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ABSTRACT

Cholesterol transport is a fundamental process in maintaining cellular
homeostasis. Its disruption has been linked to cardiovascular disease
(CVD) and Alzheimer’s disease (AD). This thesis comprises three
complementary studies investigating the regulation of cholesterol
trafficking in the contexts of atherosclerosis and neurodegeneration.
Although the studies share methodologies to assess cholesterol efflux and
reverse cholesterol transport (RCT), each work applies these approaches to
disease-specific cellular and animal models, addressing distinct

mechanistic pathways.

The first study examines the impact of proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibition on cholesterol metabolism in
familial hypercholesterolemia (FH). Using paired samples from FH
patients before and after treatment with the PCSK9 inhibitor evolocumab,
we demonstrate cholesterol efflux from macrophages was not affected
following PCSK9 inhibition. However, it promotes a redistribution of
macrophage-derived cholesterol by decreasing low-density lipoprotein
(LDL)-associated cholesterol and increasing high-density lipoprotein
(HDL)-bound cholesterol in plasma. Similar redistribution was observed in
PCSK9 antibody-treated FH mice (heterozygous LDL receptor-deficient
mice expressing human APOB100), resulting in enhanced macrophage-to-
feces RCT due to accelerated hepatic clearance of LDL particles. These

findings support a role for PCSK9 inhibition in positively modulating
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macrophage-specific RCT, which represents an additional atheroprotective
effect beyond LDL-lowering in FH.

The second study investigates cholesterol metabolism in vascular smooth
muscle cells (VSMCs), which are key contributors to foam cell formation
and atherogenesis. Upon cholesterol loading, VSMCs undergo a
phenotypic switch that reduces their cholesterol efflux capacity, and
diminishes in vivo RCT. Activation of liver X receptors (LXRS) restores
cholesterol efflux from lipid-laden VSMCs and enhances RCT.
Additionally, inhibition of acyl-CoA:cholesterol acyltransferase (ACAT)
improves efflux capacity by preventing cholesterol esterification and
increasing free cholesterol availability. Notably, LXR activation combined
with ACAT inhibition exerts a synergistic effect that maximizes cholesterol
removal from VSMCs. These results demonstrate that cholesterol loading
impairs VSMC-mediated RCT, a hallmark of the foam cell-like phenotype,
which can be pharmacologically restored by LXR activation and ACAT

inhibition either individually or in combination.

The third study focuses on cerebrospinal fluid (CSF)-mediated cholesterol
transport in AD. CSF HDL-like particles, primarily composed of APOE,
facilitate the delivery of astrocyte-derived cholesterol to neurons. This
process is critical for membrane remodeling and myelination. Using CSF
samples from AD patients and control subjects, we show that cholesterol
efflux from astrocytes to CSF HDL-like particles remains unaltered in AD.
However, CSF HDL-like particles from AD patients display a markedly
reduced ability to deliver cholesterol to neurons. This deficit is not
influenced by the presence of hallmark AD biomarkers A or tau proteins.

Instead, we demonstrate that APOE isoforms play a critical role:



ABSTRACT

reconstituted HDL particles containing APOE4 show significantly reduced
neuronal cholesterol uptake compared to those with APOE3. These
findings highlight an isoform-dependent mechanism by which APOE4

contributes to impaired cholesterol delivery to neurons in AD.

Together, these studies deepen our understanding of cholesterol transport
mechanisms in CVD and AD. They also underscore the importance of
molecular regulators, such as PCSK9, LXR and ACAT, and APOE

isoforms, in modulating cholesterol dynamics and disease pathology
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RESUM

El transport del colesterol és essencial per al manteniment de la homeostasi
cel-lular. La seva alteracid s’associa amb la malaltia cardiovascular (CVD)
i la malaltia d’Alzheimer (AD). Aquesta tesi comprén tres estudis
complementaris que investiguen la regulacié del transport de colesterol en
I’arteriosclerosi 1 la neurodegeneracid. Tot 1 que els tres estudis
comparteixen metodologies per avaluar I’eflux de colesterol i el transport
revers de colesterol (RCT), cadascun les aplica en models cel-lulars i

animals especifics per abordar diferents qliestions mecanistiques.

El primer estudi va examinar 1’impacte de la inhibici6 de la proproteina
convertasa subtilisina/kexina tipus 9 (PCSK9) en el metabolisme del
colesterol en el context de la hipercolesterolemia familiar (FH). Utilitzant
mostres aparellades de pacients amb FH abans i després del tractament amb
evolocumab, es va observar que la inhibici6 de PCSK9 no afecta I’eflux de
colesterol dels macrofags. No obstant, indueix una redistribucié del
colesterol derivat dels macrofags, disminuint el colesterol associat a
lipoproteines de baixa densitat (LDL) i augmentant en lipoproteines d’alta
densitat (HDL). En un model muri humanitzat de FH (ratolins heterozigots
deficients del receptor LDL que expressