctions)’® en las células endoteliales.

Existen varios receptores que son capaces de interaccionar con AR y facilitar su
transcitosis al otro lado de la célula endotelial polarizada a nivel de la BHE. Entre
ellos, destacar dos receptores de la familia de las lipoproteinas de baja densidad (LLow
Density Lipoprotein Receptors, LDLR) abundantemente expresados en la parte
abluminal (hacia cerebro) de la BHE, como LRP13! y LRP2/megalin?233. Asimismo,
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se conoce que ciertos transportadores de la familia ABC (ATP-binding cassette)
también estin implicados en el trasporte de AB, como ABCB-1/P-gp (p-ghycoprotein)>*
o ABCA1%.

Por ultimo, el transporte de AB no es unidireccional. El transportador RAGE se
expresa en la parte luminal de la BHE (hacia sangre) y es capaz de interaccionar con
ARy transportarlo hacia el cerebro®. Ademas, tras la interaccion AB-RAGE se da
una transduccién de sefial proinflamatoria y una reduccién del flujo sanguineo
cerebral’’. Sin embargo, existen formas solubles circulantes de LRP1 y RAGE
(sLRP1 y sRAGE) formadas tras el procesamiento por ¥-secretasa que permiten
secuestrar el AB en plasma e impedir su reentrada a cerebro a través de RAGE.
Asi, se ha propuesto que existe un equilibrio entre los niveles de Af circulante y
cerebral y que el secuestro del AB circulante podria promover el aclaramiento de A
de cerebro. Este mecanismo se ha denominado como “hipdtesis del sumidero
periférico (del inglés; peripheral sink hypothesis) y ha sido demostrado en modelos
preclinicos donde agentes secuestradores de AP, como anticuerpos® vy
sLRP1b(Sagare et al. 2007), fueron capaces de facilitar la salida de AB de cerebro sin
llegar a penetrar en él. A dfa de hoy, esta hipotesis sigue bajo investigacion ante la

falta de consistencia con otros estudios*.

1.2- B-amiloidosis cerebral

Entorno al 90% del AR producido es AB4o (40 aminoacidos de longitud) aunque
debido a la mayor capacidad de agregacién de AB42 (42 aminoacidos de longitud),
éste ultimo es el mayoritario en los depdsitos amiloides en parénquima cerebral
(placas neuriticas) que caracterizan la EA*L. Sin embargo, ABs también tiende a
formar fibras insolubles, pero en este caso la localizacién ocurre preferentemente en

la vasculatura cerebral dando lugar a AAC*2,

Aunque las enfermedades de EA y AAC funcionan como dos entidades
independientes, son enfermedades estrechamente relacionadas y probablemente con

mecanismos también relacionados. E1 91% de los pacientes de EA también padecen
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AAC#®. Sin embargo, la mayorfa de enfermos diagnosticados con hemorragia
intracerebral asociada a AAC (HIC-AAC), no presentan signos preexistentes de
EA* vy sélo una minoria de los pacientes de EA presentan HIC debido a una AAC
severa®. Sin embargo, algunos estudios han observado que poblaciones con EA
tienen un mayor riesgo de sufrir un evento HIC#. En este contexto, los mecanismos
que vinculan y que diferencian estas dos enfermedades son considerablemente
desconocidos. Por ello, se requieren estudios que arrojen luz sobre los distintos

mecanismos que dirigen la acumulacién parénquimal y/o vascular de A.

1.2.1- Angiopatia Amiloide Cerebral

1.2.1.1- Caracteristicas clinicas y neuropatologicas

La Angiopatia Amiloide Cerebral (AAC) es la principal causa de HIC de localizacion
lobar en la poblacién anciana. La HIC no traumatica es un subtipo de ictus
hemorragico (10-15% de los casos) que se define como un sangrado en el tejido
cerebral o en los ventriculos cerebrales’. Debido a su elevada tasa de mortalidad
(=50%), la HIC es el tipo de ictus mas devastador®. En este contexto, la HIC
asociada a AAC se caracteriza por su elevada tasa de recurrencia, alcanzado cifras de
23% por ano. A partir de autopsias en una poblacién anciana (80-90 afos) se ha
estimado que la prevalencia de AAC es del 20-40% en poblacién sin deterioro
cognitivo, mientras que se eleva hasta el 50-60% en presencia de demencia*s. Pese a
la elevada prevalencia de la enfermedad en poblacién anciana, el estudio de la AAC
quizas no haya recibido la atencion que merece. Asi la AAC ha sido descrita como
“la enfermedad mas devastadora de la que nunca has oido hablar” (Dr. SM

Greenberg).

La AAC ocurre como consecuencia del depésito amiloide en los vasos cerebrales.
Existen varios subtipos de amiloide que pueden provocar depositos
cerebrovasculares, como cistatina-C, transtirretina y la proteina pridnica (PrP) entre
otros. Sin embargo, la AAC causada por el deposito de Af es, con diferencia, la mas

comun?®.
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La AAC causada por el depésito de AR se caracteriza por su elevada complejidad y
heterogeneidad, acentuada por su coaparicion con otras enfermedades del pequefio
vaso y EA. Sin embargo, la caracteristica fisiopatolégica mas evidente de la AAC es
la acumulaciéon del péptido AB4 en los vasos cerebrales, especialmente en las
pequenas arterias leptomeningeas y corticales con una distribucién topografica
preferencial hacia los l6bulos occipitales®. En los casos severos de AAC la mayoria
de las arterias y arteriolas estan afectadas y el depdsito de AB4o puede substituir casi
en su totalidad la tunica media y adventicia de las arterias o disgregar la parte
exterior de la tinica media, dando lugar a la apariencia patologica de doble barrera.
También provoca una pérdida de musculo liso, apariciéon de aneurismas y necrosis
fibrinoide, debilitando el vaso y favoreciendo su ruptura®’->2. Los pacientes de AAC
también pueden presentar otros signos de la enfermedad detectables por RM tales
como la presencia de microhemorragias corticales lobares, siderosis superficial
cortical, hemorragias subaracnoideas, hiperintensidades de la sustancia blanca,
espacios perivasculares en el centrum semiovale y microinfartos corticales (Figura 3).
Atendiendo a la localizacién del depdsito amiloide se pueden distinguir dos tipos
patolégicos. En la AAC tipo 1, también conocida como “tipo capilar”, existe
afectacion amiloide en los capilares (con afectaciéon o no de otros vasos) y se ha
relacionado mas intimamente con los depodsitos parenquimales de AR tipicos de la
EA; mientras que en el ACC tipo 2 los depdsitos vasculares de A estan
restringidos a las arterias leptomeningeas o corticales, con ausencia de amiloide en

los capilares>!-3.,

Existen casos familiares de AAC asociada a A causados por mutaciones en el gen
PPA. Estas mutaciones dan lugar a hemorragias intracerebrales hereditarias con 3-
amiloidosis (del inglés HCHW.A, Hereditary Cerebral Hemorrbage With Amyloidosis) a
edades <55 afos. L.a mutaciéon holandesa (E693Q, HCHW.A-D, Dutch tpe, tipo
holandés®¥) fue la primera en describirse y genera HIC hereditaria con -amiloidosis
cerebral en ausencia de placas seniles. Por otra parte, existen otras mutaciones,
como la italiana (E693K), que provocan HIC hereditaria sin depositos B-amiloides
en parénquima y dafio neuronal; u otras intimamente relacionadas con la aparicion

de AAC severa como la mutacion flamenca (A692G) y la Iowa (D694N)%. Por otra
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patte, otras mutaciones en el gen PPA (Ej. Mutacién sueca (K670N/MG71L)),
PSENT o PSENZ2 (Presenilina 1 y 2, complejos de ¥-secretasa) pueden favorecer el
procesamiento de PPA por la via amiloidogénica favoreciendo la aparicion de AAC
a edades tempranas conjuntamente con la presencia de placas seniles®0. Sin embargo,
la inmensa mayoria de los casos de AAC ocurren de manera espontanea con

presentaciones clinicas a edades > 55 afios.

CEREBRO AFECTADO CON AAC

Siderosis e Espacio

Arterias leptomeningeas superficial . subaracnoideo
afectadas con AAC cortical Hemorragia
£ 2 2 et subaracnoidea

Hemorragia
intracaneal

Figura 3: Caracteristicas neuropatoldgicas de la Angiopatia Amiloide Cerebral (Modificado de
Charimidou e¢# a/, 2012 8).

El deterioro cognitivo y demencia son caracteristicas clinicas de la enfermedad que
pueden presentarse en pacientes que hayan sufrido un evento hemorragico pero
también en enfermos de AAC que no hayan padecido ningun ictus. La influencia de
la AAC sobre la cognicién es dificil de estudiar debido a la aparicién conjunta con
otras enfermedades, como la EA. Sin embargo, la capacidad independiente de la
AAC de causar demencia esta ampliamente aceptada. Varios estudios atribuyen a la
AAC la capacidad de contribuir a la demencia y déficit cognitivo, tanto aumentando
la probabilidad de padecer demencia como aumentando su severidad®’,

independientemente de haber sufrido un evento HIC?. Mas concretamente, un
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estudio observo que los pacientes con AAC moderada o severa tenfan una menor
velocidad perceptual y mayor deterioro de la memoria episédica de forma

independiende a la EA.

1.2.1.2- Diagndstico y tratamiento

El diagnéstico definitivo de  AAC soélo puede realizarse mediante necropsia de
tejido cerebral. Sin embargo, en la practica clinica se utilizan los criterios de Boston
para el diagnostico de una posible o probable HIC asociada a AAC 063 Estos
criterios, sin embargo, han mostrado una sensibilidad limitada, por lo que se
precisan nuevos marcadores no invasivos para mejorar el diagnéstico de AAC en
vida. Asi, el descubrimiento de un buen biomarcador para AAC supondria grandes
ventajas en términos de diagnodstico temprano, prevencion y tratamiento. En este
sentido, los niveles de AB0 y AB4z, asi como TAU total y TAU hiperfosforilada (hp-
TAU) en liquido cefalorraquideo (LCR) estan siendo sujeto de investigacion. Por
ejemplo, un estudio reciente ha mostrado que pacientes con HCHW.A-D pre-
sintomaticos presentan niveles mas bajos de AB4o y ABs2en LCR, sin cambios en los
niveles de TAU total y hp-TAU®L Por otro lado, un reciente meta-analisis con casos
esporadicos de AAC observé una disminucion en los niveles de AB4o y ABs2en LCR
y un ligero aumento de TAU total en pacientes de AAC, en comparaciéon con
controles sanos. Ademas, este mismo estudio observd diferencias entre casos de
AAC y EA. Asi, los niveles de AB4# no mostraros diferencias entre AAC y EA,
mientras que los niveles de t-TAU, hp-TAU y ABsw en LCR resultaron ser
significativamente menores que en los pacientes de EA%2 Pese a estos prometedores
resultados, el valor de estos biomarcadores en el diagnéstico temprano de AAC

deberia consolidarse en futuros estudios clinicos multicéntricos.

Atendiendo a las terapias disponibles, los tratamientos se limitan a reducir el
impacto clinico de la HIC y tratar de disminuir su elevada tasa de recurrencia. En
este sentido, la bajada de la presiéon sanguinea ha demostrado minimizar la
expansion del hematoma en ensayos clinicos®®. También se puede realizar la

evacuacion del hematoma, aunque debido a la agresividad de la lesion y a la elevada
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recurrencia de esta enfermedad, el procedimiento se restringe a un nimero muy
limitado de pacientes®®. Por otra parte, debido al elevado riesgo de recurrencia de
HIC asociado a AAC, se recomienda limitar el uso de farmacos antitrombdticos si
existe historial previo de un evento hemorragico lobar®. Finalmente, el control de la
presion sanguinea mediante farmacos anti-hipertensivos también se ha propuesto

como tratamiento para minimizar el riesgo de padecer recurrencia de HIC,

Actualmente no existe ninguna terapia modificadora de la patologia AAC. En este
sentido, la inmunoterapia pasiva se presenta como una posible estrategia terapéutica
y esta siendo evaluada en ensayos clinicos. El anticuerpo Ponezumab (PF-04360365,
Pfizer) es un anticuerpo monoclonal humanizado dirigido al extremo C-terminal del
AB4o que ha mostrado eficacia reduciendo los depdsitos de AAC y mejorando la
reactividad vascular en un modelo transgénico de EA y AAC (PSAPP)¢". La
seguridad y farmacocinética de Ponezumab se ha estudiado en un ensayo clinico de
fase II en pacientes con diagnoéstico de AAC probable (www.clinicaltrials.gov,

identificador: NCT01821118).

Por tanto, el desarrollo de una terapia modificadora para la AAC parece lejano. Este
hecho viene dado por la ausencia de herramientas para su diagndstico precoz, asi
como la falta de comprension de los mecanismos subyacentes a la enfermedad. No
obstante, la investigaciéon de la AAC esta adquiriendo mayor interés en los ultimos
afios, lo cual promete un escenario futuro con importantes pasos hacia un mayor

conocimiento de la enfermedad.

1.2.2- Enfermedad de Alzheimer

1.2.2.1- Caracteristicas clinicas y neuropatologicas

La Enfermedad de Alzheimer (EA) es la principal causa de demencia en el mundo
(72% de los casos)%. A nivel global, se estima que la incidencia de la demencia es de
10.7%o0 mientras que la prevalencia asciende a 24 millones de personas®. La edad es
el mayor factor de riesgo para padecer demencia, de tal forma que la prevalencia se

duplica cada 5 afios a partir de los 65 afos, llegando a alcanzar cifras del 17% en
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poblaciones de edades comprendidas entre los 80 y 84 afos y el 30% en pacientes
mayores de 90 anos’7!. La EA tiene un gran impacto socioeconémico debido a la
baja calidad de vida de sus pacientes y a los elevados costes destinados al cuidado de
los mismos. Ademas, las perspectivas epidemioldgicas se agravaran debido al
aumento de la longevidad de nuestra sociedad y se estima que la incidencia en

Europa se duplicara para el ano 204071,

Mas del 90% de los casos de EA son esporadicos y no se observa un aumento en la
produccion de AB. El 10% restante corresponde a casos de EA familiar que
presentan mutaciones que promueven la producciéon de PPA o su procesamiento
por la via amiloidogénica. Estas mutaciones pueden ocurrir en los genes de PPA (Ej.

Mutacion sueca (K670N/M671L)), PSENT o PSEN2 (Presenilina 1 y 2, complejos

de ¥-secretasa) que generan el desarrollo de EA a una edad temprana (<60 afios)>°.

Atendiendo a los aspectos fisiopatoldgicos, en la EA se observa una acumulacion
del péptido AR (mayoritariamente A4 en el parénquima cerebral (placas neuriticas)
y una acumulacién intracelular de la proteina TAU hiperfosforilada (hp-TAU). Esta
acumulacién produce neuroinflamacién, muerte neuronal y por ultimo, una evidente
y progresiva pérdida de memoria que puede llegar a impedir la ejecucion de la accion

mas simple (Figura 4).

La proteina TAU es una fosfoproteina que esta codificada por el gen PTAM
(Proteina TAU asociada a microtibulos) y que en condiciones normales controla la
polimerizaciéon de citoesqueleto formado de microtibulos. En condiciones
patologicas asociadas a EA, esta proteina aparece hiperfosforilada y tiende a formar
agregados intracelulares (ovillos neurofibrilares) afectando principalmente a

neuronas piramidales de la corteza e hipocampo®S.
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Figura 4: Representacion grafica de las caracteristicas neuropatologicas de la Enfermedad de
Alzheimer.

Atendiendo a las placas neuriticas, su presencia estd practicamente limitada a la
sustancia gris. Sin embargo, su localizaciéon es dependiente de la fase de la
enfermedad. En términos generales, la presencia de placas neuriticas comienza en el
neocortex extendiéndose hacia el hipocampo y la corteza entorrinal. Posteriormente
aparece afectado el estriado y finalmente, en etapas muy avanzadas de la
enfermedad, pueden aparecer placas neuriticas en el tronco cerebral y muy
raramente en el cerebelo’”. Estas placas neuriticas generan una respuesta
neuroinflamatoria principalmente a cargo de la microglia y astrocitos que aparecen
clasicamente rodeando los depdsitos B-amiloides™. A medida que avanza la
enfermedad, los cerebros afectados con acumulaciéon B-amiloide presentan una
evidente atrofia cortical acompafiada de un agrandamiento de los ventriculos™

(Figura 4).

La aberrante acumulacién de AR y TAU hiperfosforilada genera una pérdida de la

densidad sindptica cortical en enfermos de EA7>, lo cual ha sido catalogado como la
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caracteristica neuropatolégica que mejor se correlaciona con el deterioro cognitivo.
Por otra parte, la muerte neuronal es otro de los sellos de la enfermedad y afecta
principalmente a la corteza entorrinal, donde en casos severos de la enfermedad, se

puede llegar a perder el 90% del volumen neuronal”.

Patolégico

— Ap
-~ Pérdida de densidad sinaptica
« Dafio mediado por hp-TAU
- Estructura cerebral

— Estado cognitivo

~— Funcion clinica

DETERIORO
COGNITIVO
LEVE

No patolégico PRECLINICA DEMENCIA

FASE CLINICA

Figura 5: Hipétesis de la dindmica temporal de los distintos biomarcadores patolégicos de la
Enfermedad de Alzheimer. (Modificado de Jack ez a/, 2010 78 y Spetling ez a/, 201179).

Por otra parte, la EA se entiende como un proceso neurodegenerativo continuo en
la que la acumulaciéon de placas neuriticas u ovillos neurofibrilares en el 16bulo
temporal medial pueden aparecer décadas antes de los primeros sintomas clinicos”
(Figura 5). Los sintomas clinicos de la EA se pueden clasificar en dos grupos:
“sindrome amnésico”, relacionado con lesiones en el hipocampo y “sintomas
focales”, causados por lesiones en el neocortex responsables de la agnosia visual y
afasia progresiva entre otros’°. De este modo, los enfermos de EA presentan
pérdida de la memoria episédica, impidiendo la habilidad de aprender y recordar
nueva informacién, pérdida en aspectos de la memoria semantica asociada al uso del
lenguaje y finalmente, en etapas avanzadas de la enfermedad, presentan déficits en la
memoria funcional, afectado a la capacidad de concentraciéon y mantenimiento de la

atencion 89,
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1.2.2.2- Diagndstico y terapia

El diagnéstico de EA definitivo requiere del andlisis en tejido post-mortem. El criterio
diagnoéstico actual evalia una combinacion de tres escalas de alteraciones
neuropatologicas en las que se clasifica la enfermedad en 4 fases de severidad
ascendente. Estas escalas tienen en cuenta la topografia de la acumulacion de placas
neuriticas’?, la topografia de localizacion de ovillos neurofibrilares®! y la densidad de

placas seniles (CERAD, Consorcio para establecer un registro de EA8283)8485,

Como ya se ha mencionado, las caracteristicas neuropatologicas de la EA pueden
comenzar décadas antes de los sintomas clinicos, por ello un diagnéstico temprano
de la acumulaciéon B-amiloide abrirfa una nueva ventana de actuaciéon preventiva y
terpautica. En este sentido, el desarrollo de técnicas de imagen y biomarcadores han
supuesto una auténtica revoluciéon en el diagndstico. La técnica de imagen PET
(Positron Emission Tomoraphy, Tomograffa de emision de positrones) es la mas
utilizada para el diagnoéstico temprano de esta enfermedad. El radioligando PiB
(Compuesto de Pittsburg B) ha sido el mas utilizado para detectar depositos de AfB,
aunque cada vez se estan descubriendo nuevos radioligandos que también detectar
depdsitos de AP cerebral (como Florbetapir (18F) ) o medir distintos parametros
como neurodegeneracion y depositos de hp-TAU(aun en etapas preclinicas)8. Por
otra parte, la deteccion de AB4o y APz, asi como hp-TAU y TAU total en LCR, son
buenos biomarcadores para el diagndstico de EA. En los pacientes de EA se
observa una disminucion del = 50% de AB42 y un aumento de 2-3 veces de hp-TAU

en LCR, mientras que los niveles de AB40 no parecen alterados®’.

En cuanto a los tratamientos disponibles para la EA, existen farmacos inhibidores
de la acetilcolinesterasa (Ej: Donezepilo, Galantamina) que favorecen la presencia
del neurotransmisor acetilcolina en la hendidura sinaptica y muestran eficacia leve
pero significativa en términos de estado cognitivo acorde con el test MMSE
(MiniMental Stage Examination, Examinacion del estado MiniMental)88. Ademas, el
farmaco Memantina, un antagonista no competitivo de los receptores N-metil-D-
aspartato (NMDA), también es un farmaco disponible que ha mostrado una leve

eficacia en la mejora del estado cognitivo en aquellos enfermos de EA en fase
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moderada o severa previniendo los dafios causados por exitotoxicidad®-?0. Por otra
parte, diversas intervenciones psicosociales en los enfermos de EA también pueden
tener un efecto beneficioso en el estado clinico general de los pacientes’!. Sin
embargo, los tratamientos aprobados actualmente tienen como objetivo tratar los

sintomas y no son tratamientos modificadores de la enfermedad.

Debido al devastador impacto de la EA en la sociedad, el descubrimiento de una
cura o tratamiento eficaz para la EA es uno de los mayores retos del Siglo XXI. En
este sentido, los esfuerzos realizados por la comunidad cientifica han llevado al
desarrollo de varios ensayos clinicos dirigidos a la EA. En total, actualmente hay 105
farmacos bajo estudio en ensayos clinicos de EA, de los cuales un 70% son terapias
modificadoras de la enfermedad®?. Debido a su complejidad, la busqueda de un
tratamiento eficaz se ha abordado mediante diversas estrategias terapéuticas:
inmunizacion activa’, tratamiento con inmunoglobulinas®%, inhibidores de y- y 3-
secretasas’, inhibidores de la hiperactividad neuronal®’, farmacos neuroprotectores,
farmacos dirigidos al dafio neuronal causado por hp-TAU? vy estimulacion

cerebral®, entre otros. Por desgracia, ninguno de estas estrategias ha demostrado

b

hasta la fecha eficacia consistente en términos de beneficio cognitivo, aunque la

mayoria de ellas sigue bajo investigacion en diversos ensayos clinicos”.

Dentro de este gran abanico de estrategias cabe destacar la inmunizaciéon pasiva
como una de las estrategias mas estudiadas englobando entorno al 25% del total de
los ensayos clinicos activos en 201792, La inmunizacién pasiva se refiere a la
estrategia terapéutica basada en la infusién de anticuerpos que reconocen
especificamente un epitopo activando la respuesta inmune. En el caso de la
inmunizaciéon pasiva como estrategia para el tratamiento de la EA, se ha testado la
eficacia de la infusién de varios anticuerpos que reconocen diferentes epitopos y
conformaciones del péptido AB. La inmunizacién pasiva ha sido testada en modelos
animales de EA obteniendo resultados muy prometedores en términos de
disminucién de carga amiloide cerebral, neuroinflamacién y mejora de déficits de
memoria 190-102. En este contexto, la eficacia de varios anticuerpos ha sido testada
en ensayos clinicos en enfermos con EA, como Aducanumab (NCT01397539,

Biogen), Crenezumab (NCT01723820, Genetech), Gantenerumab (NCT00531804,
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Roche), Solanezumab (NCT00329082, Eli Lilly) 6 Bapineuzumab (NCT00676143,
Pfizer). Sin embargo, en términos generales los resultados de los ensayos clinicos no
han sido positivos. Aunque algunos anticuerpos han demostrado capacidad para
disminuir la cantidad de AP en cerebro, como Bapineuzumab (anticuerpo
humanizado dirigido al péptido AR, NCT00676143, Pfizer), no se observaron
diferencias en los parametros de demencia y neurodegeneracion!®. Ademas, el
ensayo clinico de fase I1I con 901 participantes que se realizé con Bapineuzumab no
consiguié reproducir los efectos de amiloramiento de carga B-amiloide cerebrall04,
Mas recientemente, se ha realizado un ensayo clinico de fase 1b con el anticuerpo
Aducanumab (Biogen) que reconoce especificamente epitopos de agregados de A
tanto en oligbmeros solubles como en agregados insolubles. En este ensayo, en
pacientes de EA con fase prodrémica o leve, se observé una reduccion significativa
y dosis dependiente de los niveles cerebrales de AB analizado por PET, asi como
una ralentizacién de la progresion clinica medidos por los test Evaluacion de la
Demencia Clinica (EDC) y el test MiniMental (MMSE) (NCT: 01677572)1%. Hay
que remarcar la importancia de estos resultados, ya que es la primera vez que un
anticuerpo muestra eficacia deteniendo el declive cognitivo asociado a la
enfermedad. Sin embargo, pese a lo prometedores que resultan estos resultados, la
eficacia de Aducanumab sera evaluada en un nuevo ensayo clinico de fase I1I con un
mayor nimero de participantes, el cual se encuentra en fase de reclutamiento y sus

primeros resultados se esperan para el afilo 2020 (NCT: 02484547).

Existen varias posibles hipotesis para explicar el fracaso de muchos de los
anticuerpos contra diferentes fragmentos AB que han llegado a ser testados en
enfermos de EA: por una parte se ha propuesto que la neurodegeneracion y
demencia generada por la enfermedad, no puede ser revertida por el tratamiento.
Por ello, los nuevos ensayos clinicos, estan dirigidos a pacientes con deterioro
cognitivo leve o en fases prodromicas de la enfermedad!’® (Figura 4). La otra
hipétesis, es que la permeabilidad de los anticuerpos a cerebro es baja, de modo que
disminuye la eficacia del farmaco. Por ello también se esta estudiando, aun en una

etapa preclinica, la posibilidad de vehiculizar los anticuerpos a cerebro!?7.
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Por otra parte, es importante mencionar que la inmunizacion pasiva no ha resultado
segura en muchos casos y paraddjicamente se ha relacionado con complicaciones
relacionadas con AAC. Tras el tratamiento de muchos de los anticuerpos testados
en ensayos cinicos como Bapineuzumab y Aducanumab, se observaron
anormalidades de imagen asociadas a amiloide (ARIA, amyloid-related imaging
abnormalities). Algunos pacientes presentaron edema vasogénico (ARIA-E), mientras
que otros mostraron ademas microhemorragias (ARIA-H), proponiendo que la
inmunoterapia dirigida a AB causa una disrupcion de los vasos afectados con AAC,
Contradictoriamente, estos efectos secundarios se han relacionado precisamente con
la eficacia de los anticuerpos promoviendo el aclaramiento de AB, ya que la salida
masiva de AP de cerebro en un contexto de vasculatura debilitada por AAC podtria
explicar la aparicion de los ARIA%, Sin embargo, el mecanismo subyacente y la

importancia clinica de estos efectos indeseados ain estan bajo investigacion.

1.3- Modelos animales de B-amiloidosis cerebral

La apariciéon de modelos animales de 3-amiloidosis cerebral supuso un gran avance
para el estudio de la AAC y EA; tanto para el estudio de los mecanismos
subyacentes como para el estudio preclinico de tratamientos potenciales. Existen
mas de 100 modelos con modificaciones genéticas para el estudio de estas
enfermedades. Los modelos mas utilizados se basan en la modificacién de los genes
PPAy PSENT (Ej: Modelos murinos APP2319APP/PS1'10%tc), que provocan una
mayor expresion neuronal de PPA asi como un mayor procesamiento por la via
amiloidogénica, lo cual desemboca en una mayor produccion del péptido AB. El
gran abanico de modelos animales disponible permite elegir un modelo animal
6ptimo dependiendo de los objetivos del estudio  (www.alzforum.org/research-

models).

Para el caso de AAC, no existe un modelo que permita imitar las caracteristicas
neuropatologicas de la enfermedad esporadica. Sin embargo, existen varios modelos

murinos de EA que presentan depdsito vascular amiloide, permitiendo estudiar de



1- INTRODUCCION | 35

forma parcial el AAC, asi como la relacion entre los depositos parenquimales y
vasculares. Sin embargo, cabe destacar la existencia del modelo de ratén APPDutch,
que sobreexpresa la PPA con la mutacién holandesa (E693Q)) bajo el promotor
Thyl y presenta unicamente depésito amiloide en la vasculatura leptomeningea y
cortical (>23 meses), asi como eventos hemorrigicos y neuroinflamacién, sin
presencia de placas amiloides en el parénquimal'!l. Sin embargo, la avanzada edad a
la que se comienza el depdsito de AP vascular hace complejo su uso en
investigacion. Por otra parte, el modelo de ratén Tg-SwDI sobreexpresa la proteina
PPA bajo el promotor Thy! con las mutaciones sueca (IK670N/M671L)), holandesa
(E693Q)) y Iowa (D694N). Estos ratones presentan placas difusas en el parénquima
y especialmente afectacion amiloide en la microvasculatura cerebral a partir de los 3
meses junto con déficits de memoria, pero sin demasiada afectacion

hemorragical 12113,

En este contexto, gran parte de los experimentos presentados en esta tesis se han
realizado con el modelo de raton APP23 (Novartis), que permite estudiar las
patologias de EA y AAC. Estos animales con origen genético C57/BLG6 expresan de
forma hemizigota la proteina PPA humana (isoforma 157) con la mutacién sueca
(PPA KM670/671NL) bajo el promotor neuronal Thy7 de raton. Este raton expresa
siete veces mas PPA con la mutacién sueca principalmente en areas corticales y en

hipocampo (Figura 06).

Asi, estos ratones presentan acumulacion de AB4o y AB42, aunque tal y como ocurre
en humanos, la liberacion del péptido AB4o es mucho mas abundante!'*. En cuanto a
sus caracteristicas neuropatologicas, los animales presentan placas neuriticas a partir
de los 8 meses de edad y B-amiloide vascular a partir de los 12 meses!!>. La carga
amiloide en parénquima y vasos aumenta con la edad tanto en nimero como en
tamafio en corteza e hipocampo!ls. En animales mayores de 2 afios también se
pueden detectar placas en el talamo y en diversas areas cerebrales, a excepcion del
cerebelo!*. Ademas, tal y como ocurre en enfermos de Alzheimer, los niveles de A
en CSF disminuyen con la edad, mostrando diferencias significativas a partir de los

16 meses!1s,
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Placas B-amiloides (>8 meses)
Microhemorragias (>16 meses)

Deficits de memoria espacial APP23 B-Amiloide cerebrovascular
/ (>12 meses)

Muerte neuronal en CA1
(>12 meses) Neuroinflamacion

(>6 meses)

Figura 6: Caracteristicas neuropatolégicas de APP23.

Por otra parte, el modelo APP23 presenta niveles elevados de neuroinflamacién con
activacion astrocitaria y microglial alrededor de las placas amiloides'!”. Finalmente,
este modelo de ratén también muestra otras caracteristicas neuropatologicas
compartidas con la EA como muerte neuronal en CA1!8; y con la AAC, ya que los
ratones APP23 presentan microhemorragias a edad avanzada (>15 meses)!!%. La
presencia de microhemorragias esta intimamente relacionada con la severidad de
AAC, ya que la presencia de B-amiloide vascular afecta a los vasos produciendo
angitis y pérdida de musculo liso favoreciendo su ruptura'?. Por ello, debido a la
elevada afectacion B-amiloide vascular que presenta el modelo de raton APP23, es el
modelo mas utilizado para el estudio de los micro-sangrados espontaneos debidos a
AACH%120. Sin embargo, estos ratones no presentan ovillos neurofibrilares fruto de
la agregacion de hp-T'AU, aunque si se observa hiperfosforilaciéon de TAU!5. Estos

eventos neuropatologicos provocan déficits cognitivos evaluables mediante distintos
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test comportamentales que permiten medir la memoria espacial (Ej: T-maze, RAM,
Morris Water Maze), memoria ejecutiva (Ej: tareas de alternancia, aprendizaje

invertido)'?! entre otros (Figura 0).

1.4- Implicacion del metabolismo lipidico en la

B-amiloidosis cerebral

El desarrollo de técnicas de gendémica, como los estudios de asociacion del genoma
completo (Genome-wide association studies, GWAS), han permitido arrojar luz sobre
variantes genéticas o polimorfismos de un solo nucleétido (S7ngle Nucleotide
Polimorphisms, SNPs) relacionados con factores de riesgo para padecer 3-amiloidosis

esporadica.

Estos /oci de riesgo para la EA pueden ser agrupados en funciéon de los procesos
biolégicos en los que estén implicados. Los mas validados son /o« implicados en la
respuesta inmune (CR7, HI.A-DRBT1, EPHAT, TREM?2 y TRIP4), /oci implicados en
endocitosis y trafico vesicular (BIN7, CD2AP, PICALM y SORLT) y Joci implicados
en el metabolismo lipidico (APOE, CLLU, ABCA7 y PL.D3)'22,

Por otro lado, varias observaciones clinicas también han propuesto la importancia
de la homeostasis del metabolismo lipidico periférico en el contexto de la -
amiloidosis cerebral. Por ello, el estudio de dicho metabolismo ha adquirido gran

interés en la Gltima década.

1.4.1- Las lipoproteinas

Las lipoproteinas son un ensamblaje bioquimico compuesto por lipidos y proteinas.
Mas concretamente, la fraccién proteica mayoritaria son las apolipoproteinas; una
clase de proteina que es capaz de emulsionar fosfolipidos posibilitando su
movimiento en un medio acuoso. Las lipoproteinas son esféricas y estan formadas

por una envoltura compuesta de fosfolipidos, colesterol no esterificado vy
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apolipoproteinas, y por un nucleo hidréfobo compuesto de colesterol esterificado y
triglicéridos'?3. Existen diferentes clases de lipoproteinas que se diferencian en su

composicion lipidica, tipo de apolipoproteina, tamafio y densidad (Figura 7).

HDL
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ammw» Apolipoproteina

@ Colesterol libre

© Colesterol esterificado
O Triglicérido

E@
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ﬂ Fosfolipidos
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Figura 7: Clasificacién y composicién de las lipoproteinas (Modificada de Bricarello et al, 2010'23).

Las lipoproteinas se clasifican clasicamente en funcién de su densidad, la cual es
inversamente proporcional a su tamafo. Las mas densas son las lipoproteinas de alta
densidad (High Density Lipoproteins, HDL, d= 1.063-1.250 mg/ml); tienen un alto
ratio proteina/lipido ya que contienen muy bajos niveles de triglicéridos y colesterol
esterificado. Su tamafio se encuentra dentro de una horquilla de 8-12 nm de
diametro y la apolipoproteina mayoritaria es Apolipoproteina A-I (ApoA-I). Las
lipoproteinas de baja densidad (Low Density Lipoproteins, LDL, d= 1.019-1.063
mg/ml), tienen niveles bajos de triglicéridos y niveles altos de colesterol esterificado,
su tamano es de 18-35 nm y la apolipoproteina mayoritaria es la Apolipoproteina B-
100 (ApoB-100). Por ultimo, las lipoproteinas de muy baja densidad (I7ery Low
Density Lipoproteins, VLDL, d= 950-1.006 mg/ml) son las menos densas y por tanto
las de mayor tamafio (35-80nm). Son muy ricas en triglicéridos y pobres en
colesterol esterificado y las apolipoproteinas mayoritarias son ApoB-100, ApoE y

ApoC (Figura 7)124125,

El rol mas descrito y estudiado de las lipoproteinas es realizar el transporte reverso

de colesterol (TRC), transfiriendo colesterol esterificado y triglicéridos de tejidos de
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la periferia al higado para su eliminaciéon. Este proceso comienza por la biogénesis
de HDLs mediante la lipidaciéon de ApoA-I a través de ABCA11%. Las proteinas
LCAT (Lecitin Colesterol Acil Transferasa)'?’” y CETP (Cholesteryl-ester Transfer
Protein, Proteina de transferencia de colesterol éster)!?® transfieren colesterol
esterificado de células de la periferia a las HDL madurandolas a LDLs o VLDLs.
Finalmente, a través de la interacciéon de las lipoproteinas con los receptores
LDLR'® y SRB-I'*Y altamente expresados en el higado, se transportan los
triglicéridos y ésteres de colesterol de la lipoproteinas para su metabolismo. Los
niveles de HDL circulantes son clave para la homeostasis del metabolismo
lipidico®!. Asi, el buen funcionamiento de este mecanismo es esencial para la
prevencion de enfermedades cardiovasculares!®? o la Diabetes Mellitus Tipo 2

(DMT2)!33,

1.4.2- Metabolismo lipidico en el cerebro: Un nexo con la 3-amiloidosis

cerebral

El cerebro es el 6rgano mas rico en colesterol del cuerpo humano conteniendo
hasta el 25% del colesterol total!®*. Estos elevados niveles de colesterol se deben
principalmente a los elevados requerimientos de colesterol no esterificado de los
oligodendrocitos para la formaciéon de mielina, siendo indispensable para el buen
funcionamiento de la transmisién sinaptical®>. Sin embargo, el colesterol presente en
el Sistema Nervioso Central (SNC) se sintetiza de novo en cerebro, ya que debido a la
presencia de la BHE el metabolismo del colesterol esta separado de la periferial3®.
De la misma manera, la poblacién de lipoproteinas también esta significativamente
separada de la periferia debido a que la mayoria de las LDL y VLDL no son capaces
de atravesar la BHE. Sin embargo, algunas HDL parece que si pueden sortear la
BHE, lo cual explica la presencia de HDL asociadas a ApoA-I en el SNC pese a que
esta apolipoproteina no se expresa en cerebro!?. Asi, como ocurre para la
biosintesis de colesterol, la mayorfa de las lipoproteinas cerebrales también se
generan dentro del propio SNC. Los astrocitos y la microglia secretan las

apolipoproteinas mayoritarias en cerebro (ApoE y Apo]/Clusterin) y median la
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biogénesis de lipoproteinas a partir de estas dos apolipoproteinas mayoritarias a
través de transportadores de la familia ABC (Ej: ABCA1, ABCAS, ABCG1). Este
proceso continda con su maduracion a través de LCAT y CETP!38.13, El rol de las
lipoproteinas en cerebro es complejo y poco comprendido, aunque parecen
participar en diversos procesos fisiologicos, siendo necesarias para la homeostasis

cerebral y participando en la plasticidad sinaptical4’ y balance energético!4!-142,

Debido a las propiedades antioxidantes'#3, antiinflamatorias y vasoprotectoras!* que
presentan las HDL, se cree que variaciones en el metabolismo lipidico!'® y en los
niveles de HDL en la periferia pueden tener un efecto en la homeostasis cerebral.
Esta idea parece estar apoyada por observaciones realizadas en un modelo
experimental de EA y AAC (ratones transgénicos APP23)146147" en el que se ha
descrito que una dieta crénica rica en grasa increment6 la carga amiloide cerebral asi
como el deterioro cognitivo, alterando el lipidoma cerebral y la expresion de genes
reguladores de la apoptosis. En esta misma linea, ratones APP23 deficientes de
ABCA1 (transportador principal encargado de la biogénesis de lipoproteinas)
presentaron una mayor acumulaciéon [-amiloide cerebral'*¥, mientras que su
sobreexpresion promovié una bajada en la carga B-amiloide'. Esto resultados
también se han observado en el modelo experimental de EA APP/PS1 deficientes
de ABCA70) en el que se observd un agravamiento en la acumulaciéon de (-

amiloide cerebral.

Por otra parte, el nexo entre el metabolsimo lipidico y la acumulaciéon de AB
cerebral también ha sido demostrado en diferentes investigaciones clinicas en las
que se ha relacionado un bajo contenido de HDL en plasma con el estado cognitivo
de los pacientes. En un estudio con mas de 75.000 participantes se observaron
niveles mas bajos de HDL en los pacientes que presentaron demencial®! y en un
estudio longitudinal se observé que aquellos sujetos con altos niveles de HDL (>56
mg/ml) tenfan menos riesgo para desarrollar EA'52. Ademads, niveles bajos de HDL
y altos de LDL se han relacionado con B-amiloidosis cerebral'®. Por otra parte,
enfermedades  caracterizadas o  relacionadas con  dislipidemia, como
arterosclerosis!>, hipercolesterolemial®, hipertension!> y DMT21¢ se han

identificado como factores de riesgo para padecer deterioro cognitivo y/o EA.
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1.5- El rol de las apolipoproteinas en la B-amiloidosis

cerebral

Como se ha mencionado anteriormente, las apolipoproteinas son la fraccion
proteica de las lipoproteinas. Algunas de estas apolipoproteinas, principalmente las
mas expresadas en cerebro (ApoE y ApoJ) y también la apolipoproteina mayoritaria
en las HDL circulantes (ApoA-I) tienen una implicaciéon contrastada en la -

amiloidosis cerebral.

1.5.1- Apolipoproteina E (ApoE)

ApoE es una glicoproteina de 36 KDa altamente expresada en higado. Es la
apolipoproteina mayoritaria en cerebro y es principalmente secretada por astrocitos
y microglia, aunque las neuronas también son capaces de secretarlal>’. El estudio de
esta proteina ha recibido gran atencion debido a que el genotipo APOE se considera
el mayor factor de riesgo para padecer Alzheimer y AAC esporadicos. Se distinguen
tres alelos del gen APOE: E2 (C112-C158), E3 (C112-R158) y E4 (R112-R158) los
cuales alteran significativamente la funcionalidad de la proteina!>’-18 e influencian el
metabolismo del péptido AB. De esta manera, el alelo E4 se ha relacionado con un
mayor riesgo para padecer 3-amiloidosis cerebral!®, mientras que el alelo E2 se ha
considerado clasicamente protector frente a EA. Sin embargo, el alelo E2 también
se ha asociado como un factor de riesgo para padecer sangrados HIC asociados a
AACT160 - Ademas, ApoE colocaliza con las placas neuriticas y con los vasos
afectados por AACI0L162, Pese a que el rol de ApoE en la $-amiloidosis cerebral ha
sido extensamente estudiado, hasta la fecha no existe consenso sobre el papel
concreto que juega esta proteina. Pese a que la capacidad de ApoE de interaccionar
con el péptido AR se ha propuesto frecuentementel3, no se conoce si esta unioén
previene o facilita la  fibrilizacion, habiéndose obtenido  resultados
contradictorios!+165, Por otro lado, el rol de ApoE modulando la salida de AB a
través de la BHE mediante el receptor LRP1 también ha sido propuesto!®’,

reportando diferencias de rendimiento en este proceso entre los diferentes alelos
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(E2>E3>>FE4)1%, Sin embargo, otros estudios han observado que la capacidad de
interacciéon de ApoE con AR es casi nula en condiciones fisiologicas y que la
modulacion de ApoE sobre la eliminacion de AB serfa compitiendo por la unién al

receptor LRP1 en los astrocitos!¢”.

El rol de ApoE también ha sido evaluado en modelos animales de B-amiloidosis
cerebral. Asi, se observé que la deficiencia (Knock Out, KO) del gen Apoe en el
modelo de B-amiloidosis PDAPP provocé una disminucién de la acumulacion
cerebral de AP junto con una ausencia casi completa de placas amiloides y neuritas
distroficas!®s. Sin embargo, la expresion de APOE humana en el modelo PDAPP
tanto deficientes como no deficientes para Apoe murina, retrasé de forma
significativa la acumulacion del péptido AB. Ademas este efecto fue muy sensible a
la variante de APOE que se expresara (E2, E3 o E4)199. Estos resultados evidencian
que ApoE tiene un rol significativo influenciando el depdsito del material (-
amiloide. Sin embargo, el mecanismo subyacente es complejo y sigue bajo
investigacion!>’. El papel relevante de ApoE en la $-amiloidosis cerebral propone su
potencialidad como diana terapéutica. Sin embargo, actualmente existen muchos
interrogantes que se interponen en ello. Entre estos interrogantes, el mas palpable es
que pese a los grandes esfuerzos realizados, ain no existe acuerdo en si es mejor
aumentar o disminuir los niveles de ApoE humana con el objetivo de disminuir los
niveles de AB cerebral. Por ello, futuros estudios con modelos animales que arrojen
luz sobre este asunto tendran un gran impacto en el mejor conocimiento de la

patologfa.

1.5.2-Apolipoproteina A-I1 (ApoA-I y ApoA-I-M)

ApoA-I es la apolipoproteina mayoritaria asociada a las particulas HDL en sangre
(=116 mg/d])!"0. Esta proteina extracelular de 28 KDa se expresa y secreta
mayoritariamente en higado e intestino delgado y su estructura es muy rica en
hélices-o permitiendo su unién a fosfolipidos para la formacién de particulas HDL.
Su funcién mas descrita es el rol central en el TRC por lo que ha adquirido una gran

importancia clinica en enfermedades cardiovasculares. Por otro lado, su capacidad
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de interaccionar en diversas rutas bioquimicas la convierten en una proteina
multifuncional. Es este sentido, a parte de su rol central en el metabolismo lipidico,

se le atribuyen funciones antiinflamatorias y vasoprotectoras 171172,

Pese a que ApoA-I no se expresa en cerebro, ApoA-I se encuentra en LCR y su rol
en la B-amiloidosis cerebral ha sido discutido recientemente. Por un lado, el
polimorfismo G75A en el promotor del gen .APO.AT7 se ha descrito como un factor
de riesgo para desarrollar EA y se asocia con el deterioro cognitivo!73174, Ademas,
ApoA-I aparece ocasionalmente en depositos cerebrales de AB7> y se han detectado
bajos niveles circulantes de ApoA-I en suero y plasma de enfermos de EA176-178, En
pacientes con deterioro cognitivo leve, niveles bajos de ApoA-I circulante y altos en
LCR se han relacionado con riesgo para la progresion de la demencia, especialmente
en pacientes con el polimorfismo E4 en el gen APOE!. Finalmente, los niveles de

circulantes de ApoA-I se correlacionan con los niveles plasmaticos de AB4o en casos

de AACT80,

Por otra parte, ApoA-I es capaz de unirse a AB4 formando complejos estables
previniendo su agregacion y citotoxicidad 7z vitro'8L182, Pese a estas evidencias,
ratones mutantes deficientes para 4poal en el modelo murino de EA (PDAPP) no
mostraron ninguna diferencia en la carga amiloide cerebral!®?. Afios mas tarde, la
importancia del nexo existente entre la B-amiloidosis cerebral y ApoA-I volvi6 a
proponerse debido a un estudio en el que se administré un péptido mimético de
ApoA-I conjuntamente con estatinas en un modelo mutino de EA (APP/PS1). En
este estudio se observé una mejora del deterioro cognitivo y de la carga amiloide
cerebral, asi como una bajada en los marcadores de neuroinflamacion!s.
Posteriormente, dos estudios independientes en 2010 terminaron de consolidar la
implicaciéon de ApoA-l sobre la [-amiloidosis cerebral. Ratones del modelo
APP/PS1 deficientes pata Apoal presentaron un mayor empeoramiento de la
funcién cognitiva. Estos resultados no se pudieron explicar por un cambio en la
carga amiloide cerebral, aunque si se observé un aumento de la carga amiloide
vascular o AAC'®. Por otro lado, la sobreexpresion de ApoA-I en el modelo
murino APP/PS1, se tradujo en una prevencion del deterioro cognitivo. La carga

amiloide cerebral tampoco se vio afectada por la sobreexpresion de Apoal aunque,
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de nuevo, se observé una diminuciéon en la carga amiloide vascular!®0. Estos
resultados, plantean la hipétesis de que ApoA-I tiene un rol protector en la (-

amiloidosis cerebral especialmente en relacion al B-amiloide vascular o AAC.

1.5.2.1- Apolipoproteina A-I-Milano

ApoA-I-Milano (ApoA-I-M) es una variante genética natural del gen APOAT
descrita en una familia del norte Italia, producida por la sustituciéon de una arginina
por una cisteina en la posicion 173 (R173C)187.188, T.a mutacion R173C parece alterar
significativamente el comportamiento de la proteina. De este modo, los portadores
de la mutacién presentan niveles bajos de colesterol asociado a particulas HDL y
una hipertriglicemia moderada!®. Este perfil lipidico ha sido ampliamente
identificado como un factor de riesgo para padecer aterosclerosis y enfermedades
cardiovasculares. Paraddjicamente, los portadores de la mutacion Milano
presentaban una proteccion frente a estas enfermedades, por lo que ApoA-I-M se
concibe como wuna variante beneficiosa y protectora frente a enfermedades
cardiovasculares. Esta idea ha sido reforzada por varios estudios en los que ApoA-I-
M ha demostrado eficacia previniendo aterosclerosis en distintos modelos animales
(ratones ApoE-/- con dietas altas en grasa y conejos Nueva Zelanda sometidos a una
dieta rica en colesterol y sometidos a dos denudaciones adrticas)!?-1°2. En el mismo
sentido, ApoA-I-M ha mostrado propiedades antiinflamatorias y vasoprotectoras
unicas en distintos modelos animales de aterosclerosis. Asi, la administracién de
ApoA-I-M disminuy6 la estenosis adrtica en un modelo de aterosclerosis murino,
previniendo su estrechamiento y calcificacién, ademds de mostrar una gran
capacidad antiinflamatoria en un modelo 7z vitro a partit de valvulas adrticas
porcinas'®. La capacidad antiinflamatoria de ApoA-I-M parece superar la propia de
ApoA-I-tipo salvaje (wild tpe, ApoA-I-wt)!72. Asi se ha demostrado en estudios
previos en los que la administracion de ApoA-I-M en un modelo de aterosclesosis
de conejo, fue mas eficaz que la administracion de ApoA-I-wt previniendo la
presencia de macrofagos en la placa aterdtica adrtica, ademas de ser mas eficaz

disminuyendo marcadores de inflamacién!®?. Las propiedades vasoprotectoras de
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ApoA-I-M también se han observado un el modelo murino de aterosclerosis
(ratones deficientes de ApoE), en el que la administracion de ApoA-I-M mejord de
forma significativa la respuesta vasodilatadora dependiente de endotelio. Ademas,
este mismo estudio observé que ApoA-I-M es mas eficaz que la variante ApoA-I-wt
mejorando la respuesta vasodilatadora en un modelo 7z vitro a partir de arterias
carotidas de conejo!?®. Por ultimo, ApoA-I-M también parece tener mayores
propiedades antioxidantes que ApoA-I-wt, ya que ApoA-I-M fue mas eficaz

previniendo la oxidacion de fosfolipidos 7 vitro'%>.

Aunque el mecanismo de accion subyacente se ha estudiado en profundidad, cabe
destacar la existente falta de consenso respecto a los cambios en la funcionalidad
que genera la mutacion. Algunos estudios han mostrado una mayor capacidad de
ApoA-I-M de promover el eflujo de colesterol'?%197 pese a que otros estudios no
han mostrado diferencias!?%19%, Estructuralmente, se ha descrito un aumento en el
contenido de hélices-a?%, aunque estos resultados tampoco son consistentes!?. Por
otra parte, se ha descrito que ApoA-I-M es capaz de formar homodimeros mediante
puentes disulfuro?!, lo que le aporta la capacidad de generar HDL de distintos

tamafios que podrian tener distintas capacidades de interacciéon con receptores

como ABCAT1 y diferente catabolismo?0%203,

1.5.2.2- Estrategias terapéuticas basadas en ApoA-I-wt y ApoA-I-M

Como ya se ha mencionado con anterioridad, ApoA-I juega un rol central en el
metabolismo lipidico y en la prevencién de enfermedades cardiovasculares. Por ello,
tanto ApoA-I-wt como la variante genética ApoA-I-M han sido utilizadas como
estrategias  terapéuticas en ensayos clinicos dirigidos a enfermedades

cardiovasculares.

La eficacia de dos farmacos basados en ApoA-I-wt lipidada estan siendo estudiados
en ensayos clinicos. Por una parte, el efecto del farmaco CER-001 (Cerenis
therapeutics S.A) se ha analizado en un ensayo clinico de fase II en pacientes con

sindrome coronario agudo (NCT: 01201837). En base a los resultados prometedores
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obtenidos, en los préoximos meses se haran publicos los resultados de un nuevo
ensayo clinico recientemente finalizado (NCT02484378)204. Por otra parte, el
farmaco CSL-112 (CSL Behring S.A), también basado en la ApoA-I-wt purificada
de plasma lipidada esta en fase de desarrollo clinico en el que se estan obteniendo
resultados prometedores. Este farmaco ha mostrado ser seguro tras la
administracion en pacientes en fase aguda de infarto de miocardio y en pacientes
con aterosclerosis crénica, asi como ser eficaz promoviendo el eflujo de ésteres de
colesterol (NCT: 021008262 y 01499420) 205206, E] impacto terapéutico de CSL-112

sigue bajo investigacion.

También se ha estudiado la eficacia de ApoA-I-M lipidada con el farmaco ETC-216
desarrollado por Pfizer y posteriormente adquirido y mejorado por The Medicines
Company, siendo renombrado como MDCO-216. Este farmaco se basa en la
formulacion de ApoA-I-Milano recombiante producida de Escherichia coli (E. coli)
con fosfolipidos POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)?”. Por
un lado, la administraciéon intravenosa de ETC-216 en pacientes con sindrome
coronario agudo redujeron el volumen de la placa aterética?®s. Por otro lado, una
sola dosis de MDCO-216 fue suficiente para generar cambios significativos en la
composicion de las lipoproteinas y promover la movilizaciéon de ésteres de colesterol
207209 Ademas, recientemente ha finalizado un ensayo clinico randomizado en
pacientes con sindrome coronario agudo en el que se test6 la eficacia de MDCO-
216 reduciendo el volumen aterético total como objetivo primario. Sin embargo,
aunque el tratamiento resulté seguro, el tratamiento con MDCO-216 no mostro

diferencias en la reduccién del volumen aterético total (NCT02678923).

Pese a que los beneficios de ApoA-I-M han sido profundamente estudiados en el
contexto de las enfermedades cardiovasculares, su rol en la 3-amiloidosis cerebral no
ha sido estudiado hasta la fecha. Debido a la documentada implicacion de ApoA-I
en la B-amiloidosis cerebral y el avanzado estado de desarrollo de farmacos basados
en ApoA-I-M (MDCO-216), el estudio de los posibles beneficios de la
administracion de ApoA-I-M en modelos de EA y AAC podria tener un impacto

importante como futura estrategia terapéutica.
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1.5.3-Apolipoproteina J (Apo])

Apo], también conocida como clusterin (Clu) y codificada en el gen CLU, es la
segunda apolipoproteina mas expresada en cerebro después de ApoE. Apo] es una
proteina multifuncional, altamente glicosilada y heterodimérica de = 80 KDa,
compuesta por dos subunidades unidas por puentes disulfuro (x y B, =40 KDa).
Debido a su naturaleza de apolipoproteina, Apo] puede aparecer libre o formando
particulas HDL en el torrente sanguineo. Asi, se estima que un 20% de la Apo]
circulante va unida a HDLs?19211, Apo] también aparece en forma lipidada en el
SNC ya que se han detectado lipoproteinas asociadas a Apo] en LCR?'2. Estas
lipoproteinas asociadas a Apo] parecen sintetizarse de novo en cerebro secretadas por
los astrocitos y microglia y han sido descritas como lipoproteinas densas ricas en
fosfolipidos y pobres en colesterol esterificado?'?2!4. Sin embargo, a dia de hoy, el
rol especifico de las lipoproteinas asociadas a Apo] en cerebro es practicamente

desconocido.

Apo] participa en diversas rutas bioquimicas, como en la modulacién de la respuesta
inmune inhibiendo la activaciéon de la ruta del complemento?!>, modulando la
migracion de células endoteliales y favoreciendo la fagocitosis de restos de células
necroticas?10. Una de las principales propiedades de Apo] es su rol como chaperona
natural, uniéndose a proteinas con un plegamiento defectuoso y previniendo su
agregacion. De esta manera, Apo] codeposita con A fibrilar en placas neuriticas y
vasos cerebrales?!”.218 y se han detectado complejos AB-Apo] en LCR y plasma?1%-220,
La importancia de ApoJ en la B-amiloidosis cerebral se ha consolidado gracias a
estudios GWAS en los variantes del gen CLU se han identificado como factor de
riesgo para padecer EA221:222, De hecho, la variante genética rs11136000¢ en el gen
CLU, provoca una menor expresion de la proteina y se ha identificado como un
factor de riesgo para padecer EA, mientras que la variante rs11136000T genera
mayor expresion de CLU vy se ha identificado como una variante protectora frente a
EA?23224 En este sentido, niveles altos de Apo] en plasma se han relacionado con

mayor prevalencia y severidad de EA22>220, De esta manera, la deteccion de elevados
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niveles circulantes de Apo]J, se ha interpretado como una respuesta protectora frente

a la patologfa.

Por otra parte, se ha propuesto que Apo] tiene un efecto directo sobre la agregacion
del péptido AB y su aclaramiento. Asi, varios estudios zz vitro han demostrado que
Apo] es muy eficaz uniéndose al péptido AB formando complejos estables y
previniendo el elongamiento de las fibras 3-amiloides?>227:228, Cabe mencionar que
esta capacidad de prevencion de la agregacion es muy sensible al ratio ApoJ:AR, ya
que un ratio bajo parece favorecer la fibrilizaciéon de AP, mientras que una mayor
proporcion de Apo] previene de forma muy eficaz la agregacion®?. Ademas, acorde
a resultados experimentales zz vivo, el complejo Apo]:Af se elimina de forma mas
eficaz a través de la BHE mediante el receptor LRP2/megalin que el péptido AR
libre!323,  Finalmente, también se ha propuesto que Apo] puede facilitar la
fagocitosis del péptido AB por parte de la microglia a través de la interacciéon con el
receptor TREM24, aunque otros estudios proponen que Apo] dificulta la absorcion

de A por la glia?3!.

Sin embargo, el rol protector de ApoJ también ha sido discutido. En este sentido,
ratones PDAPP deficientes para C/u, presentaron un menor numero de depositos
amiloides, aunque el contenido de AB total no disminuy6?32. Curiosamente, ratones
PDAPP doblemente deficientes para Apoe y Clu, mostraron un aceleramiento severo
de la B-amiloidosis cerebral, mientras que los animales deficientes solamente para
Apoe o Clu no mostraron cambios en la carga B-amiloide total, proponiendo que
Apo] y ApoE estan conjuntamente implicados en los mecanismos de aclaramiento
de AB!65. Mas recientemente, un estudio en ratones APP/PS1 deficientes para Clx,
mostré una significativa disminucion de depositos de AR parenquimales, mientras
que los depodsitos de AR en los vasos leptomeningeos y arteriolas cerebrales
aumentaron de forma drastica. También se observd que la deficiencia de Cix
provocaba una bajada en el AR cerebral total (soluble e insoluble) y un aumento en
el ratio APio/ARs. Por otro lado, en este mismo estudio se observé una
disminucién en la tasa de eliminacion de AB4o del liquido intersticial en aquellos
animales que no expresaban Clx, proponiendo la importancia de Apo] para el

aclaramiento de AB4o. En base a estos resultados, se propuso que la ausencia de
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Apo] interfiere con el correcto funcionamiento de la via del drenaje perivascular e

imposibilita el correcto aclaramiento de Af40?33234,

En este contexto, el nexo entre Apo] y la B-amiloidosis cerebral, aunque no es
comprendido en su totalidad, esta apoyado por un gran numero de evidencias.
Debido a ello, actualmente se requieren nuevos estudios para poder testar el valor
terapéutico de farmacos dirigidos a alterar los niveles de Apo] circulantes o

cerebrales frente a las patologfas de EA y AAC.

1.6- HDL reconstituidas (tHDL)

1.6.1- Nanoparticulas lipidicas con aplicaciones biomédicas

Las propiedades anfifflicas de los fosfolipidos permiten la formacién de un gran
abanico de nanoparticulas lipidicas. En este contexto, los liposomas han sido los
mas extensamente estudiados. La formacion de liposomas se basa en la preparacion
de bicapas lipidicas concéntricas que permiten la encapsulacion de compuestos
hidrofilicos (en el nucleo acuoso de la particula) y lipofilicos (embedidos en la bicapa
lipidica) con fines terapéuticos o tecnoldgicos. La gran versatilidad de tamafio (de
escasos nanometros a varios micrometros), estructural (micelas, nanoparticulas no
lamelares, liposomas unilamelares y multilamelares entre otros) y funcional,
permitiendo su  funcionalizaciéon con un amplio abanico de opciones
(PEGlicaciones, carga negativa o positiva, particulas magnéticas, etc.), convierten a
las nanopaticulas lipidicas en una de las estrategias terapéuticas mas prometedoras

de los dltimos afos en el campo biomédico?%.

En este contexto, las particulas HDL reconstituidas (tHDL, reconstituted HDL) se
presentan en el campo de la nanociencia como una nueva nanoestructura lipido-
proteica de naturaleza sintética y de bajo costo que permite mimetizar la

funcionalidad de las HDIL..



50 | 1- INTRODUCCION

1.6.2- Naturaleza y formaciéon de las HDL reconstituidas

Tal y como se explicaba en apartados anteriores (ver 1.4.1), las HDL son un
ensamblaje bioquimico formado por lipidos polares y no polares emulsionados por
las apolipoproteinas. En estas estructuras los lipidos anfifilicos (fosfolipidos) forman
una monocapa en la superficie de las HDL, mientras que los lipidos hidréfobos no
polares (colesterol esterificado y triglicéridos) se encuentran en el nicleo generando
una particula esférica. I.a capacidad unica de las apolipoproteina de emulsionar los
lipidos, permite la reproduccion de este fendmeno en condiciones ex vivo>3°. En este
sentido, las HDL reconstituidas (fHDL) también conocidas como nanodiscos, son
nanoparticulas discoidales de unos pocos nanémetros de diametro compuestas por
fosfolipidos y apolipoproteinas (Figura 8A). Para producirlas se requiere una mezcla
de fosfolipidos y apolipoproteina bajo unas condiciones concretas. De esta forma, la
generacion de las tHDL se dara de forma espontanea debido a la capacidad de la
apolipoproteina de producir un cambio en su estructura secundaria, aumentado su
contenido en hélices-a y unirse a las colas hidréfobas de los fosfolipidos mediante

enlaces hibrofobos202.237,

Existen dos estrategias principales de formaciéon de rHDL. Por una parte, en la
estrategia de solubilizacion espontdnea, se parte de una solucion de fosfolipidos en
cloroformo que se evapora para dar lugar a la formacién de un film lipidico. Tras la
resuspension de este film en una solucion acuosa, los fosfolipidos se reorganizan en
bicapas lipidicas dando lugar a vesiculas multilamelares heterogéneas (MLV). A
continuacién, se homogeneiza el tamafno de los MLV y se afiade la apolipoproteina,
la cual, bajo las condiciones de incubacién adecuadas, es capaz de solubilizar las
bicapas lipidicas dando lugar a la formaciéon de los tHDL (Figura 8A). En la otra
estrategia, didlisis con colato, el film lipidico se resuspende con una soluciéon acuosa
suplementada con el detergente colato dando lugar a la formaciéon de micelas
mixtas'? (Figura 8B). La apolipoproteina se anade a dichas micelas y bajo las
condiciones de incubacién adecuadas, ademas de una dialisis extensa para eliminar el
colato, ocurre la formaciéon de los rHDL. Sin embargo, existen varias variables a

tener en cuenta durante la formacién de las estructuras. Las principales son la
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apolipoproteina utilizada, la composicion lipidica, el método de preparacion y la
estequiometria. La eleccion Optima de estos parametros dard lugar a nanoparticulas
rHDL de diferentes propiedades, tamafio y forma. Algunos ejemplos de la

preparacion de rtHDL estan resumidos en la Tabla 1.

A)Naturaleza de los nanodiscos rHDL

Fosfolipidos
+ colesterol libre

Apolipoproteina

B) Métodos de formacion
Solubilizacion espontdnea Didlisis con colato

N

,‘?‘i {Fi}; ’?gi f)ﬁ'ﬁ Tras la f?’%‘i fﬁ‘?{i fi‘g‘g {Fa}{ Tras la incubacion Tias
off o

incubacion & i la dialisis

,“}.‘m“! 3

5 oS oS

i ar e
Liposoma rHDL Liposoma Micela mixta fHDL
3‘? i Apolipoproteina «" Detergente colato {f‘ i Apolipoproteina

Figura 8: A) Naturaleza de las rHDIL. B) Métodos de formacién de los nanodiscos
rHDL.(Modificada de Bricarello et al, 2010!23).

La gran versatilidad de los nanodiscos es una de sus caracteristicas mas importantes,
ya que ha permitido su aplicaciéon en diversos campos de investigacion. Algunos
ejemplos de estas aplicaciones son su utilizacion para estudios estructurales de
proteinas transmembrana®¥ conversion quimica y energética mediante la
inmovilizaciéon de proteinas transmembrana fotoactivas?¥, aplicaciones biomédicas
funcionalizando las nanoparticulas rHDL con agentes antimicrobianos?,
encapsulando farmacos hidrofobos?*! y como herramienta de diagnodstico en
técnicas de imagen encapsulando contrastes magnéticos para RM?#2. Por otra parte,
debido al rol central que tienen las HDL en enfermedades cardiovasculares (ver

apartado 1.4), las tHDL también tienen también un gran valor terapéutico. De hecho,
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los farmacos CER-001, CSL-112 y MDCO-216 (ver apartado 1.5.2.2) se basan en la
formulaciéon de ApoA-I-wt y ApoA-I-M en forma de nanoparticulas tHDL.

Tabla 14: Parametros de formacién y caracterizacién de nanoparticulas tHDL  descritos en

literatura (Adaptado de Bricarello, 2010123).

Apolipoproteina Composicion  Método de  Estequiometria Forma Diametro Ref.
lipidica preparacion (M1/Mp) (nm)

ApoA-I PC Didlists con colato 90 a 189 Disco  10-26 28
ApoA-I DMPC S. Espontanea 101 Disco 9,5 244
ApoA-I DMPC-C Didlisis con colato 104 a 263 Disco  10-13 28
ApoA-I DPPC S. Espontdnea 1152233 Disco 9-19 246
ApoA-I DPPC-C S. Espontdnea 110 a 221 Disco  10-19 2es
ApoA-I DSPC-C Didlisis con colato 82 Disco 10 245
ApoA-I DOPC-C Didlists con colato 80 Disco 10 28
ApoA-I POPC-C Didlisis con colato 31a156 Disco 8-10 247
ApoA-I POPC-C-CE Didlisis con colato 68 Esfera 9,3 248
ApoA-II DMPC S. Espontdnea 44 a 245 Disco  11-24 249
ApoB DMPC S. Espontdnea 1125 Disco 24 20
ApoC-I PC-COL Didlisis con colato 18 Disco 12 21
ApoC-II PC-COL Didlisis con colato 22 Disco 18 2
ApoE POPC Didlisis con colato 58 Disco 11 252

Apo] POPC Didlisis con colato 200 Disco 20 258

AAbreviaciones: PC: Fosfatidilcolina; DMPC: Dimistiril-fosfatidilcolina; DPPC:  Dipalmitoil-
fosfatidilcolina; POPC: Palmitoil-fosfatidilcolina: DOPC: Dioleil-fosfatidilcolina; C: Colesterol; CE:
Colesterol esterificado; S. Espontdnea: Solubilizacion espontinea; Ml= Moles de lipido; Mp= moles de
proteina.

-amiloidosis

1.6.3- Potencial terapéutico de las HDL reconstituidas en la

cerebral

Por otro lado, debido a las alteraciones lipidomicas observadas en enfermos de EA,
el impacto de las tHDL también ha sido estudiado en modelos experimentales
murinos de $-amiloidosis cerebral. Una sola dosis del farmaco CSL-111 (ApoA-I-wt

formulada en nanodiscos tHDL) en el modelo murino de Alzheimer APP/PS1
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disminuy6 los niveles cerebrales de AB4o y AP42 soluble?*4, sin modificar el numero
de placas neuriticas. Por otro lado, el tratamiento crénico con tHDL reconstituidas
con ApoE3 en el modelo murino de envejecimiento SAMPS, disminuy6 el deposito
amiloide, la neuroinflamacién, los cambios neuroldgicos y el déficit cognitivo?.
Estos nanodiscos asociados a ApoE3 fueron funcionalizados con compuestos
neuroprotectores, como NAP (un péptido neuroprotector sintético) o a-mangosina,
demostrando la capacidad de atravesar la BHE, favorecer la eliminacion de
depositos amiloides mediante abosorcion por la glia y recuperar la pérdida de
memoria en el modelo de raton SAMP8236:27. A parte de ApoE y ApoA-I-wt, Apo]
también se ha formulado previamente en nanodiscos tHDL y se ha caracterizado
en el cotexto de la B-amiloidosis cerebral iz vitro. En este estudio se observé una
capacidad de interaccion con el péptido AP similar por parte de la Apo] libre como
de la lipidada 2%3. Sin embargo, se detecté una mayor afinidad de la ApoJ formulada
en tHDL por el receptor LRP2/megalin, el receptor mediante el cual interaccionan

los complejos AB-Apo] para su transporte a través de la BHE?%.
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2.1- Objetivo general

La B-amiloidosis cerebral, englobando la Enfermedad de Alzheimer (EA) y
Angiopatia Amiloide Cerebral (AAC), tiene un impacto socio-econémico devastador
en la sociedad, por lo que la busqueda de un tratamiento eficaz es uno de los
mayores retos del S.XXI. Un gran numero de evidencias sustentan actualmente el
rol del metabolismo lipidico y de las apolipoproteinas, ApoA-I y Apo], sobre la 3-
amiloidosis cerebral. Por ello, el objetivo principal de esta tesis es testar el valor
terapéutico de variantes de ApoA-I (rApoA-I-Milano) y Apo] (rApoJ formulada en
nanoparticulas tHDL) recombinantes humanas en modelos experimentales de B3-

amiloidosis cerebral.

2.2- Objetivos especificos

1. Produccién y purificacion de las proteinas humanas recombinantes
funcionales ApoA-I-wt, ApoA-I-M y Apo] (tApoA-I-wt, rApoA-I-M,
rApo)).

2. Testar la eficacia i vitro e in vivo de tApoA-I-wt y rtApoA-I-M en modelos

experimentales de 3-amiloidosis cerebral.

3. Optimizacién y caracterizacion de la formulaciéon de rApo] en nanodiscos

rHDL (nanodiscos tHDL-rApo]) en el contexto de la $-amiloidosis cerebral.

4. Testar la eficacia 7z vivo de la administracion de los nanodiscos tHDL-rApo]

o rApo] en un modelo experimental de $-amiloidosis cerebral.
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Beyond the crucial role of apolipoprotein A-I (ApoA-I) on peripheral cholesterol metabolism, this
apolipoprotein has also been implicated in beta amyloid (AB)—related neuropathologies. ApoA-I-Milano
(M) is a mutated variant, which showed increased vasoprotective properties compared to ApoA-I-wild
type in models of atherosclerosis and cardiovascular damage. We speculated that ApoA-I-M may also
protect AB-affected vasculature and reverse some of the pathological features associated with Alz-
heimer’s disease (AD). For this purpose, we produced and characterized human recombinant ApoA-I-

gg:l}:;f;ioi d wild type and ApoA-I-M proteins. Both of them were able to avoid the aggregation of AB in vitro,
ApoA-I even though recombinant ApoA-I-M was significantly more effective in protecting endothelial cells from
ApoA-I-Milano AP(1—42)-toxicity. Next, we determined the effect of chronic intravenous administration of rApoA-I-M in
Alzheimer’'s disease the APP23-transgenic mouse model of AD. We found reduced cerebral A levels in mice that received
APP23 rApoA-I-M, which were accompanied by a lower expression of astrocyte and microglia neuro-

Neuroinflammation inflammatory markers. Our results suggest an applicability of this molecule as a therapeutic candidate for

protecting the brain in AD.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is pathologically characterized by the
deposition of beta amyloid (AB) peptide in cerebral parenchyma
forming neuritic plaques and the intracellular accumulation of
hyperphosphorylated tau protein, which induce synaptic loss and
progressive neurodegeneration (Duyckaerts et al., 2009). In spo-
radic AD, several evidences support that lipid metabolism is related
to the processing, accumulation, and clearance of parenchymal A
(Hartmann, 2001). First, apolipoprotein E (ApoE), the most abun-
dant apolipoprotein in the brain, has been widely confirmed to
influence the development of AB-associated pathologies, as the
possession of the APOEe4 allele is the strongest genetic risk factor
for AD (Schmechel et al., 1993) and cerebral amyloid angiopathy
(CAA) (Greenberg et al., 1995). Furthermore, diseases characterized
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by alterations in the lipid profile, such as diabetes mellitus type 2
(Vagelatos and Eslick, 2013), atherosclerosis (Reitz et al., 2010), and
hypercholesteremia (Solomon et al., 2009), are defined as risk fac-
tors for developing AD (Stukas et al., 2014). In this context, apoli-
poprotein A-I (ApoA-I), the major component of high-density
lipoproteins (HDLs) in plasma and responsible for the transport of
cholesterol to the liver, has also been linked to AD pathology. ApoA-
I binds to circulating AP peptides (Koudinov et al., 1998) and was
found to be associated with A in occasional senile plaques in AD
brains (Harr et al,, 1996). Moreover, previous reports showed a
decrease in plasma ApoA-I in AD and dementia patients (Kawano
et al,, 1995; Saczynski et al., 2007) and this decrease correlated
with the severity of the disease (Merched et al., 2000). On the other
hand, in vitro studies showed the capacity of ApoA-I to bind and
prevent AP aggregation and toxicity (Koldamova et al., 2001; Paula-
Lima et al., 2009). Although ApoA-I was initially considered to be a
minor AP carrier (Ghiso et al., 1993) and APOA1 deficiency did not
modify the total Af load in a mouse model of AD (Fagan et al., 2004),
2 independent studies in 2010 emphasized again the involvement
of ApoA-I in AP regulation. These studies demonstrated that the
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overexpression (Lewis et al., 2010) or the lack of APOA1 (Lefterov
et al., 2010) specifically affected the AP deposition in cerebral
blood vessels or CAA, in addition to the modulation of the cognitive
function in transgenic mouse models of AD. On the other hand,
more recently, the acute administration of lipidated ApoA-I
(reconstituted HDLs) resulted in a reduction of soluble A levels
in amyloid precursor protein (APP)/presenilin-1 mice (Robert et al.,
2016). Thus, different pieces of evidence reinforce the idea that
ApoA-I-based therapies may also be considered to treat pathologies
associated with AP deposition. In this context, structural modified
ApoA-I forms can provide novel opportunities to improve some of
the protective properties attributed to this lipid carrier.

ApoA-I-Milano (M) is a natural variant of APOAT1 first discovered
in 1974 in individuals from northern Italy (Franceschini et al., 1980).
This mutation is caused by a cysteine substituting an arginine in the
173 position (R173C) (Weisgraber et al., 1983), facilitating the
homodimer formation through disulfide bonds (Alexander et al.,
2009a). Interestingly, although carriers of this variant exhibited a
lipid profile consistent with low HDL-cholesterol (HDL-C) and
moderate hypertriglycemia, ApoA-I-M seemed to confer protection
against the development of atherosclerosis and cardiovascular
disease (Sirtori et al., 2001). This finding was supported experi-
mentally, because the administration of different forms of recom-
binant ApoA-I-M resulted in the prevention of atherosclerosis
progression (Ibanez et al., 2008; Shah et al., 1998), an improvement
of endothelial dysfunction (Kaul et al., 2004) and enhanced vaso-
protective (Giannarelli et al., 2012), antioxidant (Bielicki and Oda,
2002) and anti-inflammatory properties (Ibanez et al., 2012;
Speidl et al., 2010) compared to that observed with the adminis-
tration of ApoA-I-wild type (wt). Furthermore, in humans, a ran-
domized controlled trial in patients with acute coronary syndrome
demonstrated that intravenous infusions of recombinant ApoA-I-M
(rApoA-I-M)/phospholipid complex (ETC-216, Pfizer) significantly
reduced the coronary atherosclerosis (Nissen et al., 2003). More
recently, the manufacturing process of ETC-216 has been improved,
and the compound has been renamed as MDCO-216 (The Medicines
Company) (Kallend et al., 2016).

From this background, our hypothesis was that the modulation
of the lipidic status by treatment with recombinant ApoA-I-M could
also ameliorate the features associated with cerebral Ap deposition.
Thus, our main objective was to determine the effect of chronic
intravenous administration of rApoA-I-M in APP23 mice as a
transgenic model of AD and CAA pathologies.

2. Materials and methods

2.1. Production and purification of human recombinant ApoA-I-wt
and ApoA-I-M

The production and purification methodology used to obtain
rApoA-I-wt is extensively described in Merino-Zamorano et al.
(2016). Briefly, pcDNA4.0 plasmids containing the cDNA of human
APOA-I-wt or APOA-I-M were used to transfect human embryonic
kidney 293T cells (HEK293T) cells. Cells producing the recombinant
proteins were grown in HYPERFlask systems (Corning Inc, New York,
NY, USA). Purification of the supernatants containing the rApoA-I-wt
or rApoA-I-M was performed with Ni-affinity chromatography in an
FPLC AKTA Purifier 100 System (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA) using HiScreen Ni FF columns (GE Healthcare
Bio-Sciences Corp.). After the elution of the proteins of interest, a
dialysis against phosphate-buffered saline (PBS) 0.1X and a lyophi-
lisation step were performed. Proteins were reconstituted in water,
and the concentration was assessed with the BCA assay (Thermo
Fisher Scientific, Waltham, MA, USA). Their purity was determined
by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) followed by Coomassie SafeBlue staining (Nzytech, Lis-
boa, Portugal) in reductive conditions and analyzed using Image]
software (https://imagej.nih.gov/ij/). Both recombinant proteins
showed >95% purity, and aliquots were stored at —80 °C until
their use.

2.2. Liquid chromatography-mass spectrometry analysis

The correct amino acid sequence of both recombinant proteins
produced was assessed by mass spectrometry. Briefly, the SDS-
PAGE gel slices containing the proteins of interest were cut and
digested using modified porcine trypsin (Promega, Madison, WI,
USA). The eluted peptides were dried in a SpeedVac and stored
at —20 °C until analysis by mass spectrometry. The tryptic digests
from excised bands were analyzed using linear ion trap Velos-
Orbitrap mass spectrometer (Thermo Fisher Scientific). Instru-
ment control was performed using the Xcalibur 2.1.0 software
package (Thermo Fisher Scientific). The analysis was carried out by
the Proteomics Facility of Vall d’Hebron Oncology Institute (VHIO,
Barcelona).

2.3. Thioflavin-T binding assay

The ability to prevent the aggregation of AB(1—40) and AB(1—42)
peptides was compared between rApoA-I-wt and rApoA-I-M using
the thioflavin T (ThT) binding methodology. AP(1—40) and
AB(1—42) (Anaspec, Fremont, CA, USA) 1-mM stock solutions were
prepared from lyophilized powders following the manufacturer’s
instructions to avoid aggregation. Aliquots were stored at —80 °C
until their use. The kinetic of AP fibrillization was studied over time
using different AB:Apo molar ratios: 13 pM of AP(1—40) or
AB(1—42) were mixed with 0.13 uM or 0.013 uM of ApoA-I-wt/
ApoA-I-M (1:0.1 and 1:0.01 molar ratio). The fibrillization state of
the samples was studied at 0, 2, 6, 24, and 48 hours after incubation
at 37 °C under vigorous agitation. To this end, 5 pL of freshly pre-
pared 0.1 mM ThT (Sigma-Aldrich; Saint Louis, MO, USA) and
50 mM Tris buffer (pH 8.5) were added to a final volume of 200 pL.
Fluorescence was recorded after 300 seconds in a fluorometer
(SynergyMx; Biotek, Winooski, VT, USA) at 435 nm/490 nm. Data
are represented in fluorescence intensity units subtracting the
value at t = 0 for each sample. All measurements are obtained from
3 independent experiments run in duplicate.

2.4. Treatments and cell viability analysis in cultured cells

The ability of rApoA-I-wt and rApoA-I-M to prevent AB(1—42)
cytotoxicity was determined wusing the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-
Aldrich) reduction assay in the cerebral human microvascular
endothelial cell line (human cerebral microvascular endothelial
cell/D3 cell line [hCMEC/D3]), which was kindly provided by Dr
Couraud, Cochin Institute, France (Weksler et al., 2005). Cells were
placed at 1 x 10° cells/mL in 24-well plates in wells precoated with
rat collagen I (1:50; Cultrex; Gaithersburg, MD, USA), grown in
EBM-2 medium (Lonza, Barcelona, Spain) supplemented with 1:2 of
the provided factors, human fibroblast growth factor-basic, vascular
endothelial growth factor, human epidermal growth factor, long
arginine 3- insulin-like growth factor 1, hydrocortisone, heparin,
ascorbic acid, 0.1% of gentamicin sulfate anphotericin-B (GA), and
2% fetal bovine serum (FBS), and maintained at 37 °C in a humidi-
fied incubator containing 5% CO, and atmospheric oxygen for
24 hours. First, the cytotoxic effect induced by AP(1—42) was
determined in hCMEC/D3. For this purpose, cells were treated with
1 or 10 pM of AB(1—42) in EBM-2 supplemented with 0.1% GA
during 24 or 48 hours. After the end of the treatment, cell viability
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was determined by adding 0.5 mg/mL of MTT, followed by incu-
bation for 2 hours at 37 °C. Then, the media was replaced by 200 pL
of dimethyl sulfoxide. The amount of formazan blue formed after
MTT reduction was quantified spectrophotometrically at 590 nm.
Once the optimal cytotoxic conditions were selected, cells were
then cotreated with 10 pM AB(1—42) and 1 uM rApoA-I-wt or 1 uM
rApoA-I-M in EBM-2 medium supplemented with 0.1% GA. Alter-
natively, cells were first treated with 10 uM AB(1—42) for 24 hours,
and then, the medium was replaced, and cultures were post-treated
with 1 puM rApoA-I-wt or 1 uM rApoA-I-M for 24 hours. Corre-
sponding cells were treated with PBS as vehicle. At the end of
treatments, cell viability was determined by the MTT reduction
methodology, as previously described. All results are presented as a
percentage of the MTT reduction in PBS-treated cells.

On the other hand, the effect of rApoA-I-wt and rApoA-I-M on
the citotoxicity induced by Ap(1—42) was also studied in the neu-
roblastoma cell line SH-SY5Y (Sigma-Aldrich). Cells were placed at
1 x 10° cells/mL in 24-well plates in wells precoated with rat
collagen I (1:50), grown in DMEM-F12 medium (Thermo Fisher)
supplemented with 20% FBS, 1% penicillin/streptomycin, and 1% of
essential amino acids and maintained at 37 °C in a humidified
incubator containing 5% CO, and atmospheric oxygen. Cells were
cotreated with 10 uM of AB(1—42) and 1 uM rApoA-I-wt or rApoA-I-
M in DMEM-F12 supplemented with 1% penicillin/streptomycin
and 1% essential amino acids for 24 hours. At the end of the treat-
ments, cell viability was determined by the MTT reduction meth-
odology, as previously described.

2.5. In vivo experiments

All procedures were approved by the Ethics Committee for An-
imal Experimentation of the Vall d’Hebron Research Institute
(protocol number 78/13) and conducted in compliance with the
Spanish legislation and in accordance with the Directives of the
European Union. Animals were maintained in climate-controlled
environment on a 12-hour light/12-hour dark cycle. Food and wa-
ter were available ad libitum. The stability of rApoA-I-M in plasma
was analyzed in 8-month-old C57/BL6 (Janvier, Saint Berthevin
Cedex, France) male mice. For the administration, animals were first
anesthetized under spontaneous respiration with isoflurane (5%) in
oxygen (2%) and then treated by retro-orbital injection, a reliable
method for intravenous (IV) delivery in mice (Yardeni et al., 2011).
Mice were treated intravenously with rApoA-I-M (at 2 mg/kg) at 7
different time points (5 minutes, 30 minutes, 1 hour, 3 hours,
24 hours, 48 hours, and 72 hours) before euthanasia. Blood was
then collected through cardiac puncture, and ethyl-
enediaminetetraacetic acid plasma was separated and stored
at —80 °C. Chronic treatment with rApoA-I-M or saline was carried
out in APP23 transgenic mice (Novartis, Basel, Switzerland). These
animals overexpress the APP protein containing the Swedish mu-
tation (K670M/N671L) under the Thy1 neuronal promoter. Hemi-
zygote B6, D2-TgN[Thy-APPSWE]-23-Tg mice (APP23) provided by
Novartis Institutes for BioMedical Research, Novartis Pharma AG
(Basel, Switzerland) were backcrossed twice with C57BL/6 mice
(Janvier). The APP genotype was tested by Transnetyx (Cordova, TN,
USA) from tail samples and hemizygote mice and wt littermates
were bred to reach the final study cohort. For the chronic in vivo
study, 16-month-old APP23 male mice received 24 IV doses (3
doses/week) of rApoA-I-M at 2 mg/kg (n = 10) or saline (n = 10) via
retro-orbital sinus. Mortality was not associated with the treatment
(xz = 0.531), as 1 mouse from the rApoA-I-M-treated group and 1
mouse from the saline-treated group were found dead before the
end of the treatment, and another mouse from the rApoA-I-M-
treated group died during the manipulation at the end of the
treatment.

To determine the ability of rApoA-I-M to promote Af efflux from
brain after IV administration, an acute single-dose treatment was
performed. To this end, APP23 male mice (n = 5) were anesthetized
under isoflurane flow. and plasma was obtained through retro-
orbital puncture. Forty-eight hours later, animals were treated
with 2 mg/kg of rApoA-I-M, as previously described. Finally, 1 hour
after administration, animals were anesthetized under isoflurane
flow and euthanized, followed by blood collection through cardiac
puncture.

2.6. Tissue processing

After 12 hours of fasting conditions, mice subjected to the
chronic treatment were anesthetized under isoflurane flow and
euthanized 24 hours after the last treatment administration. Blood
was collected through cardiac puncture and transcardial perfusion
with 25 mL of cold 0.1 M PBS, pH 7.4. Brains were rapidly removed
and divided into hemispheres. The first hemisphere was quickly
frozen at —80 °C for posterior homogenization. The other hemi-
sphere was drop fixed in 10% formalin (Diapath, Martinengo, Italy)
solution at room temperature (RT) for 48 hours before paraffin
embedding.

2.7. Brain homogenates

Soluble, membrane-associated and insoluble protein fractions
were obtained from each hemisphere of the mice. Brain tissue was
homogenized in 4 mL of tris-buffered saline (pH = 7.4) supple-
mented with cOmplete, ethylenediaminetetraacetic acid-free pro-
tease inhibitor cocktail (Roche Diagnostic, Mannheim, Germany),
and the samples were centrifuged at 8000g for 30 minutes at 4 °C.
The supernatant was selected as the soluble AP fraction, whereas
the pellet was homogenized in 4 mL of tris-buffered saline sup-
plemented with 1% Triton X-100 and protease inhibitors (pH = 7.4).
Samples were subjected to centrifugation at 8000g for 30 minutes
at 4 °C. The supernatant was selected as the membrane-associated
fraction, whereas the pellet was homogenized in 4 mL of 5M gua-
nidine (Sigma-Aldrich) supplemented with protease inhibitors
(pH = 8). Samples were then maintained in shacking conditions for
3 hours at RT, followed by centrifugation at 8000g for 30 minutes at
4 °C. The new supernatant was selected as the insoluble fraction,
and the pellet was discarded. Selected fractions were aliquoted and
stored at —80 °C until their use.

2.8. Enzyme-linked immunosorbent assay

AP was quantified in plasma and soluble, membrane-associated
and insoluble protein fractions from brain homogenates with the
commercial enzyme-linked immunosorbent assay (ELISA) kits for
both AB(1—40) (KHB3481) and AB(1—42) (KHB3441, Thermo Fisher
Scientific). The levels of interleukin-18 (IL-1B) were measured in
soluble brain homogenates with commercial ELISA for mouse IL-1f3
(Affymetrix, Santa Clara, CA, USA). Human ApoA-I ELISA (Ab108803,
Abcam, Cambridge, UK) was used to detect the presence of rApoA-I-
M in mouse plasma and brain after the acute or chronic IV treat-
ment (samples processed 1 or 24 hours after the last infusion,
respectively), following the manufacturer’s instructions.

2.9. Immunohistochemistry

A series of 3 paraffin-embedded sagittal sections were selected
800 um apart, starting from the division of the hemispheres. All
samples were deparaffinized for 1 hour at 65 °C and treated with 2%
H,0; and 10% methanol diluted in PBS for 15 minutes. The sections
were incubated during 1 hour in blocking solution (PBS, 0.2%
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Triton-X, 10% FBS and 1.5 g/mL glycine) and, then, incubated over-
night (ON) at 4 °C with an anti-human AB monoclonal antibody
(AP4G8, Covance, Princeton, NY, USA) diluted 1/5000 in blocking
solution. After that, slices were incubated with biotinylated
a-mouse IgG (Vector Laboratories, Burlingame, CA, USA) diluted
1/200 in blocking solution for 1 hour at RT and then 1 hour with
streptavidin-HRP (Vector Laboratories) diluted 1/200 in blocking
solution. Finally, diaminobenzidine (Dako, Denmark) was applied
until a brown end-product was visualized and contrast staining was
done with Harris hematoxylin solution (Sigma-Aldrich). The num-
ber of AP deposits larger than 50 pixels® was counted from each
section using Image] Software. The mean number of deposits for
each mouse was obtained from the analysis of the 3 brain sections.

Immunohistochemistry to detect neuronal loss in mice brains
was performed following the same methodology using mouse anti-
neuronal nuclear antigen (NeuN) (1/200; Millipore). The NeuN-
positive cell quantification was done in cortex and hippocampus
(CA1, CA3, and polymorphic layer of dentate gyrus) of paraffin-
embedded sagittal sections. In each condition, 3 independent im-
ages were obtained from brain areas obtained at 40 x magnification.
In each image, NeuN-positive cells were counted in 3 different
random squares of 150 pm? in cortical areas, whereas for the
different regions of the hippocampus, squares of 100 pm? were

used. Results are presented as the mean of counted cells per mm?.

2.10. Thioflavin S staining

Thioflavin S (ThS) staining was carried out to visualize the
fibrilar A deposits in the mouse brains after the treatment. After
deparaffinization, series of 3 sagittal sections selected 800 um
apart, were immersed in 1% ThS (Sigma-Aldrich) dissolved in
ethanol 75% during 30 seconds. The excess of ThS was drained and
the slices were again immersed in 0.1% ThS in ethanol 75% for
1 minute, then, sections were dehydrated, and DAPI (4',6-dia-
midine-2’-phenylindole dihydrochloride) was used as contrast
staining before mounting the preparations.

2.11. Resorufin staining

For vascular-specific amyloid detection, resorufin staining was
performed using paraffin-embedded mice brain hemispheres
following the protocol previously described (Han et al., 2011).
Briefly, all samples were deparaffinized for 1 hour at 65 °C, washed
3 times in PBS during 5 minutes and permeabilized in PBS-0.25%
Triton X-100 for 30 minutes. Samples were then stained with
resorufin 1 mM (Sigma-Aldrich) diluted in PBS-0.25% Triton X-100
for 5 minutes. After 3 washes in PBS, followed by a wash in PBS-
50% ethanol for 3 minutes, samples were dehydrated and DAPI
(Vector Laboratories) was used as contrast staining before
mounting the preparations. The vascular amyloid deposition was
calculated by determining the fluorescent-positive area (pixels®)
in the brain with Image] Software. The mean vascular positive area
for each mouse was obtained from the analysis of the 3 brain
sections.

2.12. Immunofluorescence combined with ThS staining

The expression of glial fibrillary acidic protein (GFAP) or cluster
of differentiation 68 (CD68), as markers of reactive astrocytes and
phagocytic microglial cells respectively, was determined by
immunofluorescence. Deparaffinized samples were subjected to
antigen retrieval process through the immersion of samples in
sodium citrate buffer (10 mM sodium citrate, 0.05 % tween 20,
pH = 6) at 95 °C for 30 minutes. Then, samples were incubated
during 1 hour in blocking solution (PBS, 0.2% Triton-X, 10% FBS and

1.5 g/mL glycine) and incubated ON at 4 °C with mouse anti-GFAP
(Thermo Fisher) diluted 1/200 in blocking solution or rabbit
anti-CD68 (Abcam) diluted 1 pug/mL in blocking solution. Samples
were incubated with the corresponding Alexa Fluor 563-labeled
a-rabbit IgG or o mouse IgG diluted 1/200 in blocking solution.
Finally, sections were stained with ThS staining, as previously
described, and DAPI was used as nuclear contrast staining before
mounting the preparations.

2.13. Plasma lipid profile

Fasting total cholesterol (TC), HDL-C, and triglyceride (TG) levels
in the mouse plasma were analyzed automatically using an AU
5800 analyzer (Beckman Coulter, Pasadena, CA, USA), located in
Clinic Laboratories in Vall d’'Hebron Hospital (Barcelona, Spain).
Reagents were purchased from Beckman Coulter, and the quanti-
fication was done following the manufacturer’s instructions. The
level of low-density lipoprotein (LDL-C) was calculated by sub-
tracting the HDL-C levels from the TC levels.

2.14. Western blotting

For the immunodetection of different protein profiles, 1 uL of
plasma or 80 pg of brain homogenates (soluble or membrane-
bound fraction) was loaded in a 12% acrylamide SDS-PAGE under
reducing conditions. Then, the gels were transferred to nitrocel-
lulose membranes (Amersham Bioscience, Amersham, UK) for
1 hour at 100 V. Blocking was done in 10% nonfat milk for 1 hour,
followed by ON incubation at 4 °C with specific antibodies diluted
1/1000 in blocking solution. The primary antibodies used were
rabbit anti-human ApoA-I (1/1000) (Abcam), goat anti-mouse
ApoA-I (1/1000) (Novus, Littleton, CO, USA), rabbit anti-ApoE (1/
1000) (Abcam), goat anti-apolipoprotein J (ApoJ) (1/1000) (R&D
Systems, Minneapolis, MN, USA), rabbit anti-LRP1 (1/1000) (lipo-
protein receptor protein-1; Calbiochem, San Diego, CA, USA), goat
anti-RAGE (1/1000) (receptor for advanced glycosylated end-
products; R&D Bioscience), mouse anti-ABCA1 (1/1000) (ATP-
binding cassette-A1; Abcam), rabbit anti-mouse SRB-I (1/500)
(scavenger receptor-B-I; Abcam), rabbit-neprilysin (1/1000)
(Neprilysin; Abcam), rabbit-IDE (1/2000) (insulin degrading
enzyme; Abcam), rabbit anti-GFAP (1/1000) (glial fibrillary acidic
protein; Sigma-Aldrich), rat anti-CD68 (1/1000) (cluster of differ-
entiation 68; Abcam), rabbit anti-mouse IBA-1 (1/2000) (ionized
calcium-binding adapter-1; Wako-Chem, Richmond, VA, USA),
mouse anti f-actin (1/10,000) (Sigma-Aldrich), mouse anti-GAPDH
(1/2000) (glyceraldehyde 3-phosphate dehydrogenase; Thermo
Fisher Scientific), rabbit anti-APP (1/5000) (Alzheimer precursor
protein; Millipore, Madrid, Spain) to determine full-length APP and
a-CTF and B-CTF fragments, mouse anti-sAPPa (1/1000) (soluble
APP alpha-fragment; Takara, Kusatsu, Japan) and mouse anti-sAPPJ
(1/1000) (soluble APP Beta-fragment; Takara). Membranes were
next immunoreacted with HRP-conjugated antibodies diluted in
blocking solution for 1 hour at RT. Anti-rabbit-HRP (1/1000) (GE
HealthCare Bio-Sciences Corp.), anti-mouse-HRP (1/1000) (GE
HealthCare Bio-Sciences Corp.), anti-Rat-HRP (1/2000), or anti-
goat-HRP (1/5000) (Sigma-Aldrich) were used as HRP-conjugated
antibodies. Membranes were further developed by enhanced
chemiluminescence using PierceECL Western Blotting Luminol/
Enhancer and Stable Peroxide solutions (Thermo Fisher Scientific).
The amount of target protein was quantified by measuring the in-
tensity of the corresponding band using Image] software. The
expression of B-actin or glyceraldehyde 3-phosphate dehydroge-
nase was used as a loading control when analyzing proteins
expressed in the brain.
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Fig. 1. Production and characterization of human recombinant ApoA-I-wt and ApoA-I-Milano (M). (A) Coomassie blue-stained gel and (B) Western blot showing anti-ApoA-I of
purified rApoA-I-wt, rApoA-I-M, and human native protein (nApoA-I). (C) Mass spectrometric analysis of the sequences of rApoA-I-wt (containing an arginine residue at position
173) and rApoA-I-M (containing a cysteine at position 173) proteins. (D) In vitro functional test: ThT fluorescence intensity of AB(1—42) and AB(1—40) after the incubation with or
without rApoA-I-wt or rApoA-I-M at 37 °C over time (concentration ratio AB:rApoA-I = 1:0.01 and 1:0.1). “p < 0.01, “p < 0.05 AP versus A: rApoA-I-M 1:0.1. ®p < 0.05 Ap versus
AP: rApoA-I-wt 1:0.1. Abbreviations: AB, beta amyloid; ApoA-I, apolipoprotein A-I; rApoA-I, recombinant ApoA-I; ThT, Thioflavin T; wt, wild type.

For the determination of SDS-stable rApoA-I-M/AB complexes,
nonreductive SDS-PAGE was performed. For this purpose, 1 pL of
plasma from acutely treated and nontreated APP23 or wt mice was
loaded in 10% acrylamide SDS-PAGE (without 5% B-merpactoetha-
nol or sample heating). Gels were transferred into nitrocellulose
membranes as previously described. rApoA-I-M was detected using
the rabbit-anti-human ApoA-I antibody and the AB-linked species
with the anti-human Ap monoclonal antibody AB4G8.

2.15. Statistical analysis

GraphPad Prism 5 was used for statistical analysis. The
normality was checked with the Shapiro-Wilk normality test. The
significant differences were assessed using t test or analysis of
variance with Dunnett’s multiple comparison post hoc tests as
appropriate. The data represent the mean =+ standard error of the
mean, unless specified otherwise. A p-value <0.05 was considered
statistically significant.

3. Results

3.1. Production and characterization of human recombinant ApoA-
I-wt and ApoA-I-Milano (M)

Highly pure recombinant ApoA-I and ApoA-I-M variants were
produced from stable transfection of cultured HEK293T cells. Coo-
massie protein staining and Western blot demonstrated that both
recombinant proteins showed a higher molecular weight than the
native ApoA-I purified from human plasma. The recombinant pro-
teins contain a c-Myc tag and a polyhistidine tag at the N-terminus
for their purification that conferred a 4.81 kDa increase in their
molecular weight (Fig. 1A and B). The analysis of the amino acid
sequences confirmed that the rApoA-I-M variant had a cysteine

residue at position 173 (R173C) (Fig. 1C). The functionality of rApoA-
I-wt and rApoA-I-M was assessed by ThT AB-binding assay, which
demonstrated that both of them were equally able to avoid the
aggregation of AP(1—42) and AB(1—40) peptides in vitro at the
higher concentration rate assayed. The kinetics of the reaction of Ap
coincubated with the rApoA-1 proteins (concentration ratio 1:0.1)
presented a reduced ThT intensity plateau than the corresponding
AB(1—42) or AB(1—40) samples (Fig. 1D).

3.2. Effect of rApoA-I-wt and rApoA-I-M on the cytotoxicity induced
by AQG in cultured cerebral endothelial cells

The capability of rApoA-I-wt and rApoA-I-M to prevent the
cytotoxicity induced by AB(1—42) peptide in vascular brain cells
was tested. First, the proper experimental conditions were selected
by determining the cell viability reduction induced by increasing
doses of AB(1—42) at different time points in cerebral microvas-
cular endothelial cells (hCMEC/D3; Suppl. Fig. 1A). Next, we
observed that both rApoA-I-wt and rApoA-I-M were able to protect
the cultured endothelial cells when they were cotreated with
10 uM AB(1—42) for 24 hours (Fig. 2A). Because we previously
determined that rApoA-I-wt and rApoA-I-M were equally able to
prevent the aggregation of AB(1—42), we next wanted to analyze
whether these apoliproteins also exhibited cytoprotective prop-
erties without considering their AR binding effect. Therefore,
hCMEC/D3 cells were treated with 10 uM AB(1—42) for 24 hours
and post-treated with or without 1 uM rApoA-I-wt or rApoA-I-M
for another 24 hours. In this case, we found that rApoA-I-M was
significantly more effective than rApoA-I-wt in protecting brain
endothelial cells from AB(1—42)-toxicity (Fig. 2B). In fact, rApoA-I-
wt did not modify the reduction in cell viability induced by
AP(1—42) after the 24-hour incubation. Isolated treatment with
rApoA-I-wt or rApoA-I-M did not influence hCMEC/D3 viability in
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any of the approaches. We also tested the protective potential ef-
fect of rApoA-I-wt or rApoA-I-M in the neuroblastoma cell line SH-
SY5Y, as an in vitro model of neuronal function. However, in this
case, the cotreatment with the recombinant proteins did not
modify the cell viability reduction induced by Ap(1—42)
(Suppl. Fig. 1B).

3.3. AB levels in old APP23 mice chronically treated with rApoA-I-M

From our in vitro results and previous literature showing the
vasoprotective properties of the mutated ApoA-I compared to the
wt variant (Bielicki and Oda, 2002; Cimmino et al., 2009; Ibanez
et al., 2012), we planned to specifically determine the effect of

chronic treatment with rApoA-I-M in an AD experimental model
in vivo. For this purpose, we first confirmed the stability of the
human recombinant protein in mouse plasma after an IV admin-
istration (2 mg/kg of rApoA-I-M) at different time points. The dif-
ference in the molecular weight of the infused human recombinant
protein (rApoA-I-M) in comparison to the plasma mouse ApoA-I
protein analyzed by Western blot allowed us to determine that
rApoA-I-M was circulating in the bloodstream up to 72 hours after
its administration (Fig. 3A and B).

Next, 16-month-old APP23 transgenic mice were given a
chronic treatment of 2 mg/kg of rApoA-I-M, which consisted of 3
doses per week for 8 weeks (24 doses) in order to ensure a
continuous load of rApoA-I-M in circulation during the procedure
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Fig. 3. Plasma stability of rApoA-I-M in mouse plasma. (A) Western blot anti-ApoA-I of plasma samples from mice treated intravenously with 2 mg/Kg rApoA-I-Milano (M) after
different time points. C+: 50 ng rApoA-I-M recombinant human ApoA-I-M. (B) Representation of the presence of the rApoA-I-M molecule in mouse plasma after a single IV dose. (C)
Time diagram showing the experimental design of the study based on the chronic treatment of 16-month-old APP23 mice with rApoA-I-Milano or saline. Abbreviations: ApoA-I,
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(Fig. 3C). The age for starting the treatment was selected according
to the progression of cerebral AR deposition in the APP23 trans-
genic line (Suppl. Fig. 2). Mice that received chronic doses of
rApoA-I-M did not show differences in weight, appearance, or
behavior compared to that of the saline-treated group. After
8 weeks of treatment, we found reduced levels of membrane-
bound and insoluble AB(1—40) and AB(1—42), as well as lower
soluble AB(1—40) levels, in the 18-month-old mice that received
rApoA-I-M compared to that observed in the saline-treated group
as determined by ELISA (Fig. 4A). The concentration of Ap(1—40)
and AB(1—42) in plasma obtained 24 hours after the last admin-
istration was also analyzed by ELISA, although plasma AB(1—42)
was not detected in mice. We did not find differences in plasma
AP(1—40) levels among APP23-treated groups. As expected, wt
mice did not present detectable AB(1—42) or AB(1—40) in the brain
or plasma. We also found less parenchymal A deposits, deter-
mined by immunohistochemistry (Fig. 4B) and fewer fibrilar Ap
deposits, determined by ThS staining (Fig. 4C), in rApoA-I-M-
treated APP23 mice. The intravenous treatment with rApoA-I-M
also resulted in a reduction of CAA load (Fig. 4D), determined by
resorufin staining which preferentially binds cerebrovascular am-
yloid deposits over plaques.

3.4. Effect of acute rApoA-I-M treatment on A plasma levels

With the aim to detect whether rApoA-I-M was able to bind AB
in vivo, we acutely treated APP23 mice with 2 mg/Kg of rApoA-I-M
and obtained plasma 1 hour after the administration (Fig. 5A). First,
when AB(1—40) levels were determined by ELISA in plasma before
and after the rApoA-I-M administration, we observed a significant
increase in circulating AB(1—40) levels in all mice analyzed (Fig. 5B).
We then examined if we were able to identify rApoA-I-M/AB
complexes in those plasma samples obtained only 1 hour after the
treatment by nonreductive SDS-PAGE and Western blot. As shown

in the new Fig. 5C, we detected SDS-stable species (~40 KDa) that
were recognized by both anti-human ApoA-I and anti-Af anti-
bodies only in plasma from rApoA-I-M-APP23—treated mice, sug-
gestive of complexes formed by rApoA-I-M/Af. In plasma from
nontreated and treated wt mice or nontreated APP23 mice, com-
plexes were not detected.

3.5. Effect of peripheral chronic treatment with rApoA-I-M on APP
processing and expression of A@ clearance receptors

We evaluated whether the lower levels of AB(1—42) and
AB(1—40) in the brains of mice that received rApoA-I-M could be
explained by a modification of APP processing or the AP clearance
induced by the treatment. Fig. 6A demonstrates that there was no
difference in brain levels of full-length APP expression or in the
presence of the secreted APP fragment products (sAPPa and
sAPPB) and C-terminal APP fragments (a-CTF and B-CTF), indi-
cating that chronic rApoA-I-M administration did not modify the
processing of APP. We also confirmed that the expression of LRP-1
and RAGE, receptors involved in AB clearance at the blood-brain
barrier (BBB), were not altered by the treatment with rApoA-I-M
(Fig. 6B). The expression of insulin-degrading enzyme and nepri-
lysin, which are 2 of the principal enzymes involved in AfB
degradation, was also not different in brains from saline or rApoA-
[-M—treated mice (Fig. 6C).

3.6. Brain inflammatory status of APP23 mice chronically treated
with rApoA-I-M

We determined the effect of the peripheral rApoA-I-M chronic
treatment in brain inflammation through the evaluation of spe-
cific markers. We observed that the treatment effectively reduced
glial reactivity, as assayed by the presence of GFAP, as well as
activated microglia. Indeed, brains from rApoA-I-M—treated mice
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showed a lower expression of the phagocytic microglia marker
CD68, but no detectable changes in the brain expression of the
resting microglia marker ionized calcium-binding adapter-1
(Fig. 7A). Immunofluorescence analysis confirmed the expression
of GFAP in reactive astrocytes, as well as the CD68 positivity in
cells surrounding the AP plaques in old APP23 mouse brains
(Suppl. Fig. 3). On the other hand, the analysis of IL-1f levels in the
soluble fraction of brain homogenates determined by ELISA
showed a trend towards a reduction in the rApoA-I-M—treated
mice compared to that of the saline-treated group (1.18 & 0.13 vs.
2.15 + 0.46 pg/mg brain, respectively; p = 0.089), presenting
comparable levels to the wt mouse brains (1.26 + 0.20 pg/mg
brain). Moreover, the concentration of the proinflammatory
cytokine IL-1B was positively correlated with soluble and insol-
uble levels of AB(1—42) and AB(1—40) in the whole APP23 mice
cohort, confirming the relevant neuroinflammation associated
with the AP deposition in this model (Fig. 7B). Neuroinflammation
in APP23 mice was associated to fewer NeuN-positive cells in the
CA1 area of the hippocampus compared with wt mice. However,
rApoA-I-M treatment did not alter the neuronal loss in this area
(Suppl. Fig. 4).

3.7. Lipidic profile of APP23 mice chronically treated with
rApoA-I-M

Because APOA1-M carriers show an altered lipidic profile in
plasma (Franceschini et al., 1980; Sirtori et al., 2001), we next
analyzed whether the 2 months of treatment with rApoA-I-M
could influence those parameters in mice. Twenty-four hours af-
ter the last infusion, we found indistinguishable levels of TC, HDL,
LDL, and TGs in fasting plasma of rApoA-I-M- or saline-treated
mice compared to the profile in wt mice (Fig. 8A). We also eval-
uated whether the treatment with rApoA-I-M resulted in a
compensatory effect on the levels of ApoA-I, as well as on the most
relevant apolipoproteins in the brain. An increased level of human
ApoA-I, corresponding to the human recombinant protein used for
the treatment, was confirmed in the rApoA-I-M-treated group
(Fig. 8B). However, no differences between groups were obtained
either in the plasma levels of mouse ApoA-I and ApoE or in the
brain expression of ApoE and Apo] (Fig. 8B and C). The treatment
with rApoA-I-M did not alter the expression of cerebral ABCA1 or
SRB-I (Fig. 8D), which are considered the key mediators of the
cellular cholesterol efflux pathway. On the other hand, the
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p < 0.01, N = 8/group. (B1)

IL-1B levels determined by ELISA in the soluble protein fraction of brain homogenates of rApoA-I-M and saline-treated mice compared to the values obtained in wt mice, as
indicated by the reference line in the graph. N = 8/group. (B2) Scatter plot and correlations between brain IL-1f levels and soluble and insoluble AB(1—40)/AB(1—42) in APP23.
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expression of mouse ApoA-I was undetectable in the brain
analyzed either by Western blot or immunohistochemistry (data
not shown). Furthermore, after an acute or chronic IV adminis-
tration, rApoA-I-M was not detected in brain (processed 1 hour or
24 hours after the last infusion) by Western blot or ELISA (Suppl.
Fig. 5), which suggested that the rApoA-I-M did not cross the
BBB and supported the fact that it did not act via binding to
cerebral Af.

4. Discussion

Currently, there is no treatment that improves the outcome of
patients suffering from AB-related pathologies, such as AD or CAA.
Therefore, proteins that bind Ap material, prevent its aggregation,
and modulate its transport may be powerful therapeutic tools. In
this study, we have investigated the impact of a chronic peripheral
treatment based on the intravenous administration of a natural
variant of ApoA-I. The implication of ApoA-I in AD is not completely
elucidated. Beyond its proposed role in preventing the formation of
AB fibrils in vitro (Koldamova et al., 2001; Merino-Zamorano et al.,
2016; Paula-Lima et al., 2009) or acting as an AB-peripheral trans-
porter (Ghiso et al.,, 1993; Koudinov et al., 1998; Montafiola et al.,
2016), ApoA-I/HDL possesses vasoprotective, anti-inflammatory,
and antioxidative properties (Mineo and Shaul, 2012) that makes
ApoA-I-based therapies a suitable tool not only for coronary artery
disease but also for cerebral B-amyloidosis. In fact, epidemiological
data suggest that AD and cardiovascular disease share common risk
factors, such as high blood pressure, high total plasma cholesterol,
and severe atherosclerosis (Hofman et al., 1997; van Oijen et al,,
2007). In this context, the main objective of this study was to

particularly determine the effect of the ApoA-I R173C-mutated
protein (ApoA-I-M variant) in an experimental model of AD. For this
purpose, we first produced and purified recombinant ApoA-I-M and
ApoA-I-wt proteins from human cultured cells. We confirmed that
both proteins were functional and equally effective in preventing
the formation of high molecular species of AB(1—40) and Ap(1—42).
This result suggested that the R173C mutation did not confer a
change in the conformation that interfered with the AB binding
affinity. Thus, rApoA-I-M seemed to maintain the capacity of ApoA-I
to act as an AP chaperone (Koldamova et al., 2001; Paula-Lima et al.,
2009). We then tested their capability to avoid the cell viability
reduction induced by AB(1—42) in brain endothelial cells. To our
knowledge, this is the first time that cerebrovascular cells were
challenged with the rApoA-I-M variant. We found that when the
recombinant proteins were postincubated in AP(1—42)-damaged
cells, only the rApoA-I-M had a protective impact, suggesting that
this mutated form presented vasoprotective properties, beyond the
AP binding effect.

The next step was to determine the effect of rApoA-I-M in an
in vivo AD model. Among the different APP transgenic models, the
APP23 mouse model was selected because it is characterized by a
prominent vascular amyloid deposition and resultant amyloid
angiopathy, in addition to the increasing number of fibrillar AB
plaques with age (Sturchler-Pierrat et al., 1997). After confirming
that the human protein rApoA-I-M was relatively stable in mouse
plasma after its [V administration, a chronic treatment for 8 weeks
(3 doses/week) was carried out in old APP23 mice. The treatment
showed efficacy since the cerebral AP levels were significantly
reduced in mice that received rApoA-I-M compared to that in the
saline-treated mice. In particular, we found not only lower levels of
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membrane-bound AB(1—40) and AB(1—42) and soluble AB(1—40)
but also decreased levels of insoluble AB peptides in mouse brains
treated with rApoA-I-M, as detected by ELISA and immunohisto-
chemistry. Interestingly, rApoA-I-M-treated mice also presented
less CAA load. These differences in AB levels could not be attributed
to changes in AB production or degradation. Nevertheless, we found
that the reduced cerebral levels of AR were accompanied by a lower
expression of neuroinflammatory markers. In AD brains, neuro-
inflammation is a chronic feature that is believed to be initiated by
AP deposition, which activates microglia and increases the pro-
duction of proinflammatory cytokines and chemokines that lead to
the activation of astrocytes (Eikelenboom et al., 2010; Minett et al.,
2016). In this regard, we found a lower expression of the glial
reactivity marker GFAP and the phagocytic microglia marker CD68
in brains from mice that received rApoA-I-M chronically. Further-
more, those brains presented lower levels of IL-1, which is one of
the major proinflammatory cytokines produced by microglia during
central nervous system inflammation. Hence, our results suggest
that the lower expression of brain inflammatory markers in rApoA-
I-M-treated APP23 mice might be explained by the reduction of AB
cerebral deposition induced by the peripheral chronic treatment.
Because carriers of the Milano mutation in APOA1 present low
HDL levels and elevated TGs in plasma (Franceschini et al., 1980;

Sirtori et al., 2001) and the infusion of a high dose of lipidated
rApoA-I-M in humans resulted in a similar profile (Kallend et al.,
2016), we evaluated the possible modulation of the lipidic profile
in mouse plasma after chronic treatment with human rApoA-I-M.
We did not detect alterations in TC, HDL, LDL, TGs, or ApoA-I
levels in plasma obtained 24 hours after the last rApoA-I-M infu-
sion compared to that observed in the saline-treated group. It is
worth mentioning that we used much lower doses of rApoA-I-M
compared to that used in previous studies in animals or humans
(Kallend et al., 2016; Kaul et al., 2004; Kempen et al., 2016; Nissen
et al., 2003). The levels of the other principal apolipoproteins
related to brain cholesterol metabolism, ApoJ and ApoE, were also
analyzed and were shown to be unaltered by the rApoA-I-M
treatment. Therefore, although ApoE levels have a profound effect
on AP accumulation (Kanekiyo and Xu, 2014), rApoA-I-M did not
seem to prevent the deposition of cerebral Af load through a
mechanism mediated by ApoE. On the other hand, although the
mechanisms responsible for the atheroprotective effects of rApoA-
I-M are not fully understood, many studies have proposed that the
benefits would be mediated via an enhancement in the reverse
cholesterol transport (Cimmino et al., 2009; Franceschini et al.,
1999; Kallend et al., 2016; Kempen et al., 2014; Ma et al., 2012;
Shah et al., 1998). In fact, a phase I randomized trial has shown
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that the infusion of lipidated rApoA-I-M (MDCO-216) increases the
cholesterol efflux capacity mediated by ABCA1 and SRB-I receptors
ex vivo (Kallend et al., 2016). Other studies showed discrepancies
and claimed that rApoA-I-M and rApoA-I-wt have a similar capacity
to stimulate cellular lipid mobilization (Alexander et al., 2009b;
Weibel et al., 2007). In the neurological context, the deletion of
SRB-I(Thanopoulou et al., 2010) or ABCA-1 (Koldamova et al., 2005;
Wahrle et al., 2005) induced an increase in fibrillar AB levels and
cognitive worsening in AD mouse transgenic models, suggesting
that the modulation of cholesterol metabolism defines relevant
features of the AB-associated pathology. In our study, we did not
detect differences in ABCA1 or SRB-I expression in brain homoge-
nates from mice that received rApoA-I-M or saline chronically, at
least 24 hours after the last infusion. Hence, the fact that rApoA-I-M
reduces or prevents A cerebral accumulation in our model cannot
be explained by a profound modulation of cholesterol metabolism.
However, dedicated experiments to determine the possible changes
in the levels or distribution of HDL subfractions by rApoaA-I-M in
our model should be conducted (Kempen et al., 2014). We were not
able to detect rApoA-I-M in brain after a peripheral administration,
indicating that the recombinant apolipoprotein does not cross the
BBB. Alternatively, we determined that rApoA-I-M bound Af in
plasma and induced a fast increase of circulating Af(1—40) level
after a single IV infusion. Therefore, our results suggest that rApoA-
I-M could lower cerebral AB by enhancing the efflux out of the brain
from the circulation. Such mechanism, previously termed as “pe-
ripheral sink mechanism,” proposes that Ap binding molecules in
the periphery can regulate AB clearance from the central nervous
system (DeMattos et al., 2001; Fitz et al., 2015). In our study, the
exact mechanism by which the interaction of rApoA-I-M and A in
plasma results in a mobilization of Ap accumulated in parenchyma
still needs to be established.

An important limitation of our study is the lack of data regarding
the effect of rApoA-I-M on cognition and behavior. Although we
determined that the treatment did not modify the neuro-
degeneration associated to the APP23 mice model at 18 months of
age, the neuronal loss observed in CA1 might have occurred before
the chronic treatment started (at 16 months of age). Further studies
testing the efficacy, in terms of cognitive function related to Ap
cerebral accumulation, of acute or chronic rApoA-I-M treatment at
different ages and using alternative administration routes, are
needed. In future experiments, the effect of rApoA-I-wt in com-
parison to the impact of the rApoA-I-M variant in vivo should be
also considered.

In summary, the significant reduction of cerebral AP levels
(including number of AB plaques and CAA load) achieved by the
chronic treatment with rApoA-I-M reinforces the idea that ApoA-I/
HDL-based therapies could be an effective approach to prevent the
development and progression of AD. Other groups have contrib-
uted to this hypothesis from a genetic perspective (Fagan et al.,
2004; Fitz et al., 2015; Lefterov et al., 2010; Lewis et al., 2010) or
using a pharmacological treatment approach (Handattu et al.,
2009; Robert et al., 2016). In this regard, reconstituted HDL/
ApoA-I was shown to acutely reduce only soluble brain A levels
in APP/presenilin-1 mice; however, neither total nor vascular
cortical amyloid loads were altered after chronic treatment with
rHDLs assembled with ApoA-I (Robert et al., 2016). Evident differ-
ences between our study and this last report (lipidated vs. free
apolipoprotein, ApoA-I wt vs. mutated form, different AD experi-
mental model, higher doses, and different timing for the chronic
treatment) may explain the differences obtained in the principal
end point. However, altogether these studies emphasize that a
peripheral early intervention using ApoA-I variants might be a
promising strategy to avoid AP accumulation in the brain and
consequently ameliorate AD pathology.

5. Conclusions

Prolonged peripheral treatment with rApoA-I-M in old APP23
mice significantly reduced the cerebral Af load and neuro-
inflammation associated with this model. Although rApoA-I-M can
be considered as a safe and promising therapeutic candidate to
protect the brain in AD, its precise mechanism of action still needs
to be elucidated.
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Supplementary Figure S1. Effect of AB(1-42) on hCMEC/D3 or SH-SY5Ycell lines. (A) MTT
reduction viability assay after the treatment with 1 uM or 10 uM AB(1-42) in hCMEC/D3 for 24 h or 48
h. (B) MTT reduction viability assay after the co-treatment with 10 pM AB(1-42) and 1 uM rApoA-I-wt/
rApoA-I-M for 24 h in SH-SY5Y cells. Data represent mean + SEM of at least 4 independent
experiments. *** p<0.001, ** p<0.01 and * p<0.05 compared to the control condition.
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Supplementary Figure S2. Time-course of parenchymal Ap deposition in WT and APP23 mice with
age. Analysis of the number of human AB-positive deposits (>50 pixels?) in parenchyma assessed by
immunohistochemistry. N=4-8/ group.

Supplementary Figure S3
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Supplementary Figure S3. Expression of GFAP and CD68 in APP23 brains. GFAP and CD68
immunofluorescence (red) and ThS staining (green) in brains from APP23 mice chronically treated with
saline or rApoA-I-M. Nuclei are stained with DAPI (blue). The zoomed images allow the visualization of
the morphology of cells expressing GFAP or CD68.
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Supplementary Figure S4. Neuronal loss evaluation through the quantification of NeuN positive
cells. (A) Quantification of cells/mm? in cortex, CAl and CA3 regions of hippocampus and polymorphic
layer of dentate gyrus (poDG). *p<0.05 vs wt mice. (B) Representative images of the NeuN
immunohistochemistry showing the CA1 region of hippocampus from wt, saline and rApoA-I-M-treated
APP23 mice.

SUPPLEMENTARY METHODS

Neuronal loss quantification

The neuronal loss was evaluated quantifying the NeuN positive cells in paraffin-embeded
saggital sections from C57/BL6 wt mice, saline treated APP23 mice and rApoA-I-M treated
mice (n=4/5). To this end, brain sections were deparaffinized for 1h at 65°C, rehydrated and
incubated during 1 h in blocking solution (PBS, 0.2% triton-X, 10% FBS and 1.5 g/ml glycine).
Samples were then incubated o/n at 4°C with anti-NeuN antibody (Millipore) diluted 1/200 in
blocking solution. After that, slices were incubated with biotinylated a-mouse IgG diluted 1/500
in blocking solution for 1h at RT, followed by 1 h incubation with streptavidin-HRP)diluted
1/200 in blocking solution. Finally, DAB was applied until a brown end-product was visualized.
The NeuN positive cells quantification was done in cortex and hippocampus (CA1, CA3 and
polymorphic layer of dentate gyrus (poDG)). To this end, 3 independent images were obtained
from studied brain areas with the 40X objective. In each image, NeuN positive cells were
counted in 3 different random squares of 150 pm? in cortical areas, whereas for the different
regions of hippocampus, squares of 100 um?* were used. Results are presented as the mean of
counted cells per mm?.
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Characterization of ApoJ-
reconstituted high-density
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- potential treatment of cerebral
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Sofia Fernandez-de-Retana®, Mary Cano-Sarabia?, Paula Marazuela?, Jose Luis Sanchez-
Quesada3, Annabel Garcia-Leon?, Alex Montafiola?!, Joan Montaner?, Daniel Maspoch?* &
Mar Hernandez-Guillamon?

Cerebral 3-amyloidosis is a major feature of Alzheimer’s disease (AD), characterized by the
accumulation of 3-amyloid protein (A3) in the brain. Several studies have implicated lipid/lipoprotein

© metabolism in the regulation of 3-amyloidosis. In this regard, HDL (High Density Lipoprotein)-based

. therapies could ameliorate pathological features associated with AD. As apolipoprotein J (ApoJ) is a

. natural chaperone that interacts with A3, avoiding its aggregation and toxicity, in this study we propose

© to prepare reconstituted rHDL-rApoJ nanoparticles by assembling phospholipids with recombinant
human ApoJ (rApolJ). Hence, rHDL particles were prepared using the cholate dialysis method and
characterized by N-PAGE, dynamic light scattering, circular dichroism and electron transmission
microscopy. The preparation of rHDL particles showed two-sized populations with discoidal shape.
Functionally, rHDL-rApoJ maintained the ability to prevent the A3 fibrillization and mediated a higher
cholesterol efflux from cultured macrophages. Fluorescently-labelled rHDL-rApoJ nanoparticles were

. intravenously administrated in mice and their distribution over time was determined using an IVIS

. Xenogen® imager. It was confirmed that rHDL-rApoJ accumulated in the cranial region, especially
in old transgenic mice presenting a high cerebral A3 load. In conclusion, we have standardized a

. reproducible protocol to produce rHDL-rApoJ nanoparticles, which may be potentially considered as a

. therapeutic option for 3-amyloid-related pathologies.

. Cerebral 3-amyloidosis is a major feature of Alzheimer’s disease (AD), characterized by the accumulation of
. {-amyloid protein (A(B) in the brain. AJ is originated by the sequential processing of the amyloid precursor
. protein (APP), primarily generating peptides constituted by 40- and 42-amino acids, AB,, and AB,,, respectively.
© High concentrations of A3 promote its aggregation into toxic species, such as oligomers and fibrils, within the
. brain extracellular space. In sporadic AD, in addition to the formation of neuritic plaques formed by the aggre-
gation of AB species in the parenchyma, the intracellular accumulation of the hyperphosphorylated TAU protein
induces progressive neuronal loss triggering cognitive and memory impairment'. Besides, 91% of sporadic AD
cases also present vascular accumulation of A8, known as Cerebral Amyloid Angiopathy (CAA)%
: Several studies have implicated lipid/lipoprotein metabolism in the AD pathology. Firstly, the genotype of the
- lipid-carrier apolipoprotein E (ApoE) is the major genetic risk factor for developing sporadic AD’. The presence
. of the APOE e4 allele is strongly associated with a greater incidence of AD, whereas the APOE ¢2 allele is related
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Figure 1. rApo] characterization (a) SDS-PAGE of purifi d recombinant Apo] (rApoJ) and native Apo]J
purifi d from plasma (nApoJ) under both reducing (R) and non-reducing (NR) conditions. (b) SEC analysis of
rApo]J. V, = Void volume.

with a lower risk of developing dementia*. In addition, diseases characterized by alterations in the lipid profile,
such as diabetes mellitus type 2°, atherosclerosis® and hypercholesteremia’ are also risk factors for developing
AD?. These evidences, together with the association of cerebrovascular dysfunction in AD?, make the regulation
of lipid metabolism a promising therapeutic approach to protect the AD-affected brain'®'!. In this regard, HDL
(High Density Lipoprotein)-based therapies have been also considered for the treatment of pathologies associ-
ated with AB deposition®'>!. In the cerebral 3-amyloidosis context, HDL levels (>55 mg/dL) in plasma were
related with a lower risk of developing AD®. Furthermore, low plasma HDL-Cholesterol (HDL-C) was recently
associated with higher A binding, as measured using Pittsburgh compound-B positron emission tomography, in
cognitively normal subjects and elderly subjects with mild cognitive impairment'*.

The HDLs circulating in plasma are mainly comprised of apolipoproteinA-I (ApoA-I), cholesterol and phos-
pholipids, and their principal role is to conduct the reverse cholesterol transport (RCT). However, plasma HDLs
are extremely heterogeneous, presenting a diverse lipid and protein composition'*'¢, which may confer different
functions associated with immunity regulation and vascular integrity'”. In fact, multiple protective roles have
been attributed to HDLs, such as anti-oxidant'?, anti-apoptotic'?, vasoprotective?® and anti-inflammatory prop-
erties’!. The major apolipoprotein constituent of HDL in the brain is ApoE, followed by apolipoprotein ] (Apo],
also known as clusterin). Apo] is a multifunctional heterodimeric protein which acts as a natural chaperone®”. In
AD brains, Apo] is co-deposited with fibrillar A8 in cerebrovascular and parenchymal lesions****. Apo] also binds
to AB in CSF and plasma®*°, and increased circulating levels of plasma Apo] are associated with a higher preva-
lence and severity of AD?”*%. On the other hand, the link between ApoJ and AD was highlighted in genome-wide
association study that found a statistical association between a SNP within the CLU gene and the risk of suffering
AD?*. The rs11136000¢ SNP in CLU gene was the associated with reduced Apo] expression and increased risk
of AD?!, whereas the protective rs11136000" was related with increased Apo] expression in brain tissue and
reduces the risk of AD*>%. These results propose the higher expression of rApo] as a protective response against
AD pathology. Moreover, experimental studies have shown that Apo] is able to inhibit the aggregation of soluble
AB? and participates in the clearance of Af across the Blood Brain Barrier (BBB)*-3¢.

In this study, we have designed and prepared new functional nanoparticles to be considered as a novel ther-
apeutic approach to ameliorate the features associated with AD. Because of the capacity of Apo] to act as an A3
chaperone, we have produced reconstituted HDL nanodiscs formulated with recombinant ApoJ (rHDL-rApo]
nanodiscs). The nanodiscs have been characterized in terms of size, morphology, A3 binding and RCT in vitro.
We have also determined the distribution of rHDL-rApo] nanodiscs in vivo after a single intravenous (IV) admin-
istration using a transgenic mouse model of cerebral 3-amyloidosis.

Results

rApoJ protein production and characterization. Highly pure secreted His-tagged recombinant Apo]
(rApoJ) protein was obtained through a single step purifi ation from human cultured cell supernatants. The elec-
trophoretic profile of rApoJ was compared with the native Apo] purifi d from human plasma through Sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). First, under reducing conditions, the cleavage
of rApo] into o- and B-chains during its maturation was conserved, as two chains of ~40 KDa were obtained.
In contrast, the non-reducing conditions confi med the maintenance of disulfide bonds and the heterodimeric
state of rApo] (=77 KDa). On the other hand, the rApo] showed a higher molecular weight due to the His-tag
and the C-Myc epitope, which conferred a 3.30 KDa increase compared to the nApo] (Fig. 1a). To test the aggre-
gation proclivity of rApo], the purified recombinant protein was submitted to Size Exclusion Chromatography
(SEC) analysis. Our results confi med that rApoJ was prone to aggregation and the formation of heterogeneous
high molecular weight oligomers as shown by the wide peak observed between 12-16 ml of the elution volume.
Moreover, a homogeneous peak appeared at 16-18 ml of the elution volume with a maximum at 16.5 ml, corre-
sponding to lesser aggregation state oligomers (Fig. 1b).
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Figure 2. rHDL-rApo] synthesis and purifi ation. (a) Schematic representation of rHDL-rApo] nanodisc
synthesis. (b) Schematic representation of the purifi ation process by KBr density ultracentrifugation.
Phospholipid and rApo]J (protein) quantifi ation in the different fractions (F1-F9) after the purifi ation process.
PL =Phospholipids. N =6 independent experiments.

rHDL-rApolJ purification in KBr density gradient ultracentrifugation. The preparation and puri-
fi ation protocols were optimized to maximize the rHDL-rApo] nanodisc collection and resulted to be highly
reproducible (Fig. 2a,b). The lower density of rHDL-rApo]J nanodiscs (<1250 mg/ml) in comparison to free
rApo]J (1300 mg/ml) allowed the correct purifi ation of nanodiscs through KBr gradient density ultracentrif-
ugation. After the ultracentrifugation step in the KBr gradient, phospholipids and total protein amounts were
measured in all fractions obtained (Fig. 2b). We confi med that the concentration of lipids decreased from top-F1
to bottom-F9 fractions due to their low density. In contrast, the highest concentrations of rApoJ were found in
the fractions F1-F2 and F8-F9. Because of the density switch caused by the lipidation of rApo], rHDL-rApo] nan-
odiscs were present in F1 and F2 (d < 1250 mg/ml), whereas free rApo]J (unbound to the lipids, d > 1300 mg/ml)
was mainly found in F8 and F9.

rHDL-rApoJ nanoparticles characterization. Purifi d rHDL-rApo] nanoparticles were characterized
by Dynamic Light Scattering (DLS), Native-PAGE (N-PAGE), Transmission Electron Microscopy (TEM) and
Circular dichroism (CD). The methodology used for the rHDL-rApo] preparation resulted highly reproducible,
obtaining two homogeneous populations of rHDL-rApo]J nanoparticles after the purifi ation, one centered at
30+ 3nm and the other at 70 & 1 nm, according to the DLS analysis (Fig. 3a). Next, F1 (purifi d rtHDL nanoparti-
cles) and F9 (discarded free rApo]) fractions obtained after the KBr density ultracentrifugation were analyzed by
N-PAGE, and the protein content in the solution was determined by Coomassie blue staining, whereas the fluo-
rescent lipids were detected using ODYSSEY Imager recoding (Fig. 3b). Our results confi med that F1 contained
rHDL-rApo] particles, as shown by the co-detection of protein and fluorescent lipids from the same species. In
fact, two different populations of rHDL-rApo] particles appeared after the purifi ation, as previously shown in
the DLS analysis. In contrast to F1, when the densest fraction of the purifi ation step (F9) was analyzed, only free
protein was detected by Coomassie Blue staining whereas no lipids were detected, confi ming the correct purifi-
cation of rHDL-rApo] nanodiscs.

The morphology and size of rHDL-rApo]J nanoparticles was determined by TEM. From the measurement
of 1000 nanoparticles, we determined that the F1 fraction was constituted by two size populations of discoidal
shaped particles, whose diameter means are centered on 24 £ 5nm and 48 =2 nm. The nanodiscs thickness was
54 1nm in height (Fig. 3¢; Supplementary Fig. S1). Most of nanodiscs are viewed edge-on, whereas others are
viewed face-on in TEM (orange stars in Fig. 3¢), confirming the discoidal shape of nanodiscs. The presence of
two populations is in agreement with the results observed by DLS and N-PAGE (Fig. 3a,b). Moreover, the confor-
mational changes that occurred in rApo]J due to its lipidation were studied by CD (Fig. 3d), where rHDL-rApo]
nanodiscs were compared to free rApo] and liposomes prepared with the same phospholipid composition. As

SCIENTIFICREPORTS | 7: 14637 | DOI:10.1038/541598-017-15215-w 3



www.nature.com/scientificreports/

a) b)
14 32 nm Coomassie Blue Staining Fluorescent lipid detection
Fl F9 Fl F9
121 . _Er
~ 10
2 & 68 nm
Z 6 575 KDl ! 575 KD e
> 242 KDa == V| 242 KDawem | Wy
4
2 132 KDa == 132 KDa e
100 1000 10000
Size (nm)
c) . rHDL-rApol
20000 4 rApol
. -=- Liposomes
5 10000
= \
= \
o \
E 0+ 7 , r ————
2 200\ 210 220 230 240~ 250 260
é 10000 : / e
,@ \ ,.-'
2 /
£ 200004
5 \____~
o
g - 30000 Wavelength (nm)
Sample rApeJ  rHDL-rApoJ
a-helical content (%) 51.18 71.72

Figure 3. rHDL-rApo] characterization. (a) Particle-size analysis by DLS showing the particle size after

purifi ation. (b) Native-PAGE analysis: Left panel; Coomassie Blue Staining, and, right panel; phospholipid
fluorescence detection using the ODYSSEY imager. F1 refers to the fi st fraction of the purifi ation step and
corresponds to the purifi d rHDL-rApo] nanodiscs. F9 refers to the ninth and last fraction of the purifi ation
step and corresponds to the discarded non-lipidated rApo]. (c) Representative images of TEM showing two size
populations of rHDL-rApo] (F1) with a diameter of 24 4+ 5 nm (C1) and 48 £ 2 nm (C2) both with 5+ 1 nm of
height. Orange stars indicate the face-on view of rHDL-rApo] nanodiscs. (d) Circular Dichroism plot showing
the non-lipidated rApo]J (dotted line), rHDL-rApo]J nanodisc (solid line) and the liposome (dashed line) spectra
and the corresponding a-helical content calculation (%). Liposome ellipticity resulted 0 coinciding with the
X-axis.

expected, the liposomes did not show any polarized-light absorption. Comparing free rApo]J with rHDL-rApo]
nanodiscs (tHDL-rApoJ), a gain in a-helical content was detected as result of the lipidation. The a-helical con-
tent calculated for free rApo] was 51.18%, whereas this percentage increased up to 71.72% in the rHDL-rApo]
preparation, which demonstrated the structural ability of rApo] to form rHDL particles and the underlying con-
formational change. Taking these results together, we could confi m the correct and reproducible preparation
of rHDL-rApo] nanoparticles, obtaining discoidal shape nanodiscs with 30 and 70 nm of diameter and 5 nm of
height, generating an increase in the a-helical content of rApo]. Resulting rHDL-rApoJ nanodiscs were stable
after storage at —80 °C up to 3 months and after freeze-thaw cycles and did not show any difference in DLS diam-
eter nor in TEM analysis after the dispersion of nanodiscs in different working buffers (TBS, PBS, KBr density
solution).

Study of rHDL-rApolJ functionality. The functionality of rtHDL-rApoJ nanodisc was studied through dif-
ferent strategies. First, we tested the chaperone-like activity exhibited by nanodiscs in comparison with free rApo]
measuring the ability preventing the fibrillization of AB3,, and AB,, through the Thi flavin T (ThT) binding assay
(Fig. 4a). We observed a high ability of both rApoJ and rHDL-rApo] nanodiscs to avoid AB3,, aggregation. In the
case of Af3,,, both non-lipidated and lipidated rApo]J were effective preventing its fibrillization in vitro. No statis-
tical differences regarding the effect of rHDL-rApo] nanodiscs in comparison to free ApoJ were detected in any
case. Th s result indicated that the ability of rApo] to act as an A( chaperone was maintained despite its structural
modifi ation to form rHDL-rApo]J nanodiscs. On the other hand, the ability of rHDL-rApo] nanodiscs to pro-
mote cholesterol ester efflux from cultured mouse macrophages was also analyzed (Fig. 4b). We determined that
the RCT mediated by rHDL-rApo] nanodiscs increased in a dose-dependent manner and was signifi antly higher
compared to the cholesterol ester transport of free rApo] at all the concentrations tested. As a reference value,
10 mg/L of rHDL-rApo] removed the same percentage of esterifi d cholesterol as 10 mg/L of ApoA-I in vitro,
highlighting the functionality of these particles in terms of cholesterol metabolism regulation. We confi med that
rHDL-rApo] nanodiscs did not result cytotoxic in vitro (Supplementary Fig. S2).
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Figure 4. rHDL-rApo] in vitro functionality. (a) Thi flavin T binding assay: ThT fluorescence intensity of A3,,
and A, after 24 h at 37°C with rApo] or rHDL-rApo]. Concentration ratio A3: free rApoJ/rHDL-rApo] 1:0.01
(N'=4). One way ANOVA and Dunnett’s post hoc test: **p < 0.001, *p < 0.01 compared to control condition.
(b) [*H] Cholesterol efflux removal from J774A.1 cells by rHDL-rApo] and free rApo]. The reference line
indicates the mean + SEM of the value obtained using ApoA-I (N = 3). t-test analysis: *p < 0.05, **p < 0.01
comparing free Apo]J vs. tHDL-rApo] at each tested dose.

rHDL-rApoJ biodistribution in mice. Once we had confirmed the functionality of the rHDL-rApo]J
nanodiscs, we wondered whether these functional particles could reach the Central Nervous System (CNS).
Therefore, we determined whether the rHDL-rApo] nanodiscs could accumulate in the CNS after their periph-
eral administration in mice using the IVIS Xenogen system. For this purpose, as a control treatment, liposome
particles with equal particle size and lipid composition as the rHDL-rApo] nanoparticles were synthesized. We
then compared the biodistribution of Alexa Fluor 750 (AF750) labelled rHDL-rApo]J nanodiscs and liposomes,
after intravenous (IV) administration in young animals, by recording the fluorescent signal specifi ally in the
cranial and spine regions at different time points. First, both preparations were analyzed in vitro using the IVIS
Xenogen system, which demonstrated equal fluorescence in both samples (the fold-change increase relative
to Tris Buffer Saline (TBS) of rHDL-rApo] and liposomes was 15.1 and 14.8, respectively; Fig. 5a). After the
infusion, rHDL-rApo] showed a maximum record at 30 min in the cranial region, although the signal did
not diminished signifi antly along the studied time-points. On the other hand, a higher signal in the cranial
region was observed in mice treated with rHDL-rApo] compared to liposome-treated mice at 30 min and 2h
after administration (Fig. 5b,c). In fact, after the background subtraction, no specific cranial accumulation
was observed after the particle size-matched labelled-liposome administration (Fig. 5b), although the equal
plasma detection and the bladder signal obtained after 4h confirmed the correct infusion of both treatments
(Supplementary Fig. S3). On the other hand, rHDL-rApo]J nanodiscs and liposomes were eliminated from cir-
culation through renal clearance, as their fluorescent signal in the bladder increased over time. No differences
in the fluorescent signal were observed in plasma 4 h after treatments, suggesting a similar elimination rate for
rHDL-rApo] nanodiscs and liposomes. No differences between groups were observed in the spine region either
(Supplementary Fig. S3).

rHDL-rApolJ retention in APP23 mice and wt mice. Due to the high capacity of Apo] to bind A3 mate-
rial”*?°, we studied whether the distribution of peripherally administered fluorescent labelled-rHDL-rApo] would
vary in an in vivo model of cerebral 3-amyloidosis. To accomplish this objective, we used 24-month-old APP23
mice, which is a well characterized transgenic model of AD. In fact, AB immunohistochemistry and Thi flavin
S (ThS) staining in brain slices from 24-month-old mice showed high accumulation of fibrillar A3 material
in the cortex, hippocampus and brain vessels of APP23 transgenic mice, whereas the corresponding wt litter-
mates did not exhibit detectable A3 deposition in the brain (Fig. 6a). In old mice, after the IV administration of
labelled-rHDL-rApo]J and using the in vivo imaging system, we determined that the fluorescent signal diminished
over time for both APP23 and wt animals in cranial, spine and liver regions (Fig. 6¢,d). In turn, the fluorescent
signal in the cranial region was higher in APP23 mice at all the time points analyzed in comparison to the signal
obtained in the wt mice (Fig. 6b,c). These genotype-dependent differences were exclusive to the cranial region,
as no differences were observed in the spine (Fig. 6¢) and other body-regions studied, such as bladder, liver or in
plasma 4 h after administration (Supplementary Fig. S4).
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Figure 5. rHDL- rApo] and liposome biodistribution in C57/BL6 mice. (a) IVIS Xenogen in vitro images of the
epi-fluorescence of rHDL-rApo]J nanodisc and liposome preparations. (b) Representative in vivo IVIS Xenogen
images of mice at 30 min, 2h and 4 h after IV administration of labelled-rHDL-rApo] or labelled-liposomes.
C—=Non-treated control mouse. (¢) Quantifi ation of the fluorescent signal obtained in the cranial region
after IV administration of labelled-rHDL-rApo] nanodiscs or labelled-liposomes in 8 week-old C57/BL6

mice (N =5-6/group). t-test analysis: *p < 0.05; **p < 0.01 signal from rHDL-rApo] nanodiscs compared to
liposome treatment at each time-point.
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Figure 6. rHDL-rApo] biodistribution in aged APP23 or wt mice. (a) Brain ThS staining and A3
immunohistochemistry (IHC) from 24-month-old APP23 and wt mice showing the parenchymal and vascular
accumulation of fibrillary AB. (b) Representative in vivo IVIS Xenogen images of mice at 30 min, 2h and 4h
after IV administration of labelled-rHDL-rApoJ. C— = Non-treated control mouse. Quantifi ation of the
fluorescent signal obtained in the (c) cranial region and (d) spine region after IV administration of labelled-
rHDL-rApo]J nanodiscs in 24-month-old APP23 and age-matched wt mice (N = 5-6/group). t-test analysis:

*p < 0.05 comparison of the signal obtained in APP23 vs. wt mice at each time point. Paired t-test analysis:

&p < 0.05 comparison of t =30 min and t =4h for each genotype.
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Figure 7. Localization of human rApo] in brain after IV administration of rHDL-rApo] nanodiscs in APP23
mice. Double labelling of human rApo]J (rApo] in red) and fibrillary A3 (ThSin green) in old APP23 animals
treated with 1 mg/kg of rHDL-rApo] nanodiscs or saline. Co-localization of rApo] and fibrillary A( is observed
in merged images (yellow).

rHDL-rApolJ cranial localization. In order to describe more insightfully the cranial accumulation of
rHDL-rApo] nanodiscs, we performed an immunofluorescence analysis to detect the presence of human rApo]
in brain sections of rHDL-rApo] or saline-treated old APP23 mice. Under the studied conditions, we detected a
specific co-localization of human Apo] (from rHDL-rApo] nanodiscs) with fibrillar A3 (as shown by the positiv-
ity in ThS staining) in amyloid-affected cerebral vessels, whereas human Apo]J was not present in parenchymal
amyloid plaques. In turn, human Apo] was not detected in saline treated animals (Fig. 7).

Discussion

Currently, there are no effective treatments to cure AD or to prevent the disease progression. Despite the fact that
we are facing a multifactorial neurodegenerative disorder, recent evidence demonstrates that A3 accumulation
in AD is mainly explained by an impairment in its clearance from the brain®®. Therefore, therapies based on mol-
ecules able to bind Af3 and promote its clearance are a plausible strategy to prevent the pathological hallmarks
associated to AD. In this study, we present a new method to prepare and purify reconstituted HDL nanoparti-
cles by assembling lipids with human recombinant ApoJ (rHDL-rApo]). We consider that the treatment with
rHDL-rApoJ may result in an increase in Apo]J circulating levels and this may be a promising strategy to treat
pathologies associated with cerebral A3 deposition because: (1) Some of the risk alleles of AD-associated SNPs in
the CLU locus are associated with a decrease in Apo]J plasma levels®!, whereas increased Apo] circulating levels
are associated with a higher prevalence of AD%, suggesting a protective role for high concentrations of plasma
Apo] in AD; (2) Apo] is a natural A§ chaperone, acting as the main A escorting protein®**>*%; (3) Protective and
anti-inflammatory properties have been attributed to ApoJ in experimental models, and particularly in cellular
models challenged with A3,

Back in the sixties, it was demonstrated that the mixture of the major constituents of HDLs (apolipopro-
teins, phospholipids and free cholesterol) under appropriate conditions resulted in the formation of discoidal
shaped nanoparticles with comparable size and density to native Pre3-HDLs (density > 1.21 mg/ml, discoidal
shape and without triglycerides and cholesterol esters in the core). These particles were called reconstituted
HDL nanoparticles or nanodiscs (tHDL)****. Because our aim was to generate rHDL containing Apo], we first
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produced the recombinant protein from human cell cultures: this rApo] was highly pure and conserved the het-
erodimeric nature and the propensity to form high molecular aggregates, as previously described for the human
native ApoJ*!. Next, we optimized the methodology to produce pure rHDL-rApo]J nanodiscs. To our knowledge,
there is only one previous publication about rHDL nanodisc formulated with rApoJ*, although in that meth-
odology a mixture of phospholipids and Apo] purifi d from plasma were used. Complementary, the purpose of
our study was to standardize a reproducible protocol to produce large amounts of rHDL-rApo] for therapeutic
purposes. Following the protocol here presented, we reproducibly obtained two populations with different hydro-
dynamic diameters of 30 + 3 nm and 70+ 1 nm as detected by DLS. N-PAGE analysis with posterior protein
and lipid staining confi med the presence of these two differently sized particles after the purifi ation process
with KBr density ultracentrifugation. The collection of different size population of rHDL synthesized with the
cholate-dialysis method was previously observed for rHDL formulated with ApoA-I, where the diverse popula-
tions were attributed to the tertiary structure that the protein adopted*. Based in the DMPC:Chol:rApo] molar
ratio in purifi d rHDL-rApo]J sample (550:150:1) the small population is possibly composed by 1 molecule of
rApo], whereas the bigger one could have at least 4 molecules of rApo], although this approximation needs to be
further confi med. In addition, TEM allowed the visualization of two-sized rHDL-rApo] populations with a well
dispersed discoidal shape. Th s nature is commonly observed in ApoA-I and ApoE containing rHDL, although in
these cases nanoparticles usually present a more stacked distribution*”*%,

Size distribution from TEM images confi med the presence of two nanodiscs size populations whose mean diam-
eters are centered on 24 & 5nm and 48 =2 nm respectively. The detection of smaller particles when size distribution
was analyzed using TEM images in comparison to the ones obtained by DLS (hydrate state) is due to the dehydrated
state of nanodiscs during TEM observation*”. On the other hand, the discoidal morphology was confi med using
TEM, which allowed the edge-on and face-on visualization of the nanoparticles. Finally, nanodiscs were character-
ized using CD, which showed that the a-helical content of rApo] increased 20.5% when the protein was assembled to
form the rHDL structure. Indeed, an increase in the a-helical content was also described for ApoA-I nanodiscs'. Th's
secondary structural change induced by the lipid-binding might have consequences regarding the functionality or
stability of the protein. Regarding the bonding mechanism between lipids and rApo], it has been extensively described
that apolipoprotein-lipid interaction in HDL particles is due to hydrophobic bonds between the hydrophobic chains
of phospholipids and the anphipathic regions of apolipoproteins with a-helical structure®*. The presence of 5 anphi-
pathic a-helix in the structure of Apo]** support the idea of hydrophobic bonds between phospholipids and rApo].
Th s binding has demonstrated to be stable to dilution and temperature effect’.

Therefore, the next step in our study was to analyze the in vitro functionality of the rApoJ-rHDL. First, we
studied the chaperone-like activity exhibited by the nanodiscs in comparison to the free protein. We observed
that both rHDL-rApo]J and free rApo]J were significantly effective in preventing A(3,, and AQB,, fibrillization. Th s
chaperone-like ability is well established for Apo] and it has been also observed for lipid-ApoJ complexes™*. We also
evaluated the regulation and transport of cholesterol esters, which is a relevant property of HDLs. In particular, we
determined the cholesterol ester efflux ability of rHDL-rApo] in vitro using cultured macrophages. rApoJ-nanodiscs
showed a signifi antly higher activity in promoting the efflux of cholesterol esters than the free rApo], which was
previously associated with cholesterol homeostasis®. We consider these results particularly relevant in relation to
the treatment of 3-amyloidosis neuropathologies. Cerebral atherosclerosis has been related with AD pathology**’
and, while this issue has been a matter for discussion™, other authors have highlighted the relation existing between
lipid metabolism and AD®'“. Therefore, we postulate that the administration of rHDL-rApo] nanodiscs could pro-
mote the antiatherogenic properties of Apo] and enhance its protective role in AD. In addition, studies performed in
animal models of AD have shown that the genetic deletion of SR-BI*” or ABCA-1"%!, which are key mediators of the
cellular cholesterol efflux pathway, induced an increase in fibrillar A8 levels and cognitive worsening, suggesting that
the modulation of cholesterol metabolism defi es relevant features of the A3-associated pathology. Besides, some
studies have highlighted the importance of Apo] lipidation for its antiatherosclerotic properties®’. Thus, although
these results need to be confi med in vivo, the possible enhancement of RCT by a pharmacological approach using
rHDL-rApo] may also bring promising results regarding brain A3 accumulation levels. On the other hand, the suc-
cessful brain delivery into CNS is one of the major challenges for the effective treatment of neurological disorders
in genereal® and AD in particular®. For this reason, we studied the biodistribution of rHDL-rApo] nanodiscs after
peripheral administration in mice in comparison with the distribution of size-matched liposome particles. We won-
dered whether the nanodisc structure obtained by the assembling of a lipid mixture with rApo]J was specifi ally able
to be retained in the CNS. Administrating fluorescent-labelled nanodiscs or liposomes in young mice and using an
imaging system in vivo, we observed higher cranial accumulation of rHDL-rApo] nanodiscs 30 min and 2h after IV
infusion, although similar metabolism rates were observed for both treatments, according to plasma and bladder
biodistribution. Focusing on the possible relevance of rHDL-rApo] nanodiscs for the treatment of AD, we studied
the biodistribution of rHDL-rApo] nanodiscs in an experimental model of cerebral 3-amyloidosis. In particular,
we determined whether the elevated brain A8 deposition shown in 24-month-old APP23 transgenic mice induced
changes in the cerebral distribution pattern of the infused rHDL-rApo] particles. Therefore, after IV administration,
we followed the fluorescent-labelled particles in vivo in old transgenic mice and wt littermates, which allowed us
to observe a consistent and specific higher accumulation of rHDL-rApo] nanodiscs in the cranial region of APP23
animals at all the time points studied.

It has previously been described that Apo] is able to cross the BBB through the megalin/LRP2 receptor
therefore, one can speculate that the accumulation of cerebral A( also activates the in vivo recruitment of circulat-
ing Apo]. Using fluorescent-labelling techniques in brain sections, we observed a specific accumulation of human
Apo] in AB-affected brain arterioles after an IV administration of rHDL-rApo] nanodiscs. Th s evidence suggests
that rHDL-rApo] nanodiscs may be retained in brain vessels due to the binding of ApoJ to the specific receptor at a
vascular level. The molecular mechanisms driving the specific entrapment of Apo] in amyloid affected vessels has to
be more deeply studied, although its chaperone function and the high affi ty of Apo]J for A8 seem to be crucial for
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the process. In fact, using an in vitro model of the BBB, our group showed that basolateral treatment with AB3,, (cor-
responding to the brain side) enhanced the apical-to-basolateral influx of rApoJ*. Nevertheless, the present results
did not allow us to conclude that rHDL-rApo] nanoparticles intravenously administrated were able to penetrate the
brain, since no human ApoJ was detected in parenchyma or bound to A3-plaques. Indeed, the absence of human
Apo] in parenchyma indirectly confi med that the accumulation of fluorescent signal in rHDL-rApo] treated-APP23
mice, shown in the IVIS analysis, was not likely to be due to a BBB leakage caused by cerebral 3-amyloidosis. In fact,
no parenchymal infiltration of trypan blue or horseradish peroxidase was observed in a previous study using very old
APP23 mice®. Besides, it has recently been shown that BBB integrity remains intact in different AD mice models, as
no differences were observed in the passage of different tracers and antibodies®. However, we cannot rule out that an
alternative treatment design, as the infusion of a higher dose or an rHDL-rApo]J nanodiscs chronic administration,
might bring out different results and a more extensive presence of the nanoparticles in parenchyma.

It has been demonstrated that ApoJ-Af complexes are more effici tly cleared than soluble AJ through the
megalin receptor®***. Therefore, we hypothesize that treatment with rHDL-rApo] nanodiscs may enhance the
cerebral AP removal, as a higher megalin binding affi ty of lipidated Apo] has previously been demonstrated*.
Taking these results together, the performance of future efficacy studies is essential to demonstrate whether a
chronic peripheral treatment with rHDL-rApo] nanodiscs reduces cerebral A deposition and ameliorates the
cognitive decline associated with the pathological features. On the other hand, the value of rHDL-rApo]J nano-
discs as a diagnostic tool to target vascular amyloid deposition merits further studies®”°.

Several arguments support the use of rApoJ-rHDL nanodiscs, rather than the recomobinant Apo], since the
functionality of these nanoparticles can surpass the effect of the apolipoprotein. First, we have demonstrated that
rApo]-rHDL nanodiscs improved the cholesterol efflux transport compared to the free protein, which reinforces the
use of HDL-based therapies in cerebral 3-amyloidosis pathologies. Furthermore, lipid-based strategies have been
shown to increase bioavailability and stability of proteins in plasma. Finally, the advancement of rHDL technology
allows the functionalization of rHDL nanodiscs through a wide range of strategies®. Therefore, taking into account
that rHDL-rApo] nanoparticles are able to accumulate in brain vessels affected by A3 deposition, rHDL-rApo] may
be theoretically functionalized with different therapeutic molecules to specifi ally target vascular AB.

In conclusion, we have designed a highly reproducible protocol for the formation and purifi ation of large
amounts of rHDL-rApo] nanodiscs. We have demonstrated that the rHDL-rApo] nanodiscs not only maintained
the AB-chaperone functionality of rApo], but also improved in vitro cholesterol efflux abilities. We have also
determined that rHDL-rApo] nanodiscs accumulated in the cranial region of mice, especially in transgenic mice
presenting a high cerebral AB load. Therefore, therapies based on rHDL-rApo]J nanodiscs may be considered for
their potential use to treat neurological disorders associated to cerebral A3 deposition.

Methods

Free recombinant ApoJ. The production and purifi ation of rApo] has been previously described by our
group’!. Briefly, rApoJ was produced in human cells (Human Embryonic Kidney 293T cells, HEK293T) and purifi d
through Ni-affi ty chromatography obtaining a purity >75%. The resulting recombinant protein was characterized
by SDS-PAGE in both reductive and non-reductive conditions and by SEC. A detailed technical protocol for the
production, purifi ation and characterization of free rApo] is supplied as Supplementary Information.

Preparation of rHDL-rApoJ nanodiscs and liposomes. The nanodisc preparation proto-
col here presented is the result of an extensive optimization process. We tested the effect of different
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti Polar Lipids, Alabaster, AL, USA) and rApo]
molar ratios (1000:1, 500:1, 200:1, 100:1 and 50:1) and different DMPC and free cholesterol (Chol, Sigma Aldrich,
Saint Louis, MO, USA) molar ratios (5:1, 10:1 and 1:0). Besides, two lipid-solubilisation methods commonly used
for the rHDL preparation were tested (spontaneous solubilisation method and cholate-dialysis method)*>*%°!,
Different nanodisc formation temperature (24 °C and 37 °C) and disc formation buffers (TBS or PBS) were tested.
The selected conditions allowed high reproducibility of the rHDL-rApo] nanodisc formation. First, a lipid mix-
ture of DMPC and free Chol in chloroform solutions was prepared with a 5:1 DMPC:Chol molar ratio, the pres-
ence of free cholesterol in the lipid mixture enhanced the lipid-protein interaction*. The organic solvent was
removed under vacuum and nitrogen to afford a dry lipid film, which was rehydrated with the disc formation
buffer, TBS supplemented with 40 mM sodium deoxycholate (cholate, Sigma-Aldrich). Th s suspension was incu-
bated at 37 °C for 30 min until a clear solution was obtained.

For rHDL-rApo]J nanodisc preparation, rApoJ and DMPC/Chol/cholate mixed micelles were mixed to afi al
DMPC:Chol:rApo] molar ratio of 550:110:1. Th ee incubation cycles of warming to 37 °C and freezing to 4°C
with vortexing were performed to promote rApoJ-DMPC interaction. After incubation, rHDL-rApo] nanodisc
self-assembly was initiated by cholate removal through extensive dialysis against a 1000-fold excess of TBS buffer
at 4°C for 48h in 10,000 MW cut-off SnakeSkin dialysis tubing membranes (Thermo Fisher, Waltham, MA,
USA) with two buffer changes (1 x 10° overall dilution factor to ensure the correct nanodisc formation). Finally,
unbound lipids were eliminated by sample centrifugation at 16,000 x g at 4 °C for 30 min. For the preparation of
the liposome control without rApo], the liposomes were formed by cholate removal from the direct DMPC/Chol/
cholate mixed micelles by extensive dialysis, as described.

The nanodiscs and liposomes were fluorescently labelled for specific experiments. To this end, Alexa Fluor 750
succinimidyl ester (AF750, ThermoFisher) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE-NH,,
Avanti Polar Lipids) were conjugated as previously described”’. Only conjugated AF750 was detected by
thin-layer chromatography (Rf = 0.6), indicating that conjugation was complete. The fluorescently labelled AF750
rHDL-rApo] nanodiscs and liposomes were prepared by incorporating AF750-DOPE into the lipid mixture (0.08
mM). The followings steps were not altered.

SCIENTIFICREPORTS | 7: 14637 | DOI:10.1038/541598-017-15215-w 9



www.nature.com/scientificreports/

Purification of rHDL-rApoJ nanodiscs with KBr density gradient ultracentrifugation. The
rHDL-rApo]J nanodiscs were collected and separated from free rApo] by potassium bromide (KBr; Sigma-Aldrich)
density gradient ultracentrifugation’'. After the ultracentrifugation step (100,000 x g, 24h, 1250 mg/ml density of KBr),
the sample was fractionated in 200 pl aliquots from top to bottom and quantifi ation of lipids (DMPC and free cho-
lesterol) and proteins of all fractions was performed using a Cobas ¢501/6000 autoanalyzer (Wako Chemicals GmbH,
Neuss, Germany) and the BCA assay, respectively. Fractions with density <1,250 mg/ml containing the rHDL-rApo]
particles were dialysed together against TBS-Sucrose 2% (Sigma-Aldrich) to eliminate KBr from the solution. The lower
density of rHDL-rApoJ nanodiscs in comparison with free rApoJ allowed the successful purifi ation of rHDL-rApo]
nanodiscs and the total elimination of free rApo]. The DMPC:Chol:rApoJ molar ratio in the purifi d rHDL-rApo]
sample was estimated to be 550:150:1 according to the lipid and protein quantifi ation. Samples were stored at —80°C.

Characterization of rHDL-rApoJ nanodiscs. rHDL-rApo] nanodiscs were characterized through different
strategies. First, the colocalization of rApo] and phospholipids, together with the molecular weight of nanodiscs were
determined with N-PAGE in precast acrylamide gradient gels (BioRad, Hercules, California, USA) using fluorescent
rHDL-rApo] nanodiscs. Fluorescence of the lipids was detected using an ODYSSEY Imager (Li-Cor Biotechnology,
Lincoln, NE, USA) followed by Coomassie staining for protein detection. Particle-size distributions of rHDL-rApo]
nanodiscs and liposomes were determined using a DLS analyzer combined with non-invasive backscatter technol-
ogy (Malvern Zetasizer, Malvern Instruments, UK). The morphology of rHDL-rApo] nanodiscs was determined by
subjecting the sample to TEM with uranyl acetate negative staining. Far Ultraviolet (UV) CD spectrum was recorded
to detect the conformational changes that occurred in rApo] due to its lipidation. CD measurements (190-260 nm)
were made of rApo] and rHDL-rApo] in TBS solutions in a JASCO815 spectropolarimeter. A detailed protocol of
the techniques used for the rHDL-rApo]J characterization is supplied as Supplementary Information.

ThT Binding assay. ThT binding methodology was used to compare the ability of free rApo] and rHDL-rApo]J
nanodiscs to avoid aggregation of A3, and A, peptides in amyloid fibrils’% The AB,, and AB,, (Anaspec, Fremont,
CA, USA) solutions were prepared from the lyophilized powder, resuspended in 1% NH,OH toa fi al concentration
of 1 mM. The AB,, or AB,, and protein (rHDL-rApo] or free rApo]) concentration in the sample was 13 pM and
0.13pM respectively in a fi al volume of 150 pl in TBS solution (molar ratio AB3: rApo] 1:0.01). The fluorescence of
each sample was measured in triplicate, mixing 40 ul of sample with 5 pl of ThT (Sigma-Aldrich; 0.1 mM) and 50
mM Tris buffer (pH=8.5) untila fi al volume of 200 pl. Fluorescence was recorded in 96-well clear bottom plates
after 300 s in a fluorometer (SynergyMx, Biotek, Winooski, Vermont, USA) (Ex/Em: 435/490).

In vitro cholesterol ester efflux from J774A.1 cells. The in vitro ability of free rApoJ and
rHDL-rApo] nanodisc promoting cholesterol ester efflux was compared in mouse J774A.1 (ATCC ® TIB-67™)
macrophage-like cells, as previously described”. Briefly, mouse ]J774A.1 macrophage-like cells (2 x 10° cells/ml)
were cultured in 6-well culture plates in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher
Scientific) supplemented with 10 % Fetal Bovine Serum (FBS) (DDBiolab, Barcelona, Spain) and 1% penicillin/
streptomycin (P/S), for 3 days at 37 °C. The cells were labelled with [1a,2a(n)-*H]cholesterol (GE Healthcare,
1 uCi per ml) for 48 h in RPMI 1640 medium, supplemented with 5% FBS, 1% P/S and acetylated Low Density
Lipoproteins (LDL, 0.05 mg apoB/ml). The labelled cells were equilibrated overnight in RPMI 1640 medium
containing 0.2% fatty acid-free Bovine Serum Albumin (BSA) and then incubated for 4 h at 37 °C with free rApo]J
or rHDL-rApo] nanodiscs (5, 10 and 20 mg/L). Human ApoA-I (10 mg/L; Sigma-Aldrich) was used as a positive
control. Culture media were collected and centrifuged to discard detached cells. Then, 1 ml of 0.5 N NaOH was
added to the wells and incubated overnight at 4 °C. Radioactivity was then measured in both culture media and
NaOH-cell extracts, and the percentage of relative cholesterol ester efflux was calculated as the percentage of the
[*H] counts released in the medium divided by the total [*H] counts (medium + cells).

rHDL-rApolJ and free rApol citoxicity in hCMEC/D3 and SH-SY5Y cell cultures. The citotoxicity
of 80 mg/L rHDL-rApo]J nanodiscs or free rApo] was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2
,5-diphenyltetrazolium bromide; Sigma-Aldrich) reduction assay after 24 h in the cerebral human microvascular
endothelial cell line (h\CMEC/D3), provided by Dr. Couraud, Cochin Institute, France (Weksler et al., 2005) and
in a neuroblastoma cell line (SH-SY5Y). The detailed methodology is extensively described previously”.

Ethic statement for animal experimentation. All procedures were approved by the Vall D’Hebron
Research Institute Ethics Committee for Animal Experimentation (protocol number 78/13) and conducted in
compliance with Spanish legislation and in accordance with the relevant European Union Directives. All animals
in the study were maintained in a climate-controlled environment on a 12-hour light/12-h dark cycle. Food and
water were available ad libitum.

rHDL-rApoJ nanodisc and liposome biodistribution in vivo.  Fluorescently labelled rHDL-rApo] nano-
discs and liposomes with equivalent size and lipid composition were used to monitor the biodistribution of admin-
istrated rHDL-rApoJ nanodiscs in mice. To ensure this equal lipid concentration and fluorescence, the DMPC
concentration was quantifi d using the Cobas ¢501/6000 autoanalyser and adjusted to the rHDL-rApo] DMPC
concentration with TBS. Then, the comparable fluorescence was confi med in 96-well black plates in the fluorometer
(Ex/Em: 750/780). Besides, 50 pl of rHDL-rApo] nanodiscs and liposomes were loaded in 96-well black plates and
the epi-fluorescence was measured in an IVIS® Spectrum imaging system (PerkinElmer Inc., Waltham, MA, USA),
located in the Preclinical Imaging Platform (PIP) of VHIR. For the in vivo experiments, eight-week old C57/BL6
mice (Janvier Labs, Le Genest-Saint-Isle, France) were used. The mice were shaved on their dorsal and ventral sides
and anesthetized under spontaneous respiration with isoflurane (5%) in oxygen (2%). Next, 150 pl of fluorescent
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rHDL-rApo] nanodiscs (100 pg/ml of rApo]J and 1.5 mM of DMPC) or fluorescent liposomes (1.5 mM of DMPC)
were administrated IV via tail vein (N =5-6/group). A non-treated animal was used for background extraction.
Images of cranial, spine and bladder regions were acquired in vivo after IV administration of rHDL-rApo] nano-
discs and liposomes at 30 min, 2h and 4h using the IVIS® Spectrum imaging system. EDTA-plasma was acquired
through cardiac puncture at the 4h time-point followed by euthanasia with decapitation under isoflurane anesthe-
sia. Plasma fluorescence was quantifi d in 96-well black plates in the fluorometer. The results obtained from IVIS®
Spectrum were analyzed using the Living Image 4.3.1 software (PerkinElmer Inc.). All data obtained by Xenogen
IVIS® Spectrum experiments are expressed as Total Radiant Effici ¢y (TRE) considered a calibrated measurement
of the photon emission from the subject and technically defi ed as fluorescence emission radiance per incident
excitation intensity: photons/s/cm?/sr (steradian)/jyW/cm?. TRE was corrected using the non-treated animal auto-
fluorescence in each region, as well as the fluorescence of the infused sample measured in the fluorometer.

rHDL-rApolJ nanodiscs biodistribution in old APP23 and wt mice. The biodistribution of adminis-
trated rHDL-rApo]J nanodiscs in old APP23 and wt littermate mice was studied. APP23 mice overexpress the APP
protein containing the Swedish mutation (K670M/N671L) under the Thyl neuronal promoter. Hemizygote B6,
D2-TgN[Thy-APPSWE]-23-Tg mice (APP23) provided by Novartis Institutes for BioMedical Research, Novartis
Pharma AG (Basel, Switzerland) were backcrossed twice with C57BL/6 mice (Janvier). The APP genotype was
tested by Transnetyx (Cordova, TN, US) from tail-samples. For the biodistribution experiment using the Xenogen
IVIS® Spectrum system, 24-month-old APP23 animals and age-matched wt mice were treated IV via tail vein
(N =5-6/group, 100 pg/ml rApoJ and 1.5mM DMPC) and images were obtained as previously described for
young mice. A 24-month-old wt animal was used for background subtraction.

AB Immunohistochemistry. For AS analysis in brain, 24-month-old APP23 and wt mice were anesthe-
tized under isoflurane fl w and euthanized, followed by transcardial perfusion with 25 ml of cold 0.1 M PBS, pH
7.4. Brains were rapidly removed, divided into hemispheres, and paraffi embedded. For the A3 immunohisto-
chemistry analysis, all samples were deparaffini d for 1h at 65°C and treated with 2% H,0, and 10% methanol
diluted in PBS for 15 min. The sections were incubated for 1h in blocking solution (PBS, 0.2% triton-X, 10% FBS
and 1.5 g/ml glycine) and, then, incubated overnight (ON) at 4 °C with an anti-human A monoclonal antibody
(AB4G8, Covance, Princeton, NY, USA) diluted 1:5000 in blocking solution. After that, slices were incubated with
biotinylated a-mouse IgG (Vector Laboratories, Burlingame, CA, USA) diluted 1:200 in blocking solution for 1 h
at RT and then for 1 h with streptavidin-HRP (Vector Laboratories) diluted 1:200 in blocking solution. Finally,
diaminobenzidine (DAB) (Dako, Denmark) was applied until a brown end-product was visible and contrast
staining was done with Harris hematoxylin solution (Sigma-Aldrich).

ThS staining. Paraffin-embedded brain sagittal sections from 24-month-old APP23 and age-matched wt
mice were used. All samples were deparaffini d for 1h at 65°C and immersed in 1% ThS dissolved in ethanol
75% during 30 s. The excess of ThS was drained and the slices were again immersed in 0.1% ThSin ethanol 75%
for 1 min, then, slices were dehydrated and DAPI was used as contrast staining before mounting the preparations.

Localization of rHDL-rApoJ nanodiscs in brain sections. To determine the cranial localization
of rHDL-rApo] nanodiscs after IV administration, 28 month old APP23 mice were treated with 1 mg/kg of
rHDL-rApo] nanodiscs via retroorbital injection. Animals were euthanized by decapitation 30 minutes after the
administration and brains were rapidly removed, divided in two hemispheres and rapidly paraffi embedded.
For immunofluorescence preparations, deparaffini tion and blocking steps were done as previously described
and anti-human Apo] antibody (RD Bioscience, San Diego, CA, USA) diluted 1/100 in blocking solution was
incubated ON at 4 °C. After that, slices were incubated with Alexa-Fluor594 labelled anti-mouse IgG (Invitrogen,
Carlsbad, CA, USA) diluted 1/500 in blocking solution 1h at RT. Finally, ThS taining was done as previously
described and preparations were mounted.

Statistical analysis. GraphPad Prism 5 was used for the statistical analysis. The signifi ant differences were
assessed using t-test, paired t-test and ANOVA with Dunnett’s multiple comparison post-hoc test, as appropriate.
The variables are shown as mean 4= SEM and a p-value < 0.05 was considered statistically signifi ant.

Data availability statement. The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.
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Supplementary Figure S1: Size distribution of purified rHDL-rApoJ nanodiscs at the ultrastructural
level from the measurement of 1000 particles: a) Diameter distribution of purified rHDL-rApol
nanodiscs. b) Height distribution of rHDL-rApoJ nanodiscs.
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Supplementary Figure S2
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Supplementary Figure S2: Citotoxicity analysis of free rApoJ and rHDL-rApoJ nanodiscs. MTT
reduction assay in cultured microvascular endothelial cells (hCMEC/D3) and neuroblastoma SH-SY5Y
cells (as an in vitro model of neuronal function) after the treatment with rHDL-rApoJ nanodiscs or free
rApoJ (80 mg/L) for 24 h. N=3; one way-ANOV A and Dunnett’s post-hot test; n.s= non-significant.
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Supplementary Figure S3: Biodistribution of infused rHDL-rApoJ nanodiscs or liposomes in 8 week-
old C57/BL6 mice. Quantification of the in vivo fluorescent signal obtained using the IVIS Xenogen system
at 30 min, 2 h and 4 h after IV administration of labelled-rHDL-rApol or labelled-liposomes in (A) the
spine and (B) the bladder of 8 week-old C57/BL6 mice, N=5-6/group. (C) Quantification of the fluorescent
signal obtained in plasma from 8 week-old C57/BL6 mice treated with labelled-rHDL-rApol or labelled-
liposomes determined at Ex/Em: 750/780, N=4-5/ group. (D) Representative IVIS Xenogen in vivo images
of ventral mice sections at 4 h after IV administration of labelled-rHDL-rApol or labelled-liposomes. C- =
Non-treated control mouse. t-test analysis; *p< 0.05 comparison of the signal obtained from mice treated
with tHDL-rApolJ vs. liposomes at each time point.
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Supplementary Figure S4: Biodistribution of IV infused rHDL-rApoJ in aged APP23 and wt mice.
Quantification of the in vivo fluorescent signal obtained using the IVIS Xenogen system at 30 min, 2 h and
4 h after IV administration of labelled-rHDL-rApoJ in (A) the liver and (B) the bladder of 24-month-old
APP23 and wt mice, N=5-6/group. (C) Quantification of the fluorescent signal obtained in plasma from
24-month-old APP23 and wt mice 4 h after administration of labelled-rHDL-rApoJ determined at Ex/Em:
750/780. N=3/group. Paired t-test analysis; ¢ p< 0.05 comparison between t= 30 min and t = 4 h for each
treatment.

SUPPLEMENTARY METHODS

Production, purification and characterization of free rApoJ

The production and purification of recombinant human ApoJ (rApoJ) has been previously
described by our group?!. Here below, we provide a detailed technical protocol for the production,
purification and characterization of human free rApolJ:

Production and purification of free rApoJ: Human Embryonic Kidney 293T cells (HEK293T)
were transfected with a pcDNA4.0™ vector containing human APOJ cDNA (Abgent,
Clairemont, San Diego, USA). Stable transfected clones were cultured in HYPERFlask systems
(Corning Inc., New York, USA), followed by supernatant recollection and purification. The
protein was purified with Ni-affinity chromatography in a FPLC AKTA Purifier 100 System)
with HiScreen Ni FF columns (GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA) .Purified protein was dialyzed, lyophilized and reconstituted in Tris Buffer Saline (TBS,
pH = 6.4) and its concentration was assessed using BCA assay (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Aliquots were stored at -80°C.

SDS-PAGE: The purity of rApoJ was determined using SDS-PAGE in 4-12% polyacrylamide
gels under reducing (5% 2-mercaptoethanol and heating at 95 °C for 5 min) and non-reducing
conditions, followed by Coomassie SafeBlue staining (Nzytech, Lisbon, Portugal). The purity of
rApoJ] was > 75%, determined by analysis of the bands using the ImageJ software
(rsweb.nih.gov). Human native ApoJ (nApolJ; Novus Biologicals, Littleton, CO, USA) was used
as a positive control.

Size Exclusion Chromatography (SEC): The native state of free rApoJ protein was
characterized by SEC in an AKTA Purifier 100 system. One-hundred ul of free rApoJ (4 mg/ml)
was injected in a Superose 6 10/300 GL column (GE HealthCare Bioscience Corp.). Equilibration
and elution were performed with Phosphate Buffered Saline (PBS) at 0.4 ml/min, and the

3
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absorbance at 280 nm was monitored continuously obtaining a size dependent elution of different
rApol aggregated species.

Characterization of rHDL-rApoJ nanodiscs

Once rHDL-rApolJ nanodisc where prepared and purified as described in the main text, resulting
nanodiscs where characterized in terms of size, morphology and secondary structure of rApolJ.
All the technical procedures used for the nanodiscs characterization are extensively described
here below:

Native-PAGE: Purified rHDL-rApol] particles were characterized by Native-PAGE in precast 4-
20% acrylamide gradient gels (BioRad, Hercules, California, USA) using fluorescent rHDL-
rApolJ nanodiscs. The Kit for High Molecular Marker 14,000-500,000 Non-Denaturing PAGE
(Sigma-Aldrich) was used as molecular marker. A 25 u1 sample aliquot was loaded and gels were
run for 3 h at 140 V at 4°C. The fluorescence of the lipids was detected using an ODYSSEY
Imager (Li-Cor Biotechnology, Lincoln, NE, USA), recording the emission at 700 nm followed
by Coomassie staining for protein detection.

Dynamic Light Scattering (DLS): Particle-size distributions of rHDL-rApoJ nanodiscs and
liposomes were determined using a DLS analyzer combined with non-invasive backscatter
technology (Malvern Zetasizer, Malvern Instruments, UK).. The mean of 3 different
measurements was taken as the mean diameter.

Transmission Electron Microscopy (TEM): Isolated rHDL-rApoJ fractions were analysed by
negative staining TEM. An 8 ul aliquot of rHDL-rApoJ nanodiscs was added to freshly glow-
discharged carbon 300 Mesh copper grids (Ted Pella Inc. Redding, CA, USA) for 1 min. After
blotting excess fluid, samples were stained with 8 pul of 5% uranyl acetate for 1 min. Samples
were then examined in a JEM 1400 Transmission Electron Microscope (JEOL USA, Peabody,
MA, USA). The diameter and height of 1000 discoidal particles was measured with ImageJ
software.

Circular dichroism (CD): Far Ultraviolet (UV) CD spectrum was recorded to detect the
conformational changes that occurred in rApolJ due to its lipidation. CD measurements (190-260
nm) were made of rApoJ and rHDL-rApoJ in TBS solutions (0.1 mg/ml) in a 1 mm path-length
quartz cuvette in a JASCO-815 spectropolarimeter (JASCO Inc. Maryland, USA). The
measurements were corrected by subtracting the spectra of a liposome solution in TBS (1 mM).
The a-helical content was calculated from molar ellipticity at 222 nm ([0222]) as previously
described!?, using the Equation (1):

— [6]322 + 3000

a — helical content (%) = 39000 x 100

ey
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La (B-amiloidosis cerebral, englobando la Enfermedad de Alzheimer (EA) y la
Angiopatia Amiloide Cerebral (AAC), induce consecuencias patoldgicas
devastadoras en los pacientes. Lamentablemente, en la actualidad no existen terapias
modificadoras para ninguna de estas dos enfermedades. En los casos esporadicos de
B-amiloidosis cerebral (= 90% de los casos), no se observa un aumento de la
produccion del péptido AB* y la acumulacion cerebral del péptido AB se explica por
una desregulacion de los mecanismos de eliminacion??8. Por ello, el desarrollo de

terapias que estimulen dichas vias podria tener un gran impacto en pacientes con

EA o AAC.

En este contexto, se ha propuesto que ApoA-I'¥ y Apo]?** estan implicadas en
aclaramiento cerebral del péptido AB, aunque su rol concreto y los mecanismos
subyacentes no son totalmente comprendidos. En este sentido, hipotetizamos que
modificaciones estructurales realizadas sobre ApoA-I-wt y Apo] (rApoA-I-M y
nanodiscos tHDL-rApo] respectivamente) podrian aumentar su eficacia en este
proceso. Por estas razones, consideramos que la administracién periférica de estas
apolipoproteinas recombinantes y/o sus modificaciones estructurales puede arrojar

luz sobre su potencial terapéutico y los mecanismos en los que intervienen.

4.1- Produccidén de las apolipoproteinas recombinantes

y sus modificaciones estructurales

La producciéon y comercializacion de proteinas recombinantes con objetivos
terapéuticos ha supuesto una auténtica revolucion en el tratamiento de diversas
enfermedades. De hecho, 18 de los 27 farmacos aprobados por la Administracién
de Alimentacion y Farmacos (FDA, Food and Drug Administration) entre 2008 y 2011
estaban basados en proteinas recombinantes??. Por otra parte, de esos 18 farmacos,
12 fueron producidos en células de mamiferos, acentuando la importancia de este
sistema de produccion en la aplicabilidad de los farmacos. Un buen ejemplo del

impacto terapéutico de las proteinas recombinantes producidas en células mamiferas
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es el activador tisular del plasminégeno recombinante (rt-PA, Recombinant Tissue
plasminogen activator), ampliamente utilizado para la terapia trombolitica en el ictus

isquémico e infarto de miocardio?®.

En este contexto, en nuestros estudios, tApoA-I-wt, tApoA-I-M y rApo] fueron
producidas en células humanas (HEK293T). Consideramos que utilizar este sistema
de expresion permite reproducir con mayor veracidad las modificaciones post-
transcripcionales y el patrén de glicosilacion de las proteinas humanas. Mas
concretamente, pensamos que la produccion de rApoJ en células humanas es critica
para obtener una proteina funcional. Esto viene dado por la elevada complejidad
estructural de Apo] y las multiples modificaciones post-transcripcionales a las que
esta sujeta. Tras su traduccién, ApoJ es sometida a una protedlisis generando las
subunidades o- y - que quedan unidas por puentes disulfuro. Ademas es un
proteina altamente y complejamente glicosilada?!o. Asi, la dificultad de producir
Apo] en sistemas de produccion diferentes a los mamiferos se ha documentado con

anterioridad?6l.

La produccion de proteinas recombinantes en sistemas de produccion de células
mamiferas (Ej: células HEK293) supone sacrificar los elevados rendimientos de
produccion obtenidos en Escherichia coli (E.coli) o Pischia pastoris (P.pastoris)*>. Sin
embargo, debido a la importancia de la produccién en células mamiferas para la
generacion de agentes terapéuticos, se han desarrollado procesos industriales que
permitan la produccién de proteinas recombinantes en células mamiferas a gran
escala. Asi, las células HEK293 se pueden crecer en suspension en biorreactores,
multiplicando por 100 los rendimientos de producciéon que se obtenian hace dos

décadas 200,

Por otra parte, atendiendo a la aplicabilidad de rApoA-I, tApo] y sus modificaciones
estructurales, la administracion intravenosa de la variante genética tApoA-I-M ya ha
sido probada en diferentes ensayos clinicos en el contexto de la aterosclerosis. En
ellos, no se han observado efectos secundarios indeseados, proponiendo que la
administracion de rtApoA-I-M es segura. De la misma manera, la reconstitucion de

apolipoproteinas recombinantes en nanodiscos tHDL (MDCO-216) también ha
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llegado a ensayos clinicos enfocados a diferentes enfermedades, en los que tampoco
se observaron sintomas indeseados relacionados con toxicidad generada por las
mismas (NCT02678923). En base a estas evidencias, consideramos que la
produccion de rApoA-I, rApoA-I-M y rApo] en células humanas, asi como su
modificaciéon estructural para la formacién de nanodiscos tHDL es un proceso
escalable a nivel industrial. Ademas, para el caso de tApoA-I-M su seguridad ya ha
sido probada en humanos, lo que facilitaria su traslado a la clinica en el caso de que

su potencial terapéutico fuera consolidado.

4.2- Potencial terapéutico de rApoA-I-wt y rtApoA-1-M

4.2.1- Eficacia de rApoA-I-M en el modelo murino APP23

Como primer paso para evaluar el rol de ApoA-I-wt y ApoA-I-M en relacion a
patologias asociadas al deposito cerebral del péptido AR, en el Articulo 1 se analiz6
la capacidad citoprotectora de rApoA-I-wt y rApoA-I-M frente a AB42 en cultivos
de la linea celular endotelial humana hCMEC/D3. Consideramos que debido a la
gran capacidad previniendo el dafio vascular que ha mostrado ApoA-I-M en
estudios previos,!?>2? esta proteina podtia tener un efecto beneficioso protegiendo
a las células endoteliales de la citotoxicidad generada por AB. Asi, ambas
apolipoproteinas recombinantes mostraron eficacia previniendo la citotoxicidad de
AB. Sin embargo, tras el post-tratamiento con rApoA-I-wt o rApoA-I-M en células
previamente sometidas a la citotoxicidad generada por el péptido, solamente
rApoA-I-M fue capaz de prevenir muerte celular. Las mayores capacidades
protectoras!'®* y antiinflamatorias'’? de ApoA-I-M frente a ApoA-I-wt ya se han
propuesto anteriormente, aunque esta fue la primera vez en la que ApoA-I-M se
estudi6 en relacién al efecto citotéxico inducido por el péptido AB. A continuacion,
se testo el efecto de su administracion intravenosa cronica en ratones APP23 de 16

meses, como modelo experimental de EA/AAC.
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Una vez finalizado el tratamiento, se observo una reduccion de la carga de ABao y
AB42 cerebral total, asi como de la formacion de placas neuriticas y AAC en aquellos
ratones que habfan sido tratados con rApoA-I-M. En cuanto al mecanismo de
actuacién, se observé que 30 minutos después de una sola dosis de proteina
recombinante, los niveles plasmaticos de AB4 aumentaron, detectindose el
complejo rApoA-I-M:AB en plasma. Estos resultados propusieron que la
administracion periférica de tApoA-I-M es capaz de prevenir la acumulacion del
péptido AB fomentando su eliminacién a través de la BHE. No obstante, no se
detecté rApoA-I-M en el parénquima cerebral, por lo que el mecanismo que dirige
la disminuida acumulacién de AB en cerebro, parece estar mediado desde la
periferia. Se ha propuesto que ApoA-I es capaz de atravesar la BHE tanto iz vitro, a
través de receptores LRP1%62, como 7z vive a través del plexo coroideo?%3. Por estas
razones, no se puede descartar que se dé la entrada de rApoA-I-M al parénquima
cerebral y que esta no sea detectable mediante las técnicas utilizadas (Western Blot y
ELISA). Frente a la aparente ausencia de rApoA-I-M en cerebro, los resultados
obtenidos podrian ser explicados mediante la “hipotesis del sumidero periférico”
(peripheral sink hypothesis), en la que se propone que moléculas que presenten gran
afinidad por AB en el plasma pueden favorecer su degradacion periférica,
provocando una movilizaciéon del AB de cerebro a sangre. De hecho, en un modelo
in vitro de la BHE murina, se observé un mayor del transporte del péptido ABso de
cerebro a sangre en presencia de tApoA-I-wt en el compartimento apical (sangre)2¢2.
Por otra parte, también se ha propuesto que la eficacia de la inmunizacién pasiva
contra AP observada en modelos experimentales de raton de 3-amiloidosis cerebral
esta mediada por este mecanismo?%4. No obstante, las rutas implicadas en esta via de
eliminaciéon son ampliamente desconocidas y la naturaleza de este mecanismo sigue
bajo discusion®. Por estas razones, consideramos que estudiar mas en profundidad
el mecanismo de accion de ApoA-I-M permitirfa una mejor comprension del rol

periférico de ApoA-I y esclarecer su potencial terapéutico.

Por otra parte, tras la administracion periférica de rApoA-I-M se observé una
disminucién de los marcadores celulares neuroinflamatorios microgliales (Ibal y

CD068) y astrociticos (GFAP). Como ya se ha mencionado, ApoA-I-M presenta unas
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propiedades antiinflamatorias tnicas!®?, que podrian explicar la disminucién en los
marcadores de inflamatorios. No obstante, debido a que la concentraciéon de 1L-18
correlacion6 de manera muy significativa con los niveles de cerebrales de AB, la
mitigaciéon de la respuesta inmune cerebral se podria identificar como una

consecuencia de la disminucién en los niveles totales de AB.

Por otro lado, pese a las mejorias observadas en términos de acumulaciéon de AB y
neuroinflamacion, el tratamiento crénico con rApoA-I-M no fue capaz de mostrar
eficacia previniendo la muerte neuronal que ocurre en el hipocampo de los ratones
APP23 a partir de los 12 meses!!8. En este mismo contexto, no se evalué el impacto
de la administracion periférica de rApoA-I-M sobre el estado cognitivo de los
ratones APP23, lo cual es una de las limitaciones de nuestro estudio. Consideramos
que futuros estudios que establezcan si los efectos protectores observados tras la
administracion cronica de rtApoA-I-M son capaces de prevenir el déficit cognitivo
en ratones APP23, seran claves para consolidar el potencial terapéutico de rApoA-I-

M.

Asimismo, no se puede descartar que la administracién periférica de ApoA-I-wt
también tenga un rol protector frente a la acumulacién patologica de AB en el
modelo de ratén APP23. De hecho, aunque el Articulo 1 es la primera publicacion
que estudia el efecto de ApoA-I-M en el contexto de la B-amiloidosis cerebral, el rol
de ApoA-I-wt habia sido propuesto anteriormente. Asi, se ha observado que ratones
APP/PS1 deficientes para Apoal, mostraron una agudizacién de la AAC y del
deterioro cognitivo sin afectar a la acumulacién parenquimal de AR5 En el mismo
sentido, la sobreexpresion de esta apolipoproteina resulté en un disminucion de la
neuroinflamaciéon y la AAC!8; una vez mas sin mostrar diferencias en los depositos
parenquimales. Ademas, una sola dosis de rtApoA-I formulada en tHDL (farmaco
CSL-111) en el modelo APP/PS1, fue capaz de reducir los niveles solubles de AB4o
y AB42?%%. Sin embargo, en este ultimo estudio, la administracién cronica de tApoA-I
lipidada no generé ninguna diferencia en la carga de AB o la neuroinflamacion?>*,
pese a la elevada dosis que se administré (60 mg/kg) en comparaciéon a nuestro
estudio con rApoA-I-M (2 mg/kg). Estos resultados, junto a la bibliografia que

apoya mayores propiedades protectoras de ApoA-I-M frente a ApoA-I-wt!2, nos
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sugieren que rApoA-I-M tiene mayor potencial terapéutico que su forma wt, ya que
a dosis mas bajas que las estudiadas anteriormente, mostraron eficacia previniendo
tanto la acumulacion de AP vascular como parenquimal. No obstante, esta
afirmacion debe ser evaluada en futuros estudios, en los que se estudie la eficacia de

ambas variantes genéticas bajo el mismo disefio experimental.

4.2.2- Rol del metabolismo lipidico y posibles mecanismos subyacentes

Debido al rol central que juega ApoA-I en el metabolismo lipidico'”’, estudiar si los
procesos biolégicos involucrados en dicho metabolismo (eflujo de colesterol,
activaciéon de rutas antiinflamatorias y vasoprotectoras entre otros)!7L172) estan
implicados en los efectos protectores observados tras la administracion periférica de
rApoA-I-M podria ser de gran interés. En este contexto, como ya se ha
mencionado a lo largo de esta Tesis Doctoral, varios estudios clinicos han
observado que alteraciones en los niveles de HDL son un factor de riesgo para
padecer EA2. En este mismo contexto, ApoE juega un rol indispensable en el
metabolismo lipidico, y como se ha comentado anteriormente, el genotipo ApoE es
el principal factor de riesgo para padecer EA esporadical®®. Asi, ratones deficientes
para el gen ApoE, son un modelo experimental de aterosclerosis muy validado, ya
que en ausencia de la misma, los ratones presentan una marcada aterosclerosis e
hiperlipidemia®%. Estos resultados, refuerzan la idea de que alteraciones en el

metabolismo lipidico estan implicadas en la patologia de B-amiloidosis cerebral.

En este contexto, ApoA-I es la apolipoproteina mayoritaria en las HDL (70% de las
proteinas unidas a HDL2%%) y juega un papel indispensable en la biogénesis de
particulas HDL, asi como en el correcto funcionamiento del TRC?7. Asimismo,
ApoA-I-M se ha identificado como una variante protectora, ya que los portadores
estan protegidos frente a aterosclerosis'®’. Ademas, se ha propuesto que la
administracion de rApoA-I-M lipidada en pacientes con enfermedad coronaria
promueve una rapida redistribuciéon de las subespecies de HDL, aumentando el
nivel HDL incipientes?”. En este mismo estudio, se observo que la infusién de

rApoA-I-M lipidada promovia cambios lipidomicos sustanciales, aumentando los
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niveles de triglicéridos y disminuyendo los niveles de colesterol asociado a HDL,
imitando asf el perfil lipidico que muestran los portadores de ApoA-I-M!8. Por ello,
se investigaron los niveles de colesterol total, HDL, LLDL y triglicéridos en los
ratones APP23 tratados con rApoA-I-M. Sin embargo, no se observé ninguna
diferencia. No obstante, un analisis mas detallado de las diferentes subespecies de
HDL en los animales tratados con rApoA-I-M podria arrojar luz sobre los

mecanismos subyacentes a los efectos protectores observados en el Articulo 1.

En esta misma linea, la implicacion del eflujo de colesterol en EA también ha sido
propuesta?%8. De hecho, alteraciones en la expresion de receptores implicados en el
metabolismo lipidico y en el TRC en modelos experimentales de B-amiloidosis
cerebral tienen consecuencias directas sobre la acumulacion de AB. Asi, la
sobreexpresion de ABCAT (clasicamente implicada en el eflujo de colesterol®®”) en
el modelo PDAPP resulté en una clara disminucion de la carga de AB cerebral'#.
En el mismo sentido, la deficiencia de Abcal en el mismo modelo animal, resulté en
una mayor acumulaciéon cerebral de AB%. Asimismo, la eliminaciéon del gen S7b-I
(receptor de particulas HDL e implicado el TRC?"%) en el modelo animal de -
amiloidosis cerebral J20, también resulté en un aumento de la carga amiloide fibrilar
y AAC, asi como un empeoramiento del estado cognitivo de los ratones?’l.
Finalmente, la administracién de agonistas del Receptor X de higado (LXR, Liver X
Repector), en el modelo de [-amiloidosis Tg2576, también implicado en el
metabolismo lipidico?’?, mostraron una disminucién muy significativa de la
acumulacion cerebral de AB?7. Por ello, en nuestro estudio, se evaluaron los niveles
cerebrales de ABCA1 y SRB-I en los ratones APP23 sometidos al tratamiento
cronico con rApoA-I-M. En este sentido, no se observaron diferencias en la
expresion de dichos receptores. No obstante, debido a que se ha propuesto que
ApoA-I-M podria tener mayor capacidad que ApoA-I-wt promoviendo el eflujo de
colesterol!?’, estudiar la posible estimulaciéon de este mecanismo en el contexto de la
B-amiloidosis cerebral podria ser de gran interés. Mas concretamente, investigar la
capacidad de tApoA-I-M de promover el eflujo de colesterol y su implicacion sobre

el transporte de AR a través de un modelo zz vitro de la BHE?™, podria ser util para
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determinar si el aclaramiento observado 7 vivo tras la administracion de rApoA-I-M

esta relacionada con la estimulaciéon del eflujo de colesterol.

Finalmente, los pacientes de EA muestran alteraciones en el correcto
funcionamiento de la vasculatura cerebral, como una reduccion del flujo sanguineo
cerebral?”> y una menor densidad de microvasos cerebrales?’0. Ademas, los pacientes
de AAC también muestras significativas alteraciones vasculares, mostrando pérdida
de musculo liso y angitis; aparte de la evidente debilitaciéon del vaso que conduce a
eventos de HIC-AAC5!. Estas alteraciones parecen tener un impacto tangible sobre
la homeostasis cerebral. Asi, se ha llegado a proponer que disfunciones
cerebrovasculares pueden provocar una cascada de eventos nocivos que culminan
en el desarrollo de la EA?”7.  En este contexto, debido a las ya mencionadas
propiedades protectoras que presenta ApoA-I-M (antiinflamatorias, promocioén del
eflujo de colesterol y moduladora del metabolismo lipidico)!9%198.209  esta justificado
proponer que rApoA-I-M pueda tener potentes propiedades vasoprotectoras que
podrian modular la homeostasis cerebrovascular. Esta proteccion de la vasculatura
cerebral, podria mediar los efectos protectores frente a la B-amiloidosis cerebral
observados tras la administracién de rtApoA-I-M en el Articulol. Por ello, estudiar
los efectos de la administraciéon de rApoA-I-M sobre la disfuncién vascular que
exhibe el modelo transgénico APP23 podria esclarecer la importancia de este

mecanismo.

4.3- Formacion y caracterizacion de nanodiscos tHDL.-

rApo]

4.3.1- Caracteristicas fisicoquimicas de los nanodiscos rHDL-rApo]

En el Articulo 2 se presenta un protocolo para la preparacion de nanodiscos tHDL-
rApo] con una alta reproducibilidad. La formacién de estos nanodiscos conllevé un

extenso proceso de optimizacion, el cual se puede encontrar resumido en el

Anexol.
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Mediante el método de dialisis colato se consiguié la formaciéon de nanodiscos
rtHDL-rApo] obteniendo dos poblaciones con = 30 y 70 nm de diametro
respectivamente. La obtenciéon de poblaciones de tHDL con diferentes diametros
ha sido previamente descrito para nanodiscos formulados con ApoA-I, donde la
diferencia de tamafio se explicé por un diferente plegamiento terciario de la
proteina?’8. Por otra parte, los nanodiscos presentaron una morfologia discoidal con

una densidad menor a 1,25 g/ml.

Atendiendo a la estructura de los nanodiscos tHDL-rApo], se ha descrito que Apo]
tiene 3 grandes regiones nativamente desordenadas (wolten globule regions) que
potencialmente pueden adquirir estructura secundaria en forma de 5 hélices-a
anfifilicas?’%2%0. De hecho, estos nanodiscos presentaron un incremento en el
contenido de hélices-a en comparaciéon la proteina libre. En este contexto, la
presencia de hélices-o anfifilicas es esencial para la interaccién proteina lipido, ya
que el contenido tanto de residuos hidrifilicos como hidrofébicos es necesaria para
interactuar en la interfaz polar/no polar generada entre las fases de fosfolipido y
agua®®l. As{ se permitirfa la formaciéon de enlaces hidrofébicos entre las cadenas
carbonadas de los fosfolipidos y residuos hidréfobos de Apo] que da lugar a la

formacion de los nanodiscos tHDL-rApo].

Bajo nuestro conocimiento, solo existe una publicacion previa que estudie la
formulaciéon de ApoJ en rHDIL?>3. Debido a la sensibilidad de la formacion de
rtHDL a las condiciones de formacion utilizadas, las diferencias en tamano y
morfologia observados en comparacién a nuestro estudio son facilmente explicables
por las diferencias metodolégicas entre ambos protocolos. Por un lado, Calero ef
aP> utilizaron Apo] purificada de plasma, mientras que nosotros utilizamos Apo]
recombinante producida en células humanas. Por otra parte, el fosfolipido utilizado
y el ratio fosfolipido:proteina tampoco coincidié. Sin embargo, consideramos que
nuestro protocolo da pie a futuras aplicaciones, ya que la utilizaciéon de Apo]
recombinante en lugar de purificada de plasma aumenta la seguridad y facilita la

reproducibilidad y el escalado de la produccion.
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4.3.2- Nanodiscos tHDL-rApo] en el contexto de la B-amiloidosis cerebral

En circulacién y cerebro, Apo] aparece tanto formando parte de particulas HDL
como en su forma libre no lipidada. De hecho, se ha propuesto que una vez Apo] es
secretada se puede unir a HDLs preformadas??, pero también se puede liberar en
forma de lipoproteina tanto en la periferia a partir de células hepaticas??, como
dentro del SNC a partir de astrocitos?!3. Se estima que en torno a un 20% de la
Apo] circulante esta formando parte de lipoproteinas?!l. Sin embargo, el impacto de
la lipidaciéon de Apo] sobre su funcionalidad en el contexto de la B-amiloidosis

cerebral es poco conocido.

Las consecuencias de la modificacion estructural de ApoJ en forma de nanodiscos
rHDL-rApo] se investigaron en condiciones 7 vitro. En primer lugar, debido a que
Apo] es capaz de unirse al péptido AR y prevenir su fibrilizacion??, se investigo la
capacidad de los nanodiscos tHDL-rApo] de prevenir la fibrilizaciéon de ABo y AB4z
en comparacion a la proteina libre. No se observaron diferencias en términos de
prevencion de la agregacion de AB4o o AB4, demostrando que la lipidacion de rApo]
bajo nuestras condiciones no modifica las caracteristicas de chaperona que presenta
Apo]. Por otra parte, se ha propuesto que Apo] interviene en el metabolismo
lipidico promoviendo el efluyjo de ésteres de colesterol?®®. En este sentido,
observamos que los nanodiscos tHDL-rApo] fueron mas eficaces que la proteina
libre promoviendo el eflujo de ésteres de colesterol 7z vitro. Asi, como ya se ha
mencionado con anterioridad, la relacion existente entre la EA y el metabolismo
lipidico esta apoyada por varias evidencias!>1.152, Ademas, tal y como se argumentaba
en el Apartado 4.2.2, alteraciones en la expresion de receptores implicados en el
eflujo de colesterol y metabolismo lipidico tienen efectos tangibles sobre la
acumulaciéon cerebral de AR!#9271. Asimismo, las capacidades vasoprotectoras y
antiinflamatorias que se les atribuyen a las particulas HDL podrian tener un impacto
protector sobre la vasculatura cerebral®®®; lo que a su vez podria influir sobre la
homeostasis cerebral. Por todo ello, la mayor capacidad promoviendo el eflujo de
colesterol iz vitro que mostraron los nanodiscos tHDL-rApo], podria suponer un

aumento de funcion en relacion a la B-amiloidosis cerebral. En este sentido, como se
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ha propuesto para rApoA-I-M, estudiar el efecto de la lipidacién de rApo] sobre la
capacidad de promover el eflujo de colesterol en un modelo 7 vitro de la BHE

acoplado al transporte de AR podria ser de gran interés.

A continuacién, nanodiscos rHDL-rApoJ y liposomas de tamafio equivalente,
ambos marcados con fluorescencia, se administraron en ratones C57/BL6 via
intravenosa. Mediante la monitorizaciéon de esta fluorescencia a lo largo del tiempo
se pudo determinar su biodindmica y biodistribucion. Se observé que los nanodiscos
eran capaces de acumularse especificamente en la zona craneal, algo que no se
observo tras la administraciéon de liposomas. Estos resultados, proponen que la
presencia de rApo] en los nanodiscos, es necesaria para su acumulacion craneal.
Dicha acumulacién disminuy6 a lo largo del tiempo, aunque esta era aun detectable
4 horas después de la administraciéon tanto en la zona craneal como en plasma.
Ademas, se observé que el metabolismo de eliminacion era renal debido al aumento

de sefial progresivo observado en vejiga.

Por otra parte, se estudi6 la biodistribucion de los nanodiscos tHDL-rApo] tras su
administracion intravenosa en ratones de avanzada edad (28 meses) con genotipo
APP23 en comparacién con ratones wt. Se observé una mayor acumulacion craneal
de nanodiscos en los ratones con genotipo APP23, proponiendo que una elevada
carga de AB en el parénquima y vasculatura cerebral promoveria la retencién de los
nanodiscos. Para determinar la localizacion de rApo] tras la administracion
periférica de nanodiscos rtHDL-rApo], se realiz6 un analisis inmunohistoquimico en
cortes de cerebro donde se observo acumulacion de Apo] humana en la vasculatura
cerebral afectada con AAC. Sin embargo, no hubo detecciéon en el parénquima,
proponiendo que los nanodiscos tHDL-rApo] no son capaces de atravesar la BHE.
Atendiendo a la capacidad de rApo] de atravesar la BHE, estudios 77 vivo anteriores
en cobayas han propuesto que ApoJ es capaz de atravesar la BHE?% de sangre a
cerebro. De la misma manera, se ha descrito que Apo] es capaz de atravesar la BHE
de cerebro a sangre a través del receptor LRP22%. Sin embargo, la capacidad de
HDLs acopladas a Apo] de atravesar la BHE es poco conocida. No obstante, no se

puede descartar una entrada no detectable mediante inmunofluroescencia.
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Por otra parte, las capacidades antiinflamatorias y antiapoptéticas?'® que se le
atribuyen a ApoJ podrian tener un impacto sobre la cerebrovasculatura afectada con
AAC asi como afectar al aclaramiento del péptido AB. En el mismo sentido, se ha
propuesto que Apo] favorece la eliminacién del péptido AP mediante la via del
drenaje perivascular?*, por lo que la co-localizacién entre el AB vascular y rApo]

podria tener un impacto sobre la estimulacion de esta via.

Las evidencias presentadas en el Articulo 2 generaron dos incognitas principales: (1)
Si las propiedades presentadas por los nanodiscos y rApo] libre tienen un efecto
terapéutico tras su administracion en modelos experimentales de B-amiloidosis
cerebral y (2) st el cambio estructural generado en rApo] produce un incremento de
la funcionalidad en el marco de la -amiloidosis cerebral. En el Manuscrito 3 se

intentd dar respuesta a estas cuestiones.

4.4- Potencial terapéutico de rApo] libre y nanodiscos
rHDL-rApo]

4.4.1- Efecto de la administracion periférica de rApo] libre o nanodiscos

rHDL-rApo] en el modelo experimental de B-amiloidosis cerebral APP23

En el Manuscrito 3 se estudi6 el efecto de la administraciéon cronica periférica de
rApo] libre o formulada en nanodiscos rHDL-rApo] en el modelo transgénico

murino APP23.

En primer lugar, estudios previos han descrito un aumento de los niveles
cerebrales?®” y circulantes?? de ApoJ en casos de EA. Sin embargo, si estas
observaciones son causa o consecuencia de la acumulacién patoldgica del péptido
AR sigue bajo investigacion. Por ello, en primer lugar investigamos las variaciones de
los niveles de ApoJ murina (m-Apo]) en funcién del aumento progresivo de
deposito AR que presenta el modelo experimental de raton APP23. Observamos

que la creciente acumulacion del péptido AB iba acompafiada de un aumento de los
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niveles cerebrales de m-Apo], detectando diferencias en ratones APP23 de 24 meses
de edad en comparacion a ratones wt y ratones APP23 de 15 meses. Sin embargo, a
los 15 meses las diferencias entre APP23 y wt aun no eran significativas. Debido a
que nuestra hipoétesis inicial era que el aumento de los niveles de Apo] es fruto de
una respuesta protectora del organismo frente al insulto que supone la acumulacién
de AB, se estudi6 el efecto de la administracion periférica de rApoJ humana o
nanodiscos rtHDL-rApo] a edades en las que ain no se observo un aumento en los

niveles plasmaticos o cerebrales de m-ApoJ (15 meses de edad).

Asi, tras la administracién cronica de rApo] libre o nanodiscos rHDL-rApo], se
detect6 la presencia de rApo] humana en plasma, mientras que en el SNC, so6lo se
observo rApo] humana en el lumen de arterias leptomeningeas. Estos resultados
van en consonancia con los obtenidos tras la administracion de nanodiscos rHDL-
rApo] del Articulo 2, en el que no se detecté rApo] humana en el parénquima
cerebral. No se puede descartar que haya una sutil entrada de rApo] a cerebro, pero
dados los elevados niveles cerebrales de m-ApoJ?8, consideramos que este
hipotética entrada dificilmente generarfa un aumento significativo de los niveles

cerebrales totales de Apo].

Tras el analisis de los niveles de AB cerebrales, observamos niveles inferiores de
AB40 y AB42 insoluble en los animales tratados con rApo] libre en comparacién al
grupo salino, asi como una reduccién en el tamano medio de los depdsitos de Af
fibrilar. Ademas, el tratamiento con nanodiscos rtHDL-rApo] mostré una reduccién
en los niveles insolubles de AB42. Asimismo, ambos tratamientos basados en el
aumento de los niveles circulantes de rApo] mostraron eficacia reduciendo el
namero de vasos cerebrales afectados por AAC. En este contexto, la reduccion del
numero de vasos afectados por depédsito de AB observado tras los tratamientos con
tApo] es coherente con resultados previos en los que ratones APP/PS1 deficientes
pata el gen Clu (APP/PS1/Clu/~), mostraron una impactante exacerbacion del AB
vascular, proponiendo la participacion de Apo] en la eliminacion de A mediante la
via del drenaje perivascular?*. Sin embargo, en este mismo estudio se observé que la
agudizacion del AAC fue acompafiada de una reduccion de los niveles totales de AB

y una ausencia casi total de placas neuriticas. Estos resultados predecian que un
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aumento de los niveles de Apo] podria agravar el deposito AR cerebral, sin embargo,
nuestro estudio demostraba niveles reducidos de AB40 y AB42 insoluble totales tras el
aumento periférico con rApoJ. Pese a la aparente discordancia, estos resultados
fundamentan la implicacién de Apo] regulando el depésito de AB cerebral, aunque
determinar si elevados niveles de Apo] son beneficiosos o nocivos sigue siendo un
interrogante. Notablemente, esta misma cuestion sigue bajo investigaciéon en cuanto
a la apolipoproteina mayoritaria en cerebro (ApoE). En este caso, los resultados de
numerosos estudios que han pretendido determinar el papel de ApoE en el
desarrollo y progresiéon de B-amiloidosis cerebral no han ido en la misma
direccion!®®289, En este contexto, debido a que nuestro estudio es el primer trabajo
que evalda el aumento circulante de Apo] en un modelo transgénico de EA,
consideramos que estos resultados aportan una pieza mas para resolver el complejo

puzle que dibuja el rol de ApoJ en la 3-amiloidosis cerebral.

Atendiendo a la muerte neuronal, los ratones de 15 meses APP23 tratados con
salino mostraron pérdida neuronal en el hipocampo en comparacion a los animales
wt de la misma edad, tal y como esta descrito en bibliografia??. El tratamiento con
rApo] libre mostré neuroproteccion previniendo la muerte neuronal en CAl y
poDG, mientras que el tratamiento con nanodiscos tHDL-rApo] solamente redujo
la muerte neuronal en poDG. En base a esto resultados, refiriéndonos al efecto de la
lipidaciéon sobre la funcionalidad de ApoJ, no observamos diferencias significativas
entre ambos tratamientos en términos de reduccion de la carga de AB. Sin embargo,
en los parametros testados, el tratamiento con rApo] libre mostré una tendencia
hacia un mayor efecto previniendo la acumulaciéon cerebral de AB. Sin embargo,
teniendo en cuenta que en el SNC los astrocitos secretan Apo] en forma de
lipoproteina?!3; el rol de la lipidacién de Apo] en el parénquima cerebral deberia ser
estudiado mas en profundidad. En base a los resultados obtenidos, tanto Apo] libre
como los nanodiscos rHDL-rApo] fueron capaces de prevenir la acumulacion
cerebrovascular de AB, mientras que ApoJ mostré mayor eficacia previniendo la
acumulaciéon de AR insoluble total, asi como la capacidad de prevenir la muerte
neuronal en CAl. Esto parece indicar que la modificacién estructural que ocurre en

Apo] debido a su lipidaciéon interfiere en la activacion de los mecanismos
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protectores observados. De hecho, previamente se ha descrito que la distribucion de
Apo] en las lipoproteinas o en su forma libre esta alterado en enfermedades como
aterosclerosis®!. Por ello, el estudio de la distribucién de Apo] circulante en

pacientes de EA y AAC podria esclarecer este asunto.

No obstante, hay que destacar que los nanodiscos rHDL-rApoJ si mostraron
eficacia previniendo la acumulaciéon cerebrovascular de AB. Por ello, su valor
terapéutico dirigido a pacientes con AAC debe tenerse en cuenta. Debido a que el
modelo transgénico APP23 es un buen modelo para estudiar el AAC!, investigar la
eficacia de los nanodiscos rHDL-rApo] en ratones APP23 de avanzada edad
evaluando parametros como la prevencion de microhemorragias y de la disfuncion
cerebrovascular podria ser de gran interés. Ademas, la estructura de nanodiscos
posee unas caracteristicas inicas que permiten su funcionalizacion mediante un gran
abanico de estrategias?®*?. Asi, nanodiscos tHDL-rApo] unidos a diferentes agentes
terapéuticos dirigidos a la B-amiloidosis cerebral, podrian funcionar como nano-
soportes para enviar farmacos a la vasculatura afectada con AAC, que ademas

disfrutarfan de funcionalidad propia previniendo la acumulacion vascular de AB.

4.4.2- Mecanismo implicados e importancia de la respuesta inmune innata

Con el objetivo de determinar el mecanismo de accién de ApoJ mediando la
prevencién de la acumulacién de AP, en primer lugar, se evaluaron los niveles de
AP en LCR y plasma tras el tratamiento crénico intravenoso con rApo] libre y
nanodiscos tHDL-rApo], asi como la expresiéon de los principales receptores
involucrados en el aclaramiento de AP (LRP1 y RAGE)®. No se observaron
diferencias en la expresioén de dichos receptores ni en los niveles plasmaticos de AR,
aunque si se observé un aumento en los niveles de A4 en LCR. Esta descrita una
reduccion de los niveles de A en LCR en enfermos de EA%” y AACC!, asi como en
el modelo experimental APP23'15 aunque los mecanismos qué explicarfan esta
reduccion no son completamente comprendidos?®®. Sin embargo, tras la

inmunizaciéon pasiva con varios anticuerpos testados en ensayos clinicos de EA, se
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observé un aumento de AR en LCR?, lo que parece estar relacionado con la
capacidad del farmaco de movilizar el AR cerebral. En nuestro estudio, una vez mas,
solamente la administracion de rApo] libre fue capaz de inducir una alteracion de los
niveles AB en LCR, lo que refuerza la idea de que los nanodiscos tHDL-rApo] no

son capaces de activar las mismas vias que rApo] libre.

Por otro lado, cuando se estudio el estado neuroinflamatorio tras los tratamientos
en ratones APP23, no se observdé un aumento en la activacion astrocitaria. En
cambio obtuvimos un incremento en la expresion del marcador lisosomal CD68 en
aquellos ratones tratados con Apo] libre. La expresion de CDG68, el cual se ha
utilizado para marcar microglia fagocitica®>, se observé en la periferia de las placas
neuriticas. Asi, nuestros resultados propondrian que el tratamiento con Apo] libre
estarfa promoviendo la fagocitosis de AP en células microgliales. Este mecanismo
podria explicar la inferior acumulacién cerebral de AB que se observé tras el
tratamiento con rApoJ libre. De hecho, el rol de la microglia como via de
eliminacion del péptido AP se ha documentado extensamente en anterioridad!. La
estimulaciéon de las rutas fagociticas en microglia han demostrado eficacia
previniendo la acumulacién cerebral de AB en distintos modelos animales??0-2% y se
ha propuesto que la eficacia observada tras la inmunizacién pasiva en modelos
experimentales de 3-amiloidosis cerebral podria estar mediada por un aumento de la

fagocitosis microglial??.

En nuestro modelo experimental se estudié también la expresion del receptor
TREM2 en los diferentes grupos de tratamiento. En nuestros experimentos,
observamos un aumento en la expresion cerebral de TREM2 en aquellos ratones
APP23 tratados con rApo] libre. Los niveles de TREM2 correlacionaron con la
expresion de CDG68, proponiendo que ambos marcadores estarian implicados en
mecanismos relacionados. De hecho, se ha observado que ratones deficientes para
Trem?2 presentaron un agravamiento de la (B-amiloidosis cerebral afectando a la
capacidad fagocitica’™. Ademas, se ha propuesto que TREM2 puede interaccionar
con complejos Apo]:AB y favorecer su internalizacion en células microgliales para su

degradacion!.
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Por otra parte, es importante mencionar que en condiciones asociadas a EA se ha
observado infiltraciéon de monocitos’?! que muestran una elevada capacidad
fagocitica?>. De hecho, este fenémeno se ha interpretado como un mecanismo
protector, ya que la prevenciéon de la infiltracion de monocitos en el modelo
transgénico APP/PS1 resulté en una aceleracion de la acumulacién de ABZ%,
mientras que promover la infiltracion de monocitos en el mismo modelo
transgénico condujo a una prevencion de la carga de AB3%2. De hecho, en humanos
se ha propuesto que TREM2 no se expresaria en microglia, sino que sélo lo haria en
el sistema inmune innato periférico, por lo que TERM2 serfa un marcador de
infiltracion de monocitos3?3, No obstante, los monocitos infiltrados se diferencian
rapidamente para adoptar el fenotipo de microglia3’%. Por ello, no se puede descartar
el origen periférico de las células que muestran una incrementada capacidad

fagocitica tras el tratamiento con rApo] libre.

Este camulo de evidencias, sustentarfa la idea de que la estimulacién de la respuesta
inmune frente a la B-amiloidosis cerebral es protectora. Sin embargo, el rol de la
respuesta inmune innata en general y el de la microglia en particular, no parece tan
simple. Asi, la infiltracién de células inmunes periféricas se ha relacionado con
exacerbamiento de la neuroinflamaciéon conduciendo a graves consecuencias?*.
Ademas, ratones APP/PS1 deficientes para N/ip3 (relacionada con activacion del
inflamosoma en microglia) mostraron menor acumulacion B-amiloide’® y la
eliminacion de la microglia en el modelo transgénico 5xFAD resulté en una

proteccion frente a la muerte neuronal3°.

Por ello, en nuestro modelo, se evalu6 el estado neuroinflamatorio general para
determinar si la activacién de rutas fagociticas iba acompanada de una mayor
liberacion de moléculas inflamatorias al parénquima cerebral. Asi, tras los
tratamientos cronicos con rApo] libre o nanodiscos tHDL-rApo], no solo no
observamos un aumento generalizado de la neuroinflamacion, sino que se observé
una disminucion en IL17 y KC tanto en los animales tratados con rApo] libre como
con nanodicos, ademdis de una disminucién en los niveles de MIP-1ax en los
animales tratados con nanodiscos rHDL-rApo]. Esta mitigaciéon del estado

inflamatorio, asf como la prevencién de la acumulacién de AR y la muerte neuronal,
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proponen que rApo] es capaz de promover un estado de activaciéon microglial en el
que se estimula la fagocitosis de forma especifica. De hecho, la importancia de la
respuesta inmune innata en relacion a la EA ha irrumpido con fuerza en el escenario
de la B-amiloidosis cerebral’”. En este contexto y bajo los resultados obtenidos,
Apo] se presenta como un candidato prometedor para la modulacién de la microglia

hacia un fenotipo protector frente a la 3-amiloidosis cerebral.

Finalmente, no se detecté rApo] en cerebro, por lo que dificilmente estos resultados
pueden ser explicados mediante actuacion 7z sizu de rApo]. En este contexto, un
gran namero de estudios evidencian el hecho de que la periferia tiene un efecto
tangible sobre la homeostasis cerebral®’8. Asi, se ha demostrado que la inflamacion
periférica cronica tanto en modelos animales como en humanos se asocia con un
mayor deposito B-amiloide?”?10. De la misma manera, algunas enfermedades
identificadas como factor de riesgo para padecer EA como aterosclerosis presentan
también signos de inflamacién cronica’!!. Los mecanismos que conectan estos
eventos patolégicos son practicamente desconocidos, aunque algunos estudios en
modelos experimentales proponen que estimulos que provoquen una hiper-
reactividad de la respuesta inmune periférica pueden tener un impacto tangible
sobre el estado inflamatorio cerebral contribuyendo a la patologfa’l®. En este
contexto, pensamos que la propiedades de rApo] modulando la respuesta inmune
que se han observado previamente en periferia’'? pueden tener un impacto sobre la
mecanismos involucrados en el aclaramiento de AP de cerebro, especialmente
aquellos que afectan a la digestion intracelular del péptido A. Por ello, explorar los
cambios periféricos que pueden conducir a una mayor capacidad fagocitica del
péptido AP podria ayudar a dilucidar los mecanismos concretos que dirigen la

proteccion observada tras la administracion intravenosa de rApo].
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4.5- Perspectiva general del potencial terapéutico de

Apo] y ApoA-I-M dirigido a la -amiloidosis cerebral

4.5.1- Perspectiva general del rol de ApoA-I y Apo] en la B-amiloidosis

En base a los resultados presentados en esta Tesis Doctoral, tanto rApoA-I-M
como rApo] fueron capaces de prevenir la acumulacion cerebral de AB en el modelo
experimental APP23, asf como disminuir la neuroinflamacién. Sin embargo, aunque
ambos tratamientos estimularon vias de aclaramiento de AB, el mecanismo de
accion no parece ser compartido. Por un lado rApoA-I-M favorecio el aclaramiento
del péptido AB a través de la BHE, mientras que el tratamiento con rApo] provocod
una estimulacion de las vias fagociticas en células microgliales (Figura 9). Pese a que
ambos tratamientos no son comparables entre si por la diferencia de dosis
administrada (2 mg/kg vs 1 mg/kg), el numero de dosis (18 dosis vs 8 dosis) y la
edad de la cohorte de ratones APP23 utilizada (16 meses vs 14 meses), parece que
ambos tratamientos son capaces de conducir a una prevencion de la acumulacion
del péptido AB desde la periferia. Debido a que la proteccion observada para ambos
tratamientos parece estar mediado a través de mecanismos distintos, estudiar los
efectos de la administraciéon conjunta de rApoA-I-M y rApoJ en el modelo
experimental APP23, podria ser una estrategia interesante que permitiria evaluar el
posible efecto sinérgico en términos de carga de AP, neuroinflamacion,

neuroproteccion y prevencion del déficit cognitivo.



122 | 4- DISCUSION

A] B-AMILOIDOSIS CEREBRAL
fINFLAMACIE')N
IDE, NEP —
Degradacion
Wteolitica .
/ :' ~A_ﬁ ] AgreQacibn
ﬂ;;og:éas Degradacion
por fagocitosis Eliminacion Drenaje
Carabto por BHE (ng][AB f Ap) perivascular
———
Sangre Flujo sanguineo
B) B-AMILOIDOSIS CEREBRAL+ rApoA-1-M
‘INFLAMACION
1B, = Degradacién a .45!@1

proteolitica ::’ Ns ¥ _A"‘ )
\ = /"" ~f,£I3F(

:/Aﬁ(] Agregacion  Placa neuritica
Mlcmglla / o
Astrocitos gf?z:a::ﬁi:;s Drenaje
porie Eliminacién _AAC perivascular
Cerebro por BHE (AB(AB) o &7
J———
Sangre Flujo sanguineo
LA_poA-I-M :'I'A[-I._: rApoA-I-M
rApoA-I-M (ag)
C) B-AMILOIDOSIS CEREBRAL# (A0
‘INFLAMACI(’)N

IS NEF Degradacion

proteolitica

':ﬁﬁ,.} ‘@c’l;’ Placa neuritica
Microglia
g Degradacion Drenaje

Astrocitos iminacio
por fagocitosis F):;:"é":g'on perivascular

Cerebro i?

' ———
Sangre i Flujo sanguinea

I“'?

Monocitos

Figura 9: Esquema de los mecanismos de eliminaciéon de Af propuestos en funcion del
tratamiento intravenoso de tApoA-I-M o tApo] en ratones APP23. A) Equilibrio de las vias de
eliminaciéon en condiciones patolégicas de B-amiloidosis cerebral. B) Equilibrio de las vias de
eliminacion tras la administracion 1V crénica de tApoA-I-M. C) Equilibrio de los mecanismos tras
la administracion IV crénica de rApo]. El grosor de las flechas indica qué mecanismo estaria

estimulado.
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4.5.2- Perspectivas futuras

Finalmente, todos los experimentos 7z vivo presentados en esta tesis doctoral se han
realizado en el modelo murino de B-amiloidosis cerebral APP23 (PPA sueca
KM670/671NL). Este modelo, a parte de una acumulacion progresiva de Af en el
parénquima cerebral, también presenta una importante afecciéon de la vasculatura
cerebral con AAC, lo que nos permite estudiar de forma parcial ambas patologfas! .
Sin embargo, como se ha mencionado anteriormente, resultados previos evaluando
el impacto de ApoE y Apo] sobre la B-amiloidosis cerebral han mostrado resultados
diferentes en funcién del modelo animal utilizado. Asi, ratones PDAPP deficientes
para el gen Clu presentaron una disminucién del AP fibrilar sin afectar a la carga de
AP total?32. Sin embargo, la deficiencia de Cl# en el modelo APP/PS1 provoco una
diminucién en el AB total muy significativo, con ausencia casi total de depdsitos
parenquimales y un importante exacerbamiento del AAC?34. El impacto de la
deficiencia del gen Apolz también parece depender fuertemente del origen genético
del animal. Asi, mientras que la ausencia del gen ApoE= en los modelos PDAPP 6
Tg2576 provoco una disminucion casi total de placas amiloides3!'3, su eliminacion en
el modelo APP/PST1 result6 en un aumento de los depdsitos inmunopositivos para
AR314, Por otra parte, la progresiva y moderadamente lenta acumulacion de AB que
presenta el modelo transgénico APP23, permite estudiar los mecanismos
patoldgicos en diferentes estadios de la enfermedad. Sin embargo, este modelo

también presenta algunas desventajas que impiden estudiar las caracteristicas de

EA/AAC en su totalidad.

En este sentido, el modelo transgénico APP23 no presenta una muerte neuronal
abundante, pérdida sinaptica, cambios en la plasticidad neuronal ni ovillos
neurofibrilares, aunque si presenta hiperfosforilacion de TAU asociado a placas
neuriticas!4315> (www.alzforum.org). Ademas, aunque previamente se han descrito
déficit cognitivos espaciales y ejecutivos en el modelo de raton APP23121.316) otros
modelos animales transgénicos como 3xTg-AD, APP/PS1 o 5xFAD entre otros,
permitirfan estudiar el efecto sobre déficits cognitivos a edades mas tempranas; asi

como sobre los depésitos de TAU hiperfosforilado, muerte neuronal y pérdida
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sinaptica. De hecho, consideramos que investigar el efecto de dichos tratamientos
sobre la neurodegeneracion y el estado cognitivo en modelos transgénicos de B-
amiloidosis cerebral es indispensable para seguir proponiendo su potencial uso
terapéutico. Por ello, con el objetivo de aportar consistencia a los resultados
presentados en esta Tesis Doctoral, los resultados deberfan ser replicados en otros

modelos experimentales.

Finalmente, la evaluacién de la eficacia de rApoA-1I, rApo] y sus modificaciones
estructurales en diferentes etapas de la enfermedad podria aportar informacion
sobre la ventana temporal en la que el incremento circulante de rtApoA-I-M o rApo]

podria tener un mayor impacto terapéutico.



5- CONCLUSIONES






5- CONCLUSIONES

Las principales conclusiones de esta Tesis Doctoral son las siguientes:

1- El proceso de produccion de rApoA-I-wt, rApoA-I-M y rApo] en la linea celular
humana HEK293T y su posterior purificacion, da lugar a proteinas recombinantes

funcionales y de elevada pureza.

2- La administracién cronica intravenosa de tApoA-I-M en el modelo experimental
de B-amiloidosis cerebral APP23 mostrd eficacia en términos de prevencion de la
acumulacién parenquimal y cerebrovascular de AB, promoviendo su aclaramiento
cerebral, ademas de disminuir la neuroinflamacién. Estos resultados proponen el

potencial de rApoA-I-M como estrategia terapéutica para la -amiloidosis cerebral.

3- El método de formacion basado en la estrategia didlisis con colato permite la
preparacion de nanodiscos tHDL-rApo] de forma reproducible. La formulacién de
rApo] en nanodiscos tHDL-rApo] mejora su capacidad de promover el eflujo de
colesterol y conserva sus propiedades de chaperona. Ademas, los nanodiscos rtHDL-

rApo] mostraron capacidad de acumularse enla cerebrovasculatura afectada con

AAC en ratones APP23.

4- Tras la administracion crénica periférica de rApo] libre o nanodiscos rHDL-
rApoJ en el modelo experimental APP23, se observé que ambos tratamientos
prevenian la acumulaciéon de AR en vasos cerebrales. En cambio, el tratamiento con
rApo] libre era mas eficaz previniendo la acumulacion total de AB insoluble cerebral
y la muerte neuronal en hipocampo que la administracién de nanodiscos tHDL-
rApoJ. Nuestros resultados sugieren que parte de los efectos beneficiosos del
tratamiento con rApo] libre vendrian dados por su capacidad de promover la
activaciéon de mecanismos fagociticos en la microglia. Por todo ello, se propone el

potencial de rApo] como estrategia terapéutica para la 3-amiloidosis cerebral.
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/" ABSTRACT )

Background: ApoJ/Clusterin is a multifunctional protein highly expressed in the brain. ApoJ
has been extensively implicated in AP fibrilization and clearance in the context of Alzheimer’s
disease, although whether the increase in Apol levels is beneficial or detrimental is still under
investigation. Apol is abundant in the plasma and can be lipidated to form HDL particles.
Nevertheless, the impact of plasmatic Apol levels and its lipidation status in cerebral -
amyloidosis is still unknown. Hence, our main objective was to study the effect of a peripheral
increase in unbound Apol or reconstituted HDL associated with ApoJ in an experimental model
of cerebral B-amyloidosis (APP23 transgenic mice).

Methods: Fourteen-month-old APP23 mice were subjected to chronic intravenous rHDL-rApoJ
nanodisc or free rApoJ treatment for 1 month. Total AP load, neuronal death, AP clearance and
inflammation were evaluated after the end of the treatment period.

Results: Results obtained after the chronic administration of rApoJ or rHDL-rApoJ nanodiscs
revealed that free rApolJ treatment prevented some of the features associated with A} pathology,
showing a reduction in hippocampal neuronal loss, a decrease in A insoluble accumulation and
an elevation in AP in the CSF. These effects were accompanied by enhanced expression of
phagocytic markers in microglial cells surrounding A deposits without an exacerbation of the
global neuroinflammatory status. In all endpoints studied, rHDL-rApoJ nanodisc treatment was
less effective than free ApoJ administration.

Conclusions: In summary, our study shows the potential therapeutic benefits of an early

Kincrease in Apol levels in the prevention of cerebral B-amyloidosis. /

Keywords: Clusterin, ApoJ, APP23, reconstituted HDL, beta-amyloid, cerebral -amyloidosis,
Alzheimer’s disease.
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1. BACKGROUND

Cerebral B-amyloidosis is characterized by an accumulation of Amyloid-f peptide (AP) in the
brain parenchyma and cerebral vessels and is a major feature of Alzheimer’s Disease (AD) and
Cerebral Amyloid Angiopathy (CAA) [1, 2]. Both diseases are characterized by devastating
clinical presentations and are highly prevalent in the elderly population. AD is the most
common cause of dementia, affecting 24 million people worldwide [3, 4]. AD patients present
severe P-amyloidosis characterized by parenchymal AP deposits (neuritic plaques), together
with intracellular accumulation of hyperphosphorylated tau protein (neurofibrillary tangles),
triggering neuroinflammation, neurodegeneration and dementia [2]. On the other hand, CAA is
characterized by AP deposition in brain vessels causing intracerebral hemorrhage (ICH) and is
the leading cause of lobar ICH in the elderly population [5]. The AP peptide is the product of
amyloid precursor protein (APP) processing by - and y-secretases, which gives rise to peptides
of different lengths, with AP, and APy, being the most interesting forms from a clinical point of
view. Although both AP peptides are prone to aggregate to form amyloid fibrils that deposit in
the brain, APy, presents a preferential deposition in parenchyma (forming neuritic plaques),

whereas A4 is more commonly associated with CAA-affected vessels [6, 7].

The underlying mechanisms explaining pathological Af accumulation in the brain are not
completely clear. Nevertheless, sporadic cerebral f-amyloidosis is widely accepted to occur due
to an imbalance in the existing AP elimination pathways [8]. The most relevant A clearance
pathways described to date include (1) proteolytic degradation by extracellular proteases, such
as insulin-degrading enzyme (IDE) and neprilysin (NEP), among others [9], (2) clearance across
the blood-brain barrier (BBB) by binding to specific receptors, such as LRP-1, LRP-2, among
others [10] and (3) through perivascular drainage [11], which promotes the mobilization of A}
material along the basement membrane of cerebral arteries and capillaries to the cervical lymph
nodes for its elimination. Finally, (4) AP can be eliminated through glial uptake by astrocytes
and microglia followed by intracellular digestion [12, 13]. Microglial cells are resident innate
immune cells that play an important role in mediating the neuroinflammatory process in the
brain and the phagocytosis of toxic species such as AP material. In this context, the importance
of this dual role of microglia in cerebral B-amyloidosis is of increasing interest [14]. At this
juncture, therapeutic strategies that stimulate these elimination pathways have been proposed in

AD.

Certain apolipoproteins, beyond their role in lipid and cholesterol metabolism, have been
described to be able to modulate Af clearance. In particular, the APOE genotype is a strong risk
factor for the development of sporadic cerebral B-amyloidosis [15, 16], and although its

interaction with AP is not well understood, apolipoprotein E (ApoE) has been proposed to
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influence AP fibrillization [17], together with its clearance across the BBB [18]. On the other
hand, apolipoprotein J (ApoJ, also known as clusterin) is the most expressed apolipoprotein in
the brain after ApoE. The role of ApolJ in the context of cerebral B-amyloidosis is strongly
underpinned by several studies, although, as with ApoE, its precise role has not been well
elucidated. ApoJ is a heterodimeric multifunctional protein that has been described as an anti-
inflammatory and anti-apoptotic protein [19, 20] and a regulator of complement activation [21].
In addition, ApoJ is a very effective chaperone that is able to bind partially misfolded proteins.
In this context, ApoJ is able to bind AP and prevent its fibrillization [22] and toxicity in vitro
[23]. In AD brains, Apol co-deposits with neuritic plaques and CAA-affected vessels, and
ApoJ-AB complexes have been detected in cerebrospinal fluid (CSF) [24]. The role of ApolJ in
AD was confirmed in a GWAS (genome-wide association study) that identified the CLU gene
as a risk factor for developing this neurological disease [25]. More insightfully, the risk factor
allele rs11136000° was associated with a lower expression of ApoJ, whereas the protective
allele rs11136000" generated greater ApoJ expression [26]. On the other hand, higher
circulating levels of Apol in the plasma have been related to the severity and prevalence of AD
[27]. These last observations suggest that an increase in ApolJ levels occurs as a protective
response against aberrant AP accumulation in the brain. However, there are conflicting results in
the literature regarding the protective role of ApoJ. For example, a study showed that PDAPP
mice lacking Clu (PDPP/Clu™) presented reduced fibrillary A without alterations in the total
levels of AP [28]. More recently, Wojtas and colleagues (2017) observed that knocking out Clu
in APP/PS1 mice resulted in and exacerbated vascular AP deposition, whereas total Af and
parenchymal AP deposition were remarkably reduced [29]. Overall, the exact impact of

increasing Apol in circulation and/or in the brain still needs to be clarified.

From this background, our main objective was to understand the role of ApoJ in the
development and progression of cerebral B-amyloidosis by determining the potential effect of
ApoJ-based therapies in an experimental model of AD/CAA. Because Apol is present in the
plasma in its free/non-lipidated form or associated with HDL (high-density lipoprotein) particles
(20% of circulating ApoJ) [30], we also analyzed whether the effect of lipidation of ApolJ
induced distinct functional modifications associated with A deposition or distribution in the
brain. For this purpose, we analyzed the effect of the peripheral administration of human
recombinant ApoJ (h-rApoJ) in its non-lipidated (free rApolJ) and lipidated (reconstituted HDL
nanodiscs formulated with rApoJ, tHDL-rApoJ nanodiscs) [31] structural states, on cerebral A}

accumulation, neuronal loss and neuroinflammation in the APP23 transgenic mouse model.
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2. METHODS

2.1. Human recombinant ApoJ

The production of functional human recombinant ApoJ (rApoJ) has been previously reported by
our group [32]. Briefly, Human Embryonic Kidney 293T cells (HEK293T) were transfected
with the pcDNA4.0™ vector containing the human APOJ cDNA (Abgent, Clairemont, San
Diego, USA). Stable transfected cells were grown in HYPERFlask systems (Corning Inc., New
York, USA) followed by the recollection of cell supernatants for protein purification with Ni-
affinity chromatography with fast protein liquid chromatography (FLPC; AKTA Purifier 100
system, GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) in HiScreen Ni FF columns
(GE Healthcare). The purified protein was dialyzed overnight (ON) at 4°C against Tris Buffer
Saline (TBS) in 10 KDa Snake Skin Dialysis Tubing membranes (Thermo Fisher, Waltham,
Massachusetts, USA). For those batches intended to the preparation of reconstituted HDL
particles, the resulting purified rApoJ was dialyzed against TBS (pH=6.4). Finally, the protein
concentration was determined by BCA assay (Thermo Fisher) and diluted to a final rApoJ
concentration of 200 pg/ml in PBS. Aliquots were stored at -80°C until its usage. The purity of
rApolJ was >75%.

2.2. Preparation and purification of rHDL-rApoJ nanodiscs

A detailed protocol for the preparation and purification of reconstituted HDL nanodiscs
formulated with rApoJ (rHDL-rApoJ nanodiscs) has been previously published by our group
[31]. Briefly, the process started with the preparation of a lipid mixture with 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, Avanti Polar Lipids, Alabaster, AL, USA) and free
cholesterol (CHOL, Sigma-Aldrich, Saint Louis, MO, USA) in a chloroform solution (5:1
DMPC/CHOL molar ratio). The organic solvent was removed under vacuum and nitrogen to
afford a dry lipid film, followed by rehydration with TBS 40 mM sodium deoxycholate
(cholate, Sigma-Aldrich). This suspension was incubated for 30 minutes at 37°C until a clear
solution containing DMPC/CHOL/cholate mixed micelles was achieved. For the preparation of
rHDL-rApoJ nanodiscs, mixed micelles were incubated with free rApo] at 550:110:1
DMPC/CHOL/rApoJ molar ratio, and three incubation cycles were performed at 4°C and 37°C
to promote the lipid-protein interaction. After incubation, rHDL-rApoJ nanodisc self-assembly
began with cholate removal through extensive dialysis against 1000-fold excess TBS at 4°C for
48 hours in 10 KDa Snake Skin Dialysis Tubing with two buffer changes (1x10° overall dilution
factor). Finally, dialyzed samples were centrifuged at 16000 xg for 30 minutes at 4°C to
eliminate the unbounded lipids. A purification step with potassium bromide (KBr; Sigma
Aldrich) density gradient ultracentrifugation was needed to allow the elimination of unbound

free rApol. This step (100,000 x g; 24 hours, 1,250 mg/ml density of KBr) allowed the
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recollection of purified rHDL-rApoJ in the upper fractions (<1,250 mg/ml density). These
samples were dialyzed against PBS-2% sucrose to eliminate KBr. The protein concentration
was determined by BCA. rHDL-rApoJ-containing solutions were diluted in PBS to a final

rApoJ concentration of 200 pg/ml, and aliquots were stored at -80°C until further use.

2.3. In vivo chronic administration of rHDL-rApoJ nanodiscs and free rApoJ

The effect of the chronic administration of both rHDL-rApoJ nanodiscs and free rApo] was
studied in APP23 transgenic mice (Hemizygote B6, D2-TgN[Thy-APPSWE]-23-Tg mice,
Novartis, Basel, Switzerland) [33]. These animals overexpress the APP protein with the
Swedish mutation (K670M/N671L) under the murine neuronal 7hyl promoter (Thymocyte
Antigen-1). Hemizygote APP23 mice were backcrossed with C57/BL6 mice (Janvier Labs, Le
Genest-Saint-Isle, France), and the APP genotype was tested in the offspring by Transnetyx
(Cordova, TN, USA). Wild-type (wt) and APP23 mice were aged in the animal facility of our
institution to obtain the final study cohort. Fourteen-month-old APP23 mice received 8
intravenous (IV) doses of rtHDL-rApol], free rApoJ (1 mg/kg) or saline (n=7 animals/group) for
4 weeks (2 doses/ week). For the administration, mice were anesthetized with isoflurane (5%) in
oxygen (2%) followed by retro-orbital sinus injection, selected as a reliable administration route
for IV delivery [34]. All animals completed the treatment with no associated mortality or

changes in body weight due to treatment.

2.4. Cerebrospinal fluid collection

Thirty minutes after the last administration, mice were anesthetized under isoflurane, and CSF
was sampled as previously described [35]. Briefly, anesthetized mice were placed in the
stereotaxic instrument, and a sagittal incision inferior to the occiput was made in the skin. Once
the dura mater of the cistern magna was visualized under the microscope, it was penetrated with
a glass capillary (inner diameter of 0.5 mm), and clear CSF ascended by capillarity. Only

completely clear CSF was used for further experiments.

2.5. Blood and brain collection

Blood was collected through cardiac puncture and blood samples were centrifuged in
ethylenediaminetetracetic acid (EDTA) tubes to recollect the EDTA-plasma. Then, after
transcardial perfusion with 25 ml of cold PBS (pH=7.4), brains were rapidly removed and
divided in two hemispheres. One of the hemispheres was frozen at -80°C for homogenization,
while the other was fixed in 10% formalin (Diapath, Martinengo, Italy) at room temperature

(RT) for 48 hours before paraffin embedding.
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2.6. Brain homogenates

One of the hemispheres of each mouse was homogenized to obtain soluble, membrane-
associated and insoluble fractions through sequential centrifugations. First, brain tissue was
homogenized in 4 ml of TBS (pH=7.4) supplemented with cOmplete EDTA-free protease
inhibitor cocktail (Roche Diagnostic, Mannheim, Germany) and samples were centrifuged at
8000 xg during 30 minutes a 4°C. The supernatant was selected as the soluble fraction whereas
the pellet was homogenized in TBS supplemented with TritonX-100 and protease inhibitors
followed by centrifugation at 8000 xg during 30 minutes at 4°C. The supernatant was selected as
the membrane-bound fraction whereas the pellet was homogenized in 5 M guanidine-HCI
(pH=8, Sigma-Aldrich) supplemented with protease inhibitors. Samples were shaken during 3
hours at RT followed by centrifugation at 8000 xg during 30 minutes at 4°C and the supernatant
was selected as the insoluble fraction. Soluble, membrane-bound and insoluble fractions were
aliquoted and frozen at -80°C. The protein concentration of each fraction was quantified by

BCA.

2.7. Enzyme-linked immunosorbent assay (ELISA)

AP levels in plasma, CSF and soluble and insoluble brain fractions were quantified with
commercial ELISA kits for both AP, (KHB3481) and AP, (KHB2442, Thermo Fisher). Levels
of human ApoJ in plasma of treated mice were quantified with the commercial ELISA kit
(3713-1HP, Mabtech, Nacka Strand, Sweden). Levels of the endogenous mouse ApolJ were
quantified in plasma of 15 month old APP23 and age-matched wt animals (ab199079, Abcam,
Cambridge, UK). Brain levels of mouse TREM2 (Triggering Receptor Expressed in Myeloid
cells-2) of treated mice were quantified with a commercial ELISA kit (LS-F7884, Lifespan
Bioscience, Seattle, Washington, USA). Final results were analyzed following manufacturer
instructions with a conventional microplate reader (Sinergy Mx, Biotek, Winooski, VT, USA).
Commercially available multiplexed ELISA was used to investigate the general inflammatory
state in brain soluble fraction after treatments (Mouse cytokine magnetic 20-plex panel,
LMCO0006M, Invitrogen). Results were analyzed in duplicate with Luminex technology in a
MAGPIX™ instrument and samples with a coefficient of variation (CV) > 35% were excluded.

In all cases, data were corrected by the amount of total protein determined by BCA.

2.8. Immunohistochemistry

A series of three paraffin-embedded sagittal sections were selected 800 um apart, starting from
the division of the hemispheres. For the detection of AP with conventional
immunohistochemistry (IHC), all samples were deparaffinized 1 hour at 65 °C, rehydrated and

treated with 2% H,0, and 10% methanol in PBS for 15 minutes. Samples were incubated during
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1 hour in blocking solution (PBS, 0.2% Triton-X, 10% Fetal bovine serum (FBS, Millipore,
Darmstadt, Germany) followed by ON incubation with the anti-Af} monoclonal antibody 4G8
(Biolegend, San Diego, CA, USA) diluted 1/10,000 in blocking solution. Next, slices were
incubated with biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA)
diluted 1/200 in blocking solution for 1 hour at RT and with streptavidin-HRP (Vector
Laboratories) diluted 1/200 in blocking solution. Finally, diaminobenzidine (DAB; Dako,
Denmark) was applied to the samples until a brown end-product was observed. Contrast
staining was done by immersion of samples in Harris hematoxylin solution (Sigma-Aldrich).
The number of AP deposits bigger than 50 px” and the area (px°) occupied per deposit were
quantified with the Image J software in the three deep-sections. Data are expressed as a mean of
the analyzed three deep-sections. Data were expressed as the number of AP positive deposits

and the mean size of AP positive deposits.

The same protocol was performed for the quantification of NeuN positive cells in cortex and
hippocampus (CA1, CA2/CA3 and polymorphic layer of dentate gyrus) of APP23 and age-
matched wt mice in the first deep-section slice. Before the blocking step, an antigen retrieval
step was performed by immersion of slices in citrate buffer (10 mM sodium citrate, 0.05%
Tween20, pH=6) at 95°C during 30 minutes. The NeuN antibody (Millipore) was diluted 1/200
in blocking solution. The quantification of NeuN positive cells/mm?® was done as previously
described [36]. For each sample and brain region, three different images were taken at 40X
magnification. NeuN positive cells were counted in three different squares of 150 x 150 pm in
cortical regions in every image, whereas in hippocampal regions squares of 100 x 100 pum were
used. Results are expressed as number of NeuN positive cells per mm”. Images were taken with

a LMD6500 microscope (Leica, Wetzlar, Germany).

2.9. Thioflavin S staining

Thioflavin S (ThS) staining was performed in order to detect fibrillar AP deposits in brain
slices. After deparaffination and rehydratation, series of 3 sagittal sections selected 800 pm
apart were immersed in ThS (Sigma-Aldrich) 1% solution in ethanol 75% during 30 seconds.
The excess of ThS was drained followed by immersion in ThS 0.1% in 75% ethanol during 1
minute. Finally, slices were dehydrated and DAPI (4', 6-diamidino-2-phenylindole) was used as
contrast staining before mounting the preparations. The number of ThS positive vessels was
counted. On the other hand, the number of AB deposits bigger than 50 px” and the area (px”)
occupied per deposit were quantified with the Image J software in the three sections. Data are
represented as a mean of the three deep-sections. Images were obtained with a conventional
fluorescence microscope (BX61, Olympus, Tokyo, Japan). Data were expressed as the number

of AP positive deposits and mean size of AP positive deposits.



Peripheral administration of human recombinant ApoJ/Clusterin in APP23 mice prevents cerebral [f-amyloid
accumulation and enhances the expression of phagocytic markers in microglial cells

2.10. Immunofluorescence

Cluster of differentiation 68 (CD68) as marker of phagocytosis and Tomato lectin (TL) as
vascular and microglia marker [37] were analyzed through immunofluorescence in paraffin-
embedded brain sections. To this end, after deparaffination, rehydratation and antigen retrieval
with citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH=6, 30 minutes at 95°C), slices
were blocked in PBS pH= 7.4 supplemented with 10% FBS and 1% Tween 20 during 1 hour at
RT. Rabbit anti-mouse CD68 antibody (Abcam) diluted 1/50 in blocking solution was incubated
ON at 4°C. Next, secondary antibody anti-rabbit-AlexaFluor488 (Thermo Fisher) diluted 1/500
in blocking solution was incubated 1 hour at RT followed by incubation with Tomato lectin-
DyLight564 (Vector Laboratories) diluted 1/100 in blocking solution 1 hour at RT. On the other
hand, the localization of CD68 and AP was analyzed in paraffin-embedded brain sections. After
the deparaffination and rehydratation steps, brain slices were treated with 70% formic acid
during 10 minutes followed by 3 washes of 5 minutes with PBS-1% Tween20. Then, samples
were incubated in blocking solution during 1 hour at RT followed by ON incubation at 4°C with
mouse anti-human AP monoclonal antibody (4G8, Biolegend) diluted 1/1000 and rabbit anti-
mouse CD68 (Abcam) diluted 1/50 in blocking solution. Next, secondary antibodies anti-rabbit-
AlexaFluor-488 and anti-mouse-AlexaFluor694 (Thermo Fisher) diluted 1/500 in blocking
solution during 1h at RT. Finally, contrast staining was done with DAPI before mounting the
preparations. Images were obtained with a conventional fluorescence microscope (BX61,
Olympus). Finally, human ApoJ was analyzed in brain sections of treated animals. To this end,
after the rehydratation, antigen retrieval and blocking steps, brain slices were incubated ON
with mouse-anti-human ApoJ (RD Systems) diluted 1/50 in blocking solution. AlexaFluor-594
was used as secondary antibody (1/500) and DAPI was used as contrast staining. Images were

obtained with confocal spectral microscopy (FV1000, Olympus).

2.11. Western Blot

For the immunodetection of different protein profiles, 40 pg of soluble or membrane-bound
brain homogenates fractions were loaded in 10% acrylamide SDS-PAGE under reducing
conditions (5% P-mercaptoethanol and sample heating at 95°C). Then, gel were transferred to
nitrocellulose membranes with Trans-Blot Turbo transfer system (Bio-Rad, Hercules, CA,
USA) at 1.3 amperes (A), 25 volts (V) during 10 minutes and blocking was done in 10% non-
fatted milk during 1 hour at RT. Membranes were incubated in tested specific antibodies diluted
in blocking solution at 4°C ON. Suitable secondary HRP-labelled antibodies diluted in blocking
solution were incubated 1 hour at RT. The processing of membranes continued with its

incubation with PierceECL Western Blotting Luminol/Enhancer and Stable Peroxidase
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solutions (Thermo Fisher). The relative amount of the targeted protein was calculated from the
quantification of the mean intensity with the ImageJ software. Immunoblotting of B-actin or
glyceraldehydes 3-phosphate dehydrogenase (GADPH) were used as loading controls. The
primary antibodies used were: rabbit anti-CD68 (1/1000, Abcam), rabbit anti-GFAP (Glial
Fibrillary Acidic Protein, 1/1000, Dako), Rabbit anti-Ibal (Ionized calcium Binding Adapter
molecule-1, 1/1000, Abcam), mouse anti-LRP1 (Lipoprotein Receptor Protein-1, 1/1000,
Abcam), mouse anti-human APP (1/1000, Millipore), mouse anti-sAPPa (Soluble APP fraction-
a, 1/1000, Clontech, Mountain view, CA, USA), mouse anti-sAPPP (Soluble APP fraction-J,
1/1000, Clontech), rabbit-anti RAGE (Receptor for Advanced Glycation End-products, 1/1000,
Abcam), mouse anti-B-actin (1/10000, Sigma-Aldrich) or mouse anti-GADPH (1/10000,
Invitrogen). The following HRP-labelled secondary antibodies were used: Anti-rabbit-HRP
(1/2000, GE Healthcare Biosciences, Little Chalfont, UK), anti-mouse-HRP (1/2000, GE

Healthcare Bioscience).

2.12. Statistical analysis

GraphPad Prism 6 and SPSS Statistic 17.0 software were used for the statistical analysis.
Normality distribution was assessed by the Shaphiro-Wilk normality test. The differences were
assessed using t-test or ANOVA with LSD post-hoc test when appropriate. When data did not
fit a normal distribution, Kruskal-Wallis test was used for multiple comparisons and Mann-
Whitney test for one to one comparisons. For normal distributed data, correlations were detected
using the Pearson coefficient test. A p-vale < 0.05 was considered statistically significant. Data

are represented as mean + SEM.
3. RESULTS

3.1. Expression of endogenous mouse ApoJ (m-ApoJ) in APP23 mice

APP23 mice are characterized by an increasing accumulation of both human A, and APy, in
the brain. This AP deposition became especially evident in very old APP23 mice (24 months
old), where a 20-fold increase in insoluble A, and a 10-fold increase in insoluble Af4, were
observed in comparison with the corresponding A load in 15-month-old APP23 mice (Figure 1
A-B). Interestingly, this upward Ap accumulation was accompanied by an increase in mouse
ApoJ (m-ApoJ) levels in the brain (Figure 1C). Twenty-four-month-old APP23 mice presented
significantly higher m-Apol brain levels than age-matched wt mice, whereas the difference
between genotypes was non-significant in 15-month-old mice. In addition, as expected, this
increase in brain m-ApoJ was exacerbated with age, as significant differences in m-Apol levels

were detected between 15- and 24-month-old APP23 mice. On the other hand, no significant



Peripheral administration of human recombinant ApoJ/Clusterin in APP23 mice prevents cerebral [f-amyloid
accumulation and enhances the expression of phagocytic markers in microglial cells

differences in the plasma levels of endogenous m-ApoJ were found between genotypes in 15-

month-old mice (Figure 1D).
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Figure 1: Levels of cerebral insoluble Ap and mouse ApoJ expression in APP23 transgenic mice
over time. A) Cerebral accumulation of insoluble AB4y in 15- and 24-month-old APP23 and wt mice. B)
Cerebral accumulation of insoluble A4, in 15- and 24-month-old APP23 and wt mice. C) Mouse Apol
(m-Apol) cerebral expression in 15- and 24-month-old APP23 and wt mice. D) Mouse ApoJ (m-ApoJ)
levels in the plasma of 15-month-old APP23 mice. N=3-4/group. *p<0.05; **p< 0.01; *p<0.001.
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3.2. Peripheral administration of free rApoJ and rHDL-rApoJ nanodiscs

The endogenous increase in m-ApoJ in APP23 mice in late pathological stages could be
interpreted as a physiological protective mechanism to promote a reduction in AP and its
clearance from the brain. In this regard, we examined whether prematurely increasing Apol
levels could be a beneficial strategy to delay the AP deposition detected over time. Therefore,
our main objective was to study the effect of peripheral administration of free rApoJ or lipidated
rApoJ (rtHDL-rApoJ nanodiscs) in APP23 mice. To this end, 14-month-old APP23 mice
received 8 intravenous administrations of free rApoJ (1 mg/kg), rHDL-rApoJ (1 mg/kg) or
saline with 2 infusions/ week (Figure 2A). The dose of 1 mg/kg of human rApolJ led to a
theoretical mean increase in total circulating ApoJ levels of 20% considering the m-Apol levels
determined in the plasma. An equal initial amount of infused rHDL-rApoJ and free rApoJ was

confirmed by Western blot as shown in Figure 1B, where the a- and - chains of rApoJ were
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observed at =37 KDa. Next, the circulating concentration of human rApolJ (h-rApoJ) was
quantified by ELISA. A significant increase in plasma levels of h-rApoJ was observed in both
rHDL-rApoJ- and free rApoJ-treated mice, whereas human ApoJ was not detected in the saline
group (Figure 2C), as expected. In addition, no significant differences in h-ApoJ between the
rHDL-rApoJ- and free rApolJ-treated groups were found in the plasma 30 minutes after the last
administration. On the other hand, levels of h-rApolJ in brain homogenates were undetectable by
ELISA (< 70 pg/ml) (Figure 2D). Nevertheless, immunofluorescence analysis revealed specific
staining for h-ApoJ in occasional vessels from the brains of both rHDL-rApoJ- and free rApoJ-
treated mice. Indeed, h-ApoJ from the intravenous treatment was found to be attached to the
luminal side of leptomeningeal arteries. In contrast, brains from saline-treated mice did not

present human Apol staining (Figure 2E).
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Figure 2: Chronic intravenous treatment of APP23 mice with human recombinant ApoJ (h-rApoJ).
A) Schematic time line representing the experimental design of the study with the chronic administration
of rHDL-rApoJ nanodiscs, free rApoJ or saline to APP23 mice. B) Immunodetection of h-ApoJ in the
intravenously infused plasma samples by Western blot. C) Plasmatic levels of h-ApoJ in treated mice 30
minutes after the last administration detected by ELISA (N=7/group). D) Levels of h-Apol in brain
homogenates from treated mice detected by ELISA (N=7/group). E) Immunofluorescent detection of h-
Apol in paraffin-embedded brain sections. **p<0.01; ***p<0.001.
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3.3. Cerebral Ap levels and neuronal loss in APP23 mice
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Figure 3: Cerebral A levels in 15-month-old APP23 mice chronically treated with saline, rHDL-
rApoJ nanodiscs or free rApoJ A) Cerebral soluble APy levels, B) cerebral insoluble A4y, and C)
cerebral insoluble AP,,, detected by ELISA. D) Representative images showing ThS-positive vessels and
the corresponding quantification in brain sections. E) Representative images showing ThS-positive
deposits, quantification of the number of ThS-positive deposits and quantification of the mean size of
those deposits (px’). F) Representative images of anti-AB (4G8)-positive deposits in the brain
parenchyma, quantification of the number of AB-positive deposits and quantification of the mean size of

@se deposits (pixels®). N=7/group. *p<0.05; **p<0.01. /

The efficacy of chronic rApoJ-based treatments in APP23 mice was first evaluated in terms of
cerebral AP load. Levels of APy and AP4 in soluble and insoluble fractions of brain
homogenates were quantified by ELISA after the treatments (Figure 3A-C). The levels of
soluble A4 were not significantly different among treatment groups, although a trend towards
a reduction in soluble A, in free rApol-treated mice was observed (p=0.09). Soluble A,
levels were under the detection limit (< 6 pg/ml). Interestingly, we observed lower levels of
both insoluble AB4 and AP, in those animals treated with free rApoJ in comparison with the

levels in the saline-treated group (Figure 3B-C). However, after the rHDL-rApoJ nanodisc
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treatment, insoluble APy levels remained unaltered, whereas brains from rHDL-rApoJ-treated
mice also presented lower insoluble APy, brain levels than brains from the saline-treated group
(Figure 3B-C). Regarding the cerebral AP distribution, brains from mice treated with rHDL-
rApoJ and free rApoJ presented significantly fewer CAA-affected arteries detected by ThS
staining than those treated with saline (Figure 3D). Although no differences were observed in
the number of parenchymal AP deposits after rApoJ-based treatments (Figure 3E-F), the mean
size of fibrillar AP accumulations (ThS-positive deposits) was reduced in those mice treated
with free rApol (Figure 3E). Finally, the number and size of parenchymal AP deposits, as
shown by specific immunostaining against AP, did not statistically differ among groups,
although a clear tendency towards fewer and smaller deposits after both rApoJ-based treatments

was observed (Figure 3F).
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Figure 4: Neuronal loss in 15-month-old APP23 mice chronically treated with saline, rHDL-rApoJ
nanodiscs or free rApoJ compared to that in aged-matched wt mice. A) Representative images of
NeuN-positive cells in the CA1 region and poDG of the hippocampus in APP23-treated mice and wt
mice. B) Quanification of NeuN-positive cells per mm” in the different studied regions (cortex, CAl,
CA2/CA3 and poDG). Abreviations: Ctx: Cortex; poDG: polimorphic layers of the dentate gyrus.
N=7/group. *p<0.05. j
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Neuronal loss is one of the neuropathological hallmarks in AD [38], and the APP23 mouse
model has been described to show neuronal loss in the CAl region of the hippocampus and in
the polymorphic layers of the dentate gyrus (poDG) beginning at 12 month of age [36]. Thus,
we measured the effect of rHDL-rApol and free rApoJ treatments on neurodegeneration in the

cortex and hippocampus trough NeuN immunostaining. In comparison with age-matched wild-
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type (wt) mice, 15-month-old APP23 mice exhibited neuronal reduction in the CA1 and poDG
(Figure 4B). Importantly, treatment with rHDL-rApolJ prevented the neuronal loss in the poDG,
whereas treatment with free rApoJ was able to ameliorate the neuronal loss in both the CA1 and

poDG (Figure 4).

3.4. Effect on AP production and clearance

( )
A) CSF AB,, B) Plasma AB,,
o 20 * 150
8 15 =
5 - —_ £ 1001 = T
E 10 8
o
< O T T 0 . .
Saline  rHDL Free rApoJ Saline rHDL Free rApoJ
C) 0.6 1
: T
kDa _Saline rHDL FreerApoJ £ T aos{ T L
a So4 —L [a)
S5 — e - - -~ - | RP-1 g 4 506
] w04
© - ESSSSESE Actn {02 &
— |Ach - o 202
- rmmmmm- ol - 0l .
! Saline rHDL Free rApoJ Saline rHDL Free rApoJ
Figure S: Effect of rHDL-rApoJ nanodiscs or free rApoJ treatment on circulating Ap levels A) CSF
levels of APy detected by ELISA. B) Plasmatic AP, levels detected by ELISA. C) Expression of AB-
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To describe the underlying mechanism explaining the reduction in insoluble AP and the
mitigation of neuronal loss after ApoJ-based treatments, we first explored some of the classical
clearance mechanisms of cerebral APB. Because the increase in fibrillary AP in the brain is
specifically associated with low AP species in the CSF of AD and CAA patients [39, 40], we
analyzed the AP levels in the CSF 30 minutes after the last treatment administration in APP23
mice. We observed a significant increase in CSF Ay, levels in those mice treated with free
rApoJ compared to the levels in the rest of the groups (Figure 5A). On the other hand, because
the clearance across the BBB through specific receptors is one of the major AP elimination
pathways [10], we measured the APy levels in the plasma; however, no differences were
detected among the groups 30 minutes after the last infusion (Figure 5B). Circulating levels of
AP, were undetectable in APP23 mice in all cases. In addition, we explored the expression of
different brain receptors previously described to mediate the transport of Ap across the BBB

[10]. The expression of neither LRP-1 nor RAGE changed among groups (Figure 5C). On the
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other hand, we determined that the lower levels of insoluble AP in the brain obtained after
peripheral rApolJ treatment could not be explained by altered APP transgene expression or the
AP peptide production process. In this regard, we confirmed that the expression of APP was
unaltered in the brains of mice that received the different treatments. The products of APP
processing, mediated by a-secretase, -secretase and y-secretase, were also unchanged among

the groups (Supplemental Figure 1).

3.5. Inflammatory response

The neuroinflammatory state of the mice that received ApoJ-based treatments was first analyzed
by exploring the expression levels of specific cellular markers in brain homogenates. In this
regard, we determined that the presence of the activated astrocytic protein GFAP did not differ
after treatments (Figure 6A). On the other hand, we detected an increase in the levels of the
CD68 lysosomal marker in the brains of mice treated with free ApoJ, whereas the expression of
the resident microglial marker Iba-1 was not significantly different among groups (Figure 6B).
The location of CD68 expression was determined by immunofluorescence with double-staining
with anti-CD68 and anti-A (4G8) antibodies. The CD68 signal was observed in the periphery
of parenchymal AB-positive deposits, showing higher expression levels in those mice treated
with free rApol (Figure 6C). Furthermore, double-staining of CD68 with tomato lectin (TL)
confirmed the presence of this lysosomal marker in microglial cells [37]. Thus, CD68 staining
was observed in TL-positive cells surrounding AP deposits (Figure 6D), suggesting that the
increase in CD68 expression is a result of the upregulation of a phagocytic phenotype in innate
immune cells around AP parenchymal accumulations. On the other hand, TREM-2 is also
expressed in phagocytic cells and has been proposed to play an important role in AD pathology
[41, 42]. In this context, TREM-2 levels were quantified in APP23 brain homogenates, and a
significant increase in TREM-2 concentration was detected in free rApol treated-mice in
comparison with the concentration in rHDL-rApo] nanodisc-treated brains (Figure OE).
Moreover, TREM-2 levels positively correlated with CD68 expression (Figure 6F), highlighting
the possible associations of both markers in the phagocytic mechanism activated in microglia by

peripheral free rApolJ.

On the other hand, a multiplexed ELISA was performed to detect the global inflammatory state
in the brain parenchyma (the complete list of molecules analyzed can be found in Supplemental
Table 1). Despite the phagocytic phenotype in microglial cells found after the free rApol
treatment, we did not observe an increase in the levels of prevalent brain cytokines or
inflammatory molecules. In fact, we detected reduced levels of inteleukin-4 (IL4), interleukin
17 (IL17) and KC (mouse homologue of CXCL1) in the brains of those mice treated with
rApoJ. Additionally, the brains from rHDL-rApoJ-treated mice also presented reduced levels of



Peripheral administration of human recombinant ApoJ/Clusterin in APP23 mice prevents cerebral [f-amyloid
accumulation and enhances the expression of phagocytic markers in microglial cells

macrophage inflammatory protein (MIP-1a) compared to the brains from saline-treated mice

(Table 1).
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Figure 6: Levels of astrocytic and microglial markers in APP23 mice chronically treated with saline, rHDL-
rApoJ nanodiscs or free rApoJ A) Expression of reactive astrocyte marker GFAP in APP23-brain homogenates
after treatments. B) Expression of microglial markers (CD68 and Iba-1) in APP23-brain homogenates after
treatments. N=7/group. C) Representative immunofluorescence images showing the localization of CD68 around
anti-AB (4G8) positive deposits in brain slices of APP23-treated mice. D) Representative immunofluorescence
images showing the localization of CD68 with Tomato Lectin (TL, as microglial marker) positive cells in brain slices
of APP23-treated mice. E) Levels of TREM-2 in brain homogenates detected by ELISA. F) Correlation of CD68
levels with the concentration of TREM-2 in brain homogenates of APP23-treated mice. N=7/group *p<0.05.
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Table 1: Effect of rHDL-rApolJ nanodiscs or free rApolJ treatment in brain inflammatory status analyzed
by multiplexed ELISA. N=4-7/group. *p<0.05, **p<0.01 represent statistically significant differences
compared to the saline treated-group. $$p<0.01 represents significant differences between rHDL-rApol
and free rApolJ treated-groups.

Inflammatory
Markers (pg/mg) Saline rHDL-rApo] Free rApo] p value
FGF-Basic 984.4+154.6 895.6+113.3 560.2+151.4 p=0.108
IL-1B 85.28+12.17  50.86%3.75 72.91+11.43 p=0.080
IL2 151.0£13.09 116.7+14.22  125.2+14.49 p=0.222
IL4 161.0£24.05 105.3¥9.68  85.42+19.02" p=0.043
IL5 141.7£26.35 130.61+x27.54 148.0£21.31 p=0.893
IL6 203.1£22.15 177.7+28.82 176.3£19.5 p=0.656
IL13 21.31+3.40 17.68+2.34 12.63+3.22  p=0.171
IL17 20.01+2.33 13.9£1.37" 10.23+¥1.08" p=0.004
IFN-y 127.8+15.53 89.81+13.28 94.08+10.68 p=0.123
IP10 54.4+4.34 44.48+5.11 46.71£5.05  p=0.330
KC 1558+115.5 1206£112.0" 1043+104.6™ p=0.012
MIG 81.65+8.21 57.81+6.91 61.48+8.72  p=0.090
TNF-a 127.2#13.46  125.2+¥9.43 144.7¥17.79 p=0.620
VEGF 17.67+2.36 14.27+2.35 10.72+1.22  p=0.080
MCP-1 36.1£3.93 24.31+2.84 28.19+£3.12  p=0.060
MIP 102.3+38.01 30.85%¥17.39" 103.4+£30.02%% p=0.002

4. DISCUSSION

Despite the high socio-economic impact of AD and CAA, these diseases lack an effective
disease-modifying therapy. The principal aim of our study was to test the potential protective
role of ApolJ in an experimental model of AD/CAA. To this end, we first considered the need to
evaluate the effect of progressive AP deposition on cerebral endogenous mouse Apol levels.
Indeed, we confirmed that, in the APP23 mouse model, the accumulation of both insoluble A4y
and A4, was accompanied by an increase in m-ApoJ expression in the brain. This increase in
ApolJ has also been described in AD and CAA patients [43, 44], indicating the suitability of the
APP23 mouse model for the study of the molecular mechanisms implicated in cerebral (-

amyloidosis. Currently, whether this increase in the brain promotes or prevents AP
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accumulation and toxicity is unclear. Nevertheless, the elevated circulating levels of plasma
Apol observed in AD patients has been proposed to be a protective response against pathologic
AP deposition [26]. To test this hypothesis, we treated 14-month-old (middle-age) APP23 mice
with human recombinant ApolJ (rApoJ), when mouse ApoJ levels elevation is not yet
significant. This approach allowed us to study the effect of an early increase in peripheral ApoJ
on A deposition, neuronal loss and neuroinflammation. Indeed, we promoted an elevation in
circulating levels of ApoJ in mice following two different strategies: intravenous administration
of free rApoJ and rHDL-rApolJ nanodiscs. Several studies support the relevance of cholesterol
and HDL metabolism in AD [45], and we previously observed a greater ability of rHDL-rApoJ
nanodiscs than of free rApolJ to promote the efflux of cholesterol esters in vitro [31]. Therefore,
we considered that the peripheral administration of rHDL-rApoJ could shed light on the effect

of lipidation in the functionality of ApoJ in cerebral B-amyloidosis.

After one month of chronic administration of rApoJ-based treatments, we confirmed the
presence of h-rApoJ in the plasma. However, we were not able to detect the human protein in
mouse brains 30 minutes after the last administration in any case. ApoJ has been previously
described to be able to cross the BBB [46]. Based on this, we expected that the infused rApol
would enter the brain parenchyma; however, the human protein was only detected by
immunofluorescence in the luminal side of occasional leptomeningeal vessels in both Apol-
based treatment groups. In fact, we previously observed specific vascular accumulation of
rHDL-rApoJ nanodiscs in very old (28 month) APP23 mice [31]. After the corresponding
peripheral chronic treatment in transgenic mice, the cerebral AP load was evaluated. Free
rApoJ-treated mice showed a significant prevention of both insoluble AP, and AP
accumulation in comparison with the saline-treated group. In contrast, treatment with rHDL-
rApolJ nanodiscs resulted in the prevention of insoluble A4, accumulation, When we analyzed
the distribution of AP, we observed a reduced number of CAA-affected vessels in both rApol-
based treatment groups. This result was in accordance with a previously published study [29],
where authors described a marked exacerbation of CAA in APP/PS1/Clu” mutant mice.
However, this same report showed a clear reduction in parenchymal AB accumulation and total
AP in APP/PS1 mice lacking Clu [29]. In this regard, our results obtained after the infusion of
human rApoJ in APP23 mice are in opposition to the effect observed by Woijtas et al., since we
observed a significant reduction in total insoluble AP accompained by a decrease in the size of
the fibrilar AP deposits. In addition, intravenous infusion of free ApoJ induced an increase in
AP levels in the CSF, which might be considered to be an indicator of A} mobilization from the
brain parenchyma. Therefore, no obvious conclusions can be drawn from experiments
promotiong the elevation or lack of ApoJ in APP transgenic models. Indeed, results from other

studies further complicate the issue; for example, deletion of both ApoE and Clu in the PDAPP
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mouse model (PDAPP/ApoE”/Clu") was described to result in earlier onset and markedly
increased A deposition, whereas the individual deficiency of ApoE or Clu alone led to lower
levels of fibrillary deposits [17]. Alternatively, in agreement with our study, intraventricular
administration of an ApoJ mimetic peptide was recently proposed to promote the amelioration
of both parenchymal and vascular AB accumulation and improve cognitive function in the
Tg6799 mouse model [47]. At this juncture, the role of Apol in Ap-associated pathologies
seems consistent, although whether its implication is beneficial or detrimental referring to
parenchymal AP deposition still needs further investigation. In fact, the role of apolipoproteins
in cerebral B-amyloidosis is characterized by its high complexity, and the unclear participation
of ApoE in such pathologies is a good example of this. Although APOE is the strongest genetic
risk for developing sporadic AD and CAA [15, 16], the mechanism underlying the modulation
of A deposition is still an enigma [18]. Several efforts have been made to unravel the complex
puzzle of the role of ApoE in cerebral B-amyloidosis, although there is no consensus whether
the modulation of ApoE levels might be a promising treatment option for AD to date. In this
context, lack of murine ApoE in cerebral B-amyloidosis mouse models resulted in a significant
delay in AP deposition [48]. In contrast, expression of human APOE culminated in the
prevention of AP accumulation [7], although this effect was dependent on the expressed APOE
isoform [49]. On the other hand, intravenous chronic administration of an ApoE mimetic
peptide in APP/PS1 mice generated a reduction in AP deposits and amelioration of cognitive
deficits [50]. Moreover, intravenous chronic administration of human ApoE3 formulated in
rHDL nanodiscs resulted in a reduction in AP accumulation and a rescue of cognitive
impairment in the aging mouse model SAMPS [51]. Thus, as with the role of ApoE, the role of
ApoJ in the deposition of AB is complex and seems to be dependent on the origin of ApoJ
(mouse or human) and the distribution of the apolipoprotein in the brain parenchyma,

cerebrovasculature and periphery.

Another beneficial effect of chronic IV treatment with free rApoJ in APP23 mice was the
prevention of neuronal loss in the CA1 and poDG areas of the hippocampus. Free rApoJ was
more effective than rtHDL-rApoJ nanodiscs, as the treatment with rHDL-rApoJ was only able to
prevent neurodegeneration in the poDG of the hippocampus. Due to the high correlation
between AP deposits and neurodegeneration [52], the reduced AP levels observed in free rApol-
treated mice may explain the amelioration of neuronal death. Once again, as with the effect on
AP load after treatments, rHDL-rApoJ was less effective than treatment with the free protein,
suggesting that the structural modification in Apol due to its lipidation alters its ability to
activate protective pathways within the brain. Then, the effect of the infusion rHDL-rApoJ

would be mainly confined to its beneficial role in attenuating CAA.
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The inflammatory state of mouse brains after ApolJ-based treatments was also determined.
Treatment with free rApo] or rHDL-ApoJ did not induce changes in the expression of the
reactive astrocytic marker (GFAP). Likewise, the expression of microglial marker Iba-1 was not
altered among groups, but a significant increase in the expression of brain CD68 in free rApolJ-
treated mice was observed. CD68 was localized surrounding AP parenchymal deposits in cells
positive for the TL, which stains microglial cells among other innate immune cells [37, 53]. In
this context, CD68 is a lysosomal protein that has been widely used as a marker of activated
microglia [54]. Accordingly, ApoJ has been described to activate microglia both under in vitro

and in vivo conditions [55].

Microglia have been extensively demonstrated to participate in AP elimination through
phagocytosis, and the stimulation of the immune response in the CNS ameliorates AP
deposition [56, 57]. Therefore, on one hand, promoting the phagocytic ability of microglia could
be a potential strategy to prevent cerebral AP deposition. However, the exact role of microglia
in cerebral B-amyloidosis is under discussion, since cultured microglia have been described to
produce high levels of neurotoxic cytokines in response to AP stimulation [58] and elimination
of microglia results in a reduction in neuronal loss in vivo [59]. On the other hand, TREM2 is a
receptor known to be expressed in innate immune cells implicated in phagocytosis mechanisms
[41]. Genetic variations in TREM?2 have been identified as a strong risk factor for developing
AD [41]. In addition, ApoJ/AP complexes have been shown to be able to be phagocyted by
microglia in a TREM2-dependent manner [60]. Hence, we examined whether an increase in
Apol levels could modify the expression of brain TREM2 in our model. We observed higher
TREM?2 levels in the brains of free ApoJ-treated mice and a positive correlation between
TREM?2 and CD68 expression, proposing a linked mechanism between these two phagocytic
markers. Indeed, overexpression of TREM2 in cerebral B-amyloidosis mouse models prevented
cerebral AP deposition [42, 61]. On the other hand, although TREM2 has been assumed to be
expressed in microglia [60], recent evidence suggests that TREM?2 in the human brain is
expressed by infiltrated peripheral monocytes [62]. In fact, the importance of bone marrow-
derived macrophages in AP elimination is acquiring increasing interest [63]. In this context, in
our study, we were not able to discriminate between microglia and bone marrow-derived
macrophages; thus, we cannot rule out the peripheral origin of phagocytic cells enhanced by

peripheral rApol.

To test if the stimulation of phagocytic pathways in microglia was accompanied by an increased
release of inflammatory molecules, we analyzed the overall inflammatory state of brains after
treatments. In fact, lower neuroinflammation was observed in brains from rApolJ-treated mice

than in saline treated-APP23 mouse brains, as detected by the reduced expression of 1L4, IL17,
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and KC (mouse homologue of CXCL1) in both free rApoJ- and rHDL-rApoJ-treated mice. In
this context, higher expression of IL17 has been related to BBB disruption and neurotoxicity
[64, 65], and the KC chemokine has been related to granulocyte adhesion to brain capillaries
[66, 67]. On the other hand, IL4 has been described as an anti-inflammatory cytokine that seems
to play a compensatory role in cerebral B-amyloidosis pathology, although its brain regulation is
still under debate [68, 69]. These results are in agreement with previous studies that
demonstrated anti-inflammatory and anti-apoptotic properties of Apol/clusterin [70]. The fact
that increased levels of circulating Apol leads to beneficial effects in the brain is also in
accordance with growing evidence supporting the direct impact of peripheral metabolic and

inflammatory alterations in brain homeostasis and neurodegenerative diseases [71-73].

S. CONCLUSIONS

In summary, an early increase in circulating rApoJ levels in APP23 mice induced a significant
prevention of CAA and cerebral AP deposition, especially affecting the insoluble pool of both
AB4o and AP4,. Chronic administration of ApoJ-based treatments did not alter APP expression
or its processing. Likewise, no differences were observed in the expression of classical AP
receptors at the BBB. Thus, we suggest that peripheral rApoJ promotes the amelioration of
cerebral B-amyloidosis by an upregulation of specific phagocytic pathways in microglial cells
without promoting a release of neurotoxic molecules. Nevertheless, the precise molecular
mechanism activated by peripheral ApoJ that mediate the stimulation of the phagocytic

phenotype in microglia needs to be elucidated in future studies.
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6. LIST OF ABREVIATIONS

AB: Amyloid-B; AD: Alzheimer’s Disease; ApoE: Apolipoprotein E; ApoJ: Apolipoprotein J; APP:
Amyloid Precursor Protein; BBB: Blood Brain Barrier; BCA: Biocinchoninic Acid Assay; CA: Cornu
Ammonis; CAA: Cerebral Amyloid Angiopathy; CHOL: Cholesterol; CD68: Cluster of differentiation
68; CLU: Clusterin (Also known as Apol); CSF: Cerebroespinal Fluid ; CTF-APP: C-Terminal Fraction
of Amyloid Precursor Protein; DAPI: 4°6-Diamino-2-phenylindole); DMPC: 1,2-dimyristoyl-sn-glycero-
3-phosphocholine; EDTA: Ethylenediaminetetraacetic acid; ELISA: Enzyme-Linked Inmunosorbent
Assay; FBF-Basic: Basic Fibroblast Growth Factor; FBS: Fetal Bovine Serum; GADPH:
Glyceraldehyde 3-phosphate dehydrogenase; GFAP: Glial Fibrillary Acidic Protein; GM-CSF:
Granulocyte-Macrophage Colony Stimulating Factor; GWAS: Genome Wide Association Study; h-
ApoJ: Human ApoJ; HEK-293T: Human Embryonic Kidney cells-293T; HDL: High Density
Lipoprotein; HRP: Horseradish Perioxidase; Iba-1: Ionized calcium Binding Adaptor-1; ICH:
Intracerebral Hemorrhage; IDE: Insulin  Degrading Enzyme; IFN-y: Interferon-y; IHC:
Inmunohistochemistry; IL: Interleukin; IP-10: Interferon-y induced Protein-10; IV: Intravenous; KC:
Keratinocyte Chemoattractant; LRP-1: Lipoprotein Receptor Protein-1; LRP-2: Lipoprotein Receptor
Protein-2; m-ApoJ: Mouse endogenous ApolJ; MCP-1: Monocyte Chemoattractant Protein-1; MIG:
Monokine Induced by Interferon-y; MIP-1a: Macrophage Inflammatory Protein-1o; NEP: Neprilysin;
NeuN: Neuron Nuclei; ON: Overnight; poDG: Polymorphic layer of Dentate Gyrus; RAGE: Receptor
for Advanced Glycation End-products; RT: Room Temperature; rApoJ: Recombinant ApoJ; rHDL:
Reconstituted HDL; rHDL-rApoJ: Reconstituted HDLs formulated with recombinant ApolJ; sAPPa:
Soluble fraction of Amyloid Precursor Protein-a; sAPPf: Soluble fraction of Amyloid Precursor Protein-
B; SDS-PAGE: Sodium Dodecyl Sulfate- Polyacrylamide Gel Electrophoresis; TBS: Tris Buffer Saline;
ThS: Thioflavin S; TL: Tomato Lectin; TNF-a: Tumor Necrosis Factor-o; TREM-2: Triggering
Receptor Expressed Myeloid cells-2; VEGF: Vascular Endothelial Growth Factor; Wt: Wild type.
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accumulation and enhances the expression of phagocytic markers in microglial cells
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Supplemental Figure 1: Effect of rHDL-rApoJ or free rApoJ treatment in the expression of full-
length APP protein and the processing of APP through a-, - and y secretases. A) Representative
Western Blots showing the relative amount of full-length APP, sAPPa, sAPPB and CTF-APP. Relative
quantification of B) full-length APP; C sAPPa; D) sAPPf; and E) CTF-APP levels after treatments.
N=6/group.
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Supplementary Table 1: List of abbreviation of tested inflammatory molecules by multiplexed ELISA.

Target protein Abbreviation D.etectl.on
in brain

Basic Fibroblast Growth Factor FBF-Basic Yes
Interleukin-1 IL-18 Yes
Interleukin-10 IL-10 No
Interleukin-13 IL-13 Yes
Interleukin-6 IL-6 Yes
Interleukin-12 IL-12 No
Interleukin-17 IL-17 Yes
Macrophage Inflammatory Protein-1a MIP-1a Yes
Granulocyte-Macrophage Colony Stimulating Factor GM-CSF No
Monocyte chemoattractant Protein-1 MCP-1 Yes
Interleukin 5 IL-5 Yes
Vascular Endothelial Growth Factor VEGF Yes
Interleukin-1a IL-1a No
Interferon-y [FN-y Yes
Tumor Necrosis Factor-a TNF-a Yes
Interleukin-2 IL2 Yes
Interferon-y Induced Protein-10 IP-10 Yes
Monokine Induced by Gamma-IFN MIG Yes
Keratinocyte Chemoattractant KC (mouse CXCL1) Yes

Interleukin-4 IL-4 Yes
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7. 2-ANEXO 1

Optimizacion de la formaciéon de nanodiscos HDL reconstituidos con Apo]
recombinante human (nanodiscos rtHDL-rApo])






OPTIMIZACION DE LLA FORMACION DE NANODISCOS
HDL RECONSTITUIDOS CON APOJ RECOMBINANTE
HUMANA (NANODISCOS rHDL-rApo])

1- INTRODUCCION

Los nanodiscos de HDL reconstituidos (nanodiscos tHDL) son nanoparticulas lipo-
proteicas discoidales de escasos nanémetros de diametro (9-40 nm) y de
aproximadamente 5 nm de altural. Su formacién se basa en la propiedad tnica que
presentan las apolipoproteinas de solubilizar fosfolipidos en forma de
nanoparticulas permitiendo su movimiento en fases acuosas. En este contexto, los
nanodiscos reconstituidos con ApoA-I, la apolipoproteina mayoritaria en plasma,
estan extensamente estudiados y su formacion esta detalladamente descrita en la
bibliografia®. Sin embargo, nanodiscos rtHDL con otras apolipoproteinas son poco
comunes y su formacién requiere una optimizaciéon previa>*. En este contexto,
nuestro objetivo era producir nanodiscos rHDL asociados a Apo] recombinante
humana (nanodiscos tHDL-rApo]). Bajo nuestro conocimiento, solo existe una
publicacion previa atendiendo a la formaciéon de nanodiscos rHDL asociados a
Apo] y en ella no se utiliz6 Apo] recombinante’. Por ello, el proceso de produccién
requerfa ser bien disefiado y optimizado. Con este objetivo, primero se formaron
nanodiscos tHDL asociados a ApoA-I recombinante (nanodiscos tHDL-rApoA-I),
como control positivo del buen manejo de la técnica, de acuerdo a los protocolos de
formacién descritos en la bibliograffa. Una vez puesto a punto el método de
preparacion de los nanodiscos rHDL-rApoA-I, dicha metodologia fue tomada
como punto de partida para llevar a cabo la sintesis de nanodiscos rHDL asociados
a Apo] recombinante humana (nanodiscos tHDL-rApo]). En concreto, se disenaron
dos estrategias de formacion de tHDL-rApo] (método de solubilizacion espontanea y
método de drdlisis con colato). En ambas estrategias se trabajaron a diferentes
relaciones molares entre los lipidos (1,2-Dimistiril-s#-3-glicero-fosfatidilcolina,
DMPC) y rApo], a diferentes concentracion total de lipido y diferentes tiempos de

incubacion.

2- MATERIALES

Para la produccion de nanodiscos HDL reconstituidos asociados a ApoA-1 y Apo]
se utilizaron proteinas recombinantes humanas producidas en células humanas

HEK293T (rtApoA-I y rApo]). Las especificaciones para la  produccion y
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purificacion de estas proteinas recombinantes estan disponible en la bibliografia®.
En la Tabla 1 se muestran los materiales utilizados para la optimizacion de la
formacion de nanodiscos tHDL.

Tabla 1: Materiales utilizados para la optimizacién de la formacién de nanodiscos HDL

reconstituidos.
PRODUCTO CASA COMERCIAL REFERENCIA
14:0 DMPC . ..
(1,2-Dimistiril-sn-3-glicero- ( Ai‘;ﬁizii%g%%) 850345P
fosfatidilcolina)
Sigma-Aldrich
Colesterol (Sant T ous, MO, EEUU) Hoter
TBS (Tabletas) Sigma Aldrich T5030
KBr Sigma Aldrich 104905
Deoxicolato de Sodio Sigma-Aldrich S1827
Membranas de dialisis 10 KDa Thermo Fisher 38243
Snake Skin Dialysis Tubing (Waltham, MA, EEUU)
Membranas de extrusion . Millipore JHWPO1300
(Butrlington, MA, EEUU)
BCA Thermo Fisher 23225

3- RESULTADOS Y DISCUSION

3.1. Formacién de nanodiscos rHDL-rApoA-I mediante el método de
solubilizacion espontinea.

Los nanodiscos tHDL-rApoA-I se sintetizaron mediante el método de solubilizacion
espontinea utilizando un protocolo descrito en la bibliografia>. En la Tabla 2 se
indican los parametros utilizados para la formaciéon de nanodiscos rtHDL-rApoA-I.
Brevemente, se realizé una mezcla lipidica a partir de soluciones de DMPC vy
Colesterol no esterificado (COL) en cloroformo a una relacion molar de
DMPC/COL de 90:10. Tras la evaporacion del cloroformo en el rotavapor, se
formé un film lipidico que posteriormente se hidraté con 1 ml de tampon salino
Tris (Iris Buffer Saline, TBS, pH=7.4), dando lugar a la formacién espontanea de
vesiculas multilamelares (Multilamellar vesicles, MLLV). A continuacion, se procedi6 a la
extrusion de los MLV a través de membranas de 400 nm con ayuda del extrusor de
liposomas con el objetivo de homogenizar el tamano de las MLV. Posteriormente,
se llevé a cabo el paso de incubacion de las MLV con rApoA-I humana para dar
lugar a la formacién espontanea de nanodiscos tHDL-rApoA-I. Para ello, en un vial
se mezclaron las MLV con rtApoA-I a una relacién molar de DMPC/COL/tApoA-I
de 89:10:1 para un volumen final de 1 ml. La concentracién de ApoA-I en la
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muestra final fue de 0,3 mg/ml. Esta mezcla se incub6 a 24 °C durante 24 horas
bajo agitacién magnética, permitiendo la solubilizacioén de las MLV por rApoA-I en
forma de nanodiscos. Este fendmeno de solubilizacién es posible por la presencia
de dominios especificos en la estructura de rApoA-I; las cuales son capaces de
unirse a las colas hidréfobas del fosfolipido (DMPC) que forman las MLV y
solubilizarlos en forma de nanodiscos’. Tras la incubacion, se realizé una etapa de
centrifugacion a 16.000 xg durante 30 minutos a 4°C con el objetivo de eliminar las
MLV libres que no interaccionaron con la rApoA-I (Figura 1).

Tabla 2: Parametros de formacion utilizados para la formacién de nanodiscos tHDL-rApoA-I.

Muestra Método Rlerll?)(l:;:n Extrusion Relacion molar eApoA- It
DMPC.COL (nm) DMPC:COL: rtApoA-I  (mg/ml)
tHDL- Sol. 90:10 400 89:10:1 0.3

rApoA-I espontinea

-

- -
+ S e
-

Vesiculas
multilamelares

A A Incubacion 24 h @

rApoA-I  Centrifugacion
rHDL-rApo]

Figural: Esquema de formaciéon de los nanodiscos tHDL-rApoA-I mediante el método de
solubilizacion espontdnea.

J

Tras la formacion, los nanodiscos resultantes se caracterizaron en términos de
tamafo de particula hidrodinamico mediante técnicas de dispersion dinamica de luz
(Dynamic Light Scattering, DLS) acoplado a tecnologia de retrodispersion no invasiva
(Malvern Zetasizer, Malverns Istruments, Reino Unido). Por otra parte, la
morfologia y dispersion de los nanodiscos se estudié mediante microscopia
electronica de transmision  (Transmission  Electron  Microscopy, TEM) con tincion
negativa con acetato de uranilo en un microscopio JEM-1400 (JEOL, Tokio, Japon)
(Figura 2). El tamafio hidrodinamino de los MLV también se midi6 mediante DLS,
confirmando su tamafio homogéneo (Figura 2A). Tal y como se ha descrito
previamente en bibliografia?, los nanodiscos tHDL-rApoA-I mostraron un tamafio
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de particula comprendido entre 13-18 nm de diametro (Figura 2B). Ademas, por
TEM se observo que su morfologia era discoidal con una altura de disco de 5 nm.
Por otra parte, también se observé la distribucion apilada que caracteriza a los
nanodiscos tHDL-rApoA-I, lo cual demostré la reproducibilidad de resultados
previamente publicados (Figura 2C).
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Figura 2: Caracterizacion de los nanodiscos rHDL-rApoA-I por tamafio de particula y
TEM. A) Tamafo hidrodinamico de las MLV extruidas a través de filtros de 400 nm, centrado a
200 nm. B) Dispersion de tamafio hidrodinamico de los nanodiscos tHDL-rApoA-I centrado a 16
\nm. C) Imagen representativa de los nanodiscos tHDL-rApoA-I mediante TEM.

J

3.2. Formacién de nanodiscos rtHDL-rApo] mediante solublizacion

espontinea

En base a los buenos resultados obtenidos en la preparacién de los nanodiscos
rHDL-rApoA-I mediante la metodologia de so/ubilizacion espontinea, se decidié tomar
dicha metodologia como punto de partida para llevar a cabo la formacién de
nanodiscos rHDL asociados a rApo] humana (nanodiscos tHDL-rApo]). En la
Tabla 3 se resumen los diferentes parametros de formacion testadas mediante el
método de solubilizacion espontdanea. El protocolo de formacién se realizé siguiendo el
esquema de la Figura 1.

Para poder evaluar el efecto de los distintos parametros estudiados sin que influyera
la concentracion final de rApo], los experimentos se disefiaron de tal forma que la
concentracion de tApo] final en la mezcla fuera del 0.33 mg/ml. Por una parte, se
parti6 de una mezcla lipidica de DMPC/COL a la relacion molar de 90:10
(prototipos 1-10). En estos prototipos el tamafo de extrusiéon de las MLV se
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mantuvo en 400 nm. Por otra parte, se testaron diferentes relaciones molares
DMPC/COL/tApo]. Los ratios lipido:proteina se han desctito antetiormente como
un parametro critico para la correcta formacion de los nanodiscos!. Ademds, para
cada relaciéon molar, se estudi6 el efecto del tiempo de incubacién (24 y 48 horas) a
24 °C, con el objetivo de estudiar si mas tiempo de interaccion entre el lipido y la

proteina conducia a un mayor rendimiento en la produccién de los nanodiscos.

Tabla 3: Parametros de formacion estudiados para la formacion de nanodiscos tHDL-rApo]
mediante el método de solubilizacion espontdnea.

Relacion

Prototipo Rrerllz(I::;n Extrusién molar ;fljﬁz;grel [rApo]]f
DMPC:COL (nm) DMPC:COL: (horas) (mg/ml)
rApo]

1 90:10 400 860:100:40 24 0.33
2 90:10 400 860:100:40 48 0.33
3 90:10 400 880:100:20 24 0.33
4 90:10 400 880:100:20 48 0.33
5 90:10 400 890:100:10 24 0.33
6 90:10 400 890:100:10 48 0.33
7 90:10 400 895:100:5 24 0.33
8 90:10 400 895:100:5 48 0.33
9 90:10 400 898:100:2 24 0.33
10 90:10 400 898:100:2 48 0.33
11 100:0 400 890:100:10 24 0.33
12 90:10 100 890:100:10 24 0.33

Por otra parte, en el prototipo 11 se evalud el efecto de la presencia o no de
colesterol en la mezcla lipidica a una relacion molar de DMPC:COL:Apo] de
890:100:10 y extruyendo la muestra de MLV con una membrana de 400 nm.
Asimismo, en el prototipo 12, se testd el efecto de una extrusion de las vesiculas
MLV preformados a través de una membrana con un tamano de poro menor de 100
nm, ya que basados en publicaciones anteriores, se pensé que unas vesiculas de
menor tamafio podrian facilitar la solubilizaciéon del liposoma por parte de la
apolipoproteina®. Todos los prototipos fueron centrifugados a 16000 xg durante 30
minutos a 4°C para eliminar los lipidos que no interaccionaron con la
apolipoproteina.

Los sobrenadantes fruto de la centrifugaciéon se caracterizaron por tamano de
particula mediante DLS y TEM. En la Tabla 4 se muestran los tamafios de particula
hidrodinamicos de los nanodiscos expresados en % volumen obtenidos de los
prototipos 1-12, la concentraciéon final de rApo] medida por BCA y el rendimiento
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de recuperacion de rApo] en el sobrenadante de la muestra final. Por otra parte, a
modo de control negativo (C-), la rApo] se sometié al mismo procedimiento de
solubilizacion espontanea utilizado para la formacion de nanodiscos, pero en ausencia de
DMPC y COL en la muestra. Esta muestra también se caracterizé en términos de
tamafio hidrodinamico y TEM (Tabla 4, rApo] libre (C-)). Por otra parte, imagenes
representativas obtenidas por TEM de algunos de los prototipos estudiados se
muestran en la Figura 3.

Tabla 4: Caracterizacion de los distintos prototipos de nanodiscos tHDL-rApo] mediante el
método de solubilizacién espontanea.

Prototipo D‘ame“z’n‘rt)i’amcula (Ef;l;ﬂ})fb Rendimiento (%)
1 17.04%7.42 0.252 76.30
2 17.07+2.94 0.184 55.75
3 18.33+4.61 0.201 60.90
4 17.20%43.29 0.026 7.80
5 17.06+3.25 0.163 49.39
6 18.48+3.56 0.219 66.36
7 18.25+7.42 0.194 58.18
8 26.56+7.86 0.239 72.74
9 29.29+3.50 0.189 57.27
10 35.5+10.00 0.223 67.57
1 17.56+3.50 0.167 50.60
12 18.37+6.24 0.203 61.51
tApo] libre (C-) 17.70+4.30 _ ;

a) Tamaflo medio de particula y desviaciéon estindar expresado en % en volumen. b)
Concentracion de rApo] en la muestra final medido por BCA. ¢) Rendimiento de la formacion,
medido como % de Apo] recuperado en la muestra final.

Tal y como se puede observar en los resultados de la Tabla 4, todos los prototipos
de tHDL-rApo] obtenidos mostraron un tamano medio de particula uniforme
comprendido entre 17 y 35 nm. Dichos tamafios estan en acuerdo con los
observados en otros nanodiscos formados con distintas apolipoproteinas!-2.
Ademas, se observo que el tiempo de incubacién, la ausencia de colesterol y el
tamafio de extrusiéon de MLV aparentemente no afectaba el tamafno de particula,
mientras que se observo que el aumento de la relacién molar DMPC/rApo]

generaba un incremento en el tamano hidrodinamico.

Por otro lado, todas las muestras formadas mediante la mezcla de lipidos y la rApo]
(Prototipos 1-12) fueron observadas por microscopia TEM con tinciéon negativa
(acetato de uranilo). En base a las imagenes de la Figura 3 A-D, se observa que los
prototipos 1, 3, 5 y 7 son poco uniformes, estando formados por escasos

nanodiscos dispuestos de perfil y algunos liposomas aislados.
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B) Prototipo 3

A) Prototipo 1 C) Prototipo 5

- 100.nm

Figura 3: Imagenes representativas mediante TEM de muestras de los distintos prototipos
de nanodiscos rHDL-rApo] realizados mediante solubilizacion espontinea y rApo] libre
descritos en la Tabla 4 (Las flechas en negro («) indican la presencia de nanodiscos; el asterisco
(*) indica liposomas presentes en la muestra.

Por otra parte, en los prototipos 9 y 10 no se detecté ningun nanodisco, pese a que
dicha muestra era rica en liposomas de pequefio tamafio. Este hecho nos llevé a
pensar que una elevada concentracion de lipidos presente en la muestra da lugar a la
formacion espontanea de liposomas de diferentes tamafos, lo cual puede dificultar
de alguna manera su auto-ensamblaje con la apolipoproteina rApo] (Figura 3E).

Asimismo, también se observé que el control negativo de rApoJ libre (C-) en
ausencia de lipidos presentaba un tamafio medio de particula muy similar (=17 nm)
al observado en los nanodiscos tHDL-rApo] (Tabla 4), lo cual nos llevé a pensar
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que rApo] en disolucién se reorganizaba en forma de agregados. Esta hipotesis
quedo confirmada mediante su observacion por TEM, donde se detectaron grandes
y pequefos agregados de proteina con una morfologia irregular (ver Figura 2F). En
esta muestra, no se observo en ningun caso la presencia de nanodiscos. En este
contexto, rApo] es una proteina que funciona como una chaperona natural y es muy
propensa a formar agregados de elevado peso molecular? que pueden ser detectables
mediante DLS.

Asi, en base a los resultados de tamafio de particula y microscopia electronica, se
dedujo que mediante el método de solubilizacion espontinea es posible la formaciéon de
nanodiscos rHDL-rApo] (Figura 3A-D). Sin embargo, se detectaron escasos
nanodiscos por microscopia, la muestra mostré gran heterogeneidad y el tamano
hidrodinamico de los nanodiscos tHDIL-rApo] no pudo distinguirse de la proteina
libre. Por tanto, en este estudio se concluy6 que el método de solubilizacion espontinea
no permite la formaciéon de nanodiscos rHDL-rApo] con los rendimientos
aceptables para cumplir nuestros objetivos.

Los diferentes rendimientos observados entre rApoA-I y rApo] formando
nanodiscos rtHDL, pueden ser facilmente explicados por las diferencias estructurales
existentes entre ambas apolipoproteinas. Mientras que la estructura de ApoA-I es
muy eficaz mediando la solubilizacion de bicapas lipidicas, debido a que es la
principal encargada de la biogénesis de HDL iz wio'®, Apo] es un proteina
multifuncional que interactia en un amplio abanico de procesos biologicos!h12. Por
lo tanto, la capacidad de solubilizar directamente MLV puede ser menor que la de
ApoA-I, dando lugar a rendimientos mas pobres a la hora de obtener nanodiscos

rHDL mediante el método de solubilizacion espontinea.

Sin embargo, Apo] es una proteina con regiones parcialmente desordenadas (wzolten-
globule regions) que tienen la capacidad para formar hélices-a anfifilicas. Estas
caracteristicas estructurales han sido muy relacionadas con la capacidad de unirse a
fosfolipidos en estructuras lipoprotéicas!3. Ademas, se ha descrito la capacidad de
Apo] de formar HDLs zz vive'*. Asi, consideramos que bajo otras condiciones y
metodologia de preparacion se podria incrementar el rendimiento de formacion de
nanodiscos tHDL-rApo]. En este contexto, se decidié abordar la formacién de
nanodiscos tHDL-rApo] mediante otra estrategia denominada didlisis con colato.

3.3. Formacién de nanodiscos rtHDL-rApo] mediante el método de didlisis
con colato

Los parametros de preparacion de los nanodiscos de rHDL-rApo] mediante el
método de diilisis con colato se basaron en un trabajo previamente publicado por
Zeno et al, 20151 con algunas modificaciones. Asi, el procedimiento comenzé con

la generacién de una mezcla lipidica basada en soluciones de DMPC y COL en
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cloroformo a una relacion molar 5:1. Tras la evaporaciéon del cloroformo en el
rotavapor, el film lipidico resultante se hidrat6 con una solucion de TBS
suplementado con 40 mM de deoxicolato de sodio (Colato) para dar lugar a la
formacion de micelas mixtas de DMPC, COL y el detergente colato. El deoxicolato
de sodio es un detergente derivado del colesterol que es capaz de solubilizar los
fosfolipidos formando micelas mixtas. Para la correcta formacién de estas micelas
mixtas, la solucion se incub6 durante 30 minutos a 37 °C bajo agitacion.
Posteriormente, se afadié la rApo] sobre las micelas mixtas a una relacién molar
DMPC/COL/tApo] de 550:150:1. Esta mezcla fue sometida a 3 ciclos de
incubacion de 20 minutos alternando temperaturas de 4 y 37°C en agitacion para
favorecer la interaccion de la proteina con los fosfolipidos. Finalmente, la muestra se
dializ6 extensamente con TBS (pH=7.4) durante 48 horas a 4°C intercalando dos
cambios de medio. El esquema de las condiciones utilizadas se puede ver en la

Figura 4 y en la Tabla 5.

Micelas mixtas rApol Nanodiscos rHDL-rApol

s
m e
i

A A - Ciclos de incubacién
- Dialisis
- Centrifugacion

® DMPC
< Colato

Figura 4: Esquema de formacion de los nanodiscos rtHDL-rApo] formados mediante el

método de diilisis con colato. Imagen adaptada de Fernandez-de-Retana ez a/, 20171°.
- J

Tabla 5: Condiciones utilizadas para la formacién de nanodiscos tHDL-rApo] mediante el método
de dzdlisis con colato.

Relacion molar Relacion molar [rApo]]f

Muestra Método  "LAPC.COL.  DMPC:COL:itApo]  (mg/ml)

Nanodisco Didlisis

tHDL-rApo] colato 5:1 550:150:1 0.415
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3.4. Purificaciéon de nanodiscos rHDL.-rApo] mediante ultracentrifugaciéon en

gradiente de KBr y caracterizacién de la muestra

Los nanodiscos se midieron mediante DLS una vez terminado el procedimiento de
preparacion. Asi, se observo que mediante el método de didlisis con colato, se obtenfan
dos poblaciones centradas a 26 y 75 nm. Estos resultados indican que este método
permite desplazar la sefial que se observaba con la proteina rApo] no lipidada (=17
nm). No obstante, pese a que el cambio de tamafo indicé la presencia de
nanoparticulas, para que la caracterizacién de los nanodiscos tHDL-rApo] formados
por el método de drdlisis con colato, no se viera afectada por la presencia de proteina
rApo] no lipidada, los nanodiscos resultantes se purificaron por ultracentrifugacion
en gradiente de densidad de bromuro de potasio (KBr). Esta técnica es
rutinariamente utilizada para la separacion de lipoproteinas de diferente densidad!’.
Asi, debido a que los nanodiscos tienen una densidad menor (<1250 mg/ml) que la
proteina libre (>1300 mg/ml), un corte de densidad a 1250 mg/ml permitié separar
exitosamente los nanodiscos tHDL-rApo] de la proteina rApo] libre y de los MLV
no asociados a la rApo]. Asi, una vez purificados los nanodiscos, éstos fueron
caracterizados en términos de tamano de particula por DLS y morfologia por

microscopia TEM (Figura 5).

La muestras de tHDL-rApo] fueron analizadas por DLS, observandose que la
muestra esta formada por dos poblaciones de particulas con tamafios medios de
particula centrados en 32 nm y 68 nm (Figura 5A). Por otra parte, el TEM nos
permiti6  confirmar la morfologia discoidal de dichas particulas (Figura 5B).
Asimismo, la muestra resultante mostré un aspecto muy homogéneo y una mayor
densidad de nanodiscos en comparacion a las escasas poblaciones obtenidas
mediante el método de solubilizacion espontinea. Asimismo, por TEM también se pudo
observar las dos poblaciones de diferentes tamafios de nanodiscos de tHDL-rApo],
de 30 nm (C1) y de 68 nm (C2), que fueron detectadas por DLS. Por dltimo, por
TEM se determiné que los nanodiscos tenfan una altura de 5 nm. Estos resultados
estan actualmente publicados como parte del Articulo 219,

En resumen, se concluye que el método de didlisis con colato permite la formacion de
nanodiscos tHDL-rApo] a una relacion molar de DMPC:COL:rApo] de 550:150:1.
Dichas muestras estan formadas por dos poblaciones de nanodiscos con tamanos
medios de 32 nm y 68 nm de diametro, y 5 nm de alto. El método de formacion
seleccionado mostré gran reproducibilidad. Por dltimo, la purificacion mediante
ultracentrifugacion en gradiente de KBr permitié eliminar exitosamente la proteina
rApo] no lipidada de la muestra final. El protocolo aqui descrito fue el utilizado
durante los experimentos de esta tesis doctoral para la formacién y caracterizacion

de nanodiscos rtHDL-rApo].
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Figura 5: Caracterizacion de los nanodiscos rtHDL-rtApo] formados mediante el método de
didlisis con colato. A) Distribucion de tamafios de particula de los nanodiscos rHDL-rApo]
purificados, donde se puede distinguir dos poblaciones de nanodiscos con un tamafio medio de
particula32 y 68 nm. B) Imagenes de representativa TEM de la dos poblaciones de nanodiscos de
rtHDL-rApo] (30 nm (C1) y 68 nm (C2)).y de su morfologia discoidal.). Imagen adaptada de
Ferniandez-de-Retana ez a/, 201716,
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4- ABREVIACIONES

ApoA-I: Apolipoproteina A-I; Apo]: Apolipoproteina | (también conocida como
clusterin); COL: Colesterol; Colato: Deoxicolato de sodio; DLS: Dispersiéon Dinamica de
Luz (Dynamic Light Scattering); DMPC: 1,2-dimistoil-sn-3-glicero-fosfatidilcolina; Ensayo
BCA: Ensayo de acido bicinconinico (BCA assay); HDL: Lipoproteina de Alta Densidad
(High Density Lipoprotein); KBr: Bromuro de potasio; MLV: Vesiculas Multilamelares
(Multilamellar 1 esicles); tHDL: HDL reconstituida (reconstituted HDL); TBS: Tampoén Salino
Tris (T7is Buffer Saline); TEM: microscopio electronico de transmision (Transmission Electron

Microscopy)
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7.3- Abreviaciones

AAC: Angiopatia Amiloide Cerebral

AB: Péptido B-amiloide; S-amyloid peptide

ABC-X: ATP-binding Cassette (X= Al, A7, A8, B1, G1)
AJ: Adberens Junction, uniones adherentes

Apo: Apolipoprotein (A-1, A-I-Milano, B-100, C, E, J)

ARIA: Anomalidades de Imagen Asociadas a Amiloide; Amzyloid Related Imaging

Abnormalities

BHE: Barrera Hematoencefalica
BIN1: Bridging Integrator-1

CA-1: Cornn Ammonis-1

CD2AP: CD?2 associated protein

CERAD: Consorcio para establecer un registro de Enfermedad de Alzheimer;

Consortium to establish a registry for Alzheimer’s Disease

CETP: Proteina de transferencia de colesterilo; Cholesterylester Transfer Protein
CD: Cluster de diferenciacion; Cluster of Differentiation

Clu: Clusterin (Sinénimo de Apolipoproteina J)

CR1: Receptor del complemento 1; Complement Receptor 1

cSS: Siderosis superficial cortical

DICP: Dominio Intracelular de la Proteina Precursora Amiloide

DMPC: 7,2-Dimyristoyl-sn-glycero-3-phosphorylcholine

DMT?2: Diabetes Mellitus Tipo 2
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DSPC: 7,2-Distearoyl-sn-glycero-3-phosphorylcholine
EA: Enfermedad de Alzheimer

EDC: Evaluaciéon de Demencia Clinica
ELISA: Engyme-Linked ImmunoSorbent Assay
EPHATL: Ephrin type-A receptor 1

FDA: Food and Drug Administration

GFAP: Glial fibrillary acidic protein

GWAS: Estudios de Asociacion del Genoma Completo; Genome Wide Association
Studies

HDL: Lipoproteina de Alta Densidad; High Density Lipoprotein
HEK293T: Células embrionarias renales-293T; Human Embrionic Kidney cells-293 T
HIC: Hemorragia Intracraneal

HCHWA: Hemorragia intracraneal hereditaria con amiloidosis; Hereditary Cerebral

Hemorrbage With Amyloidosis

HLA-DRB1: HI A class II histocompatibility antigen, DRBT beta chain
hp-TAU: Proteina TAU hiperfosforilada

Ibal: lonized calcinm binding adaptor molecule 1

IDE: Enzima Degradadora de Insulina; Insuline Degrading Enzgyme
IL: Interlenkin

KC: Keratinocyte chemoattractant

KDa: Kilo Dalton

KO: Ratones deficientes, Knock Out

LCAT: ILecitin Colesterol Acil-Transferasa
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LCR: Liquido Cefalorraquideo
LDL: Lipoproteina de Baja Densidad; Low Density Lipoprotein

LRP-1/2: Receptor de lipoproteinas de baja densidad-1 'y 2; Low-density-lipoprotein
Receptor Protein-1and 2

LXR: Liver X Receptor

MIP-1o: Macrophage Inflanmmatory Protein-1a

MLV: Multilamellar 1 esicles, Vesiculas Multilamelatres

MMP-2/9: Metaloproteinasas 2y 9

MMSE: Examinacion del Estado MiniMental; MiniMenal State Examination
NCTxxxxxxxx: Numero de Ensayo clinico; Number of Clinical Trial
NLRP3: NLR Family Pyrin Domain Containing 3

NMDA: N-metil-D-aspartato

NEP: Neprilisina

PC: Phosphatidyleholine

PEG: Polietilenglicol

PET: Tomografia de Emision de Positrones, Positron Emission Tomograph
PiB: Compuesto de Pittsburgh-B; Pittsburgh Compound-B

PICALM: Phosphatidylinositol binding clathrin assembly protein

poDG: Polymorphic layer of Dentate Gyrus

POPC: 7-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

PPA: Proteina Precursora Amiloide

PPA-FCT-83/99: Fragmentos C-terminales de la Proteina Precursora Amiloide de

83 y 99 aminoacidos.
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PrP: Proteina pridnica
PSEN1/2: Presenilina 1y 2
PTAM: Proteina TAU Asociada a Microtdbulos

RAGE: Receptor de productos de glicosilacion avanzada; Recepror for Advances
Glycation End-products

rHDL: Lipoproteinas de Alta Densidad reconstituidas; reconstituted High Density
Lipoprotein

RM: Resonancia Magnética

rt-PA: Activador tisular del plasmindégeno; recombinant tissue Plasminogen Activator
sPPA«/B: Fragmentos solubles de la Proteina Precursora Amiloide a- y§-

SINC: Sistema Nervioso Central

SORLLY: Sortilin Related Receptor 1

SRB-I: Scavenger Receptor B-1

t-TAU/hp-TAU: TAU total/ TAU hiperfosforilada

TJ: Tight Junction, Uniones estrechas

TRC: Transporte Reverso de Colesterol

TREM-2: Receptor desencadenante expresado en células mieloides-s; 17iggering

Receptor Excpressed on Myeloid Cells-2
TRIPA4: Thyroid Hormone Receptor Interactor 4

VLDL: Lipoproteina de Muy Baja Densidad; Iery Low Density Lipoprotein
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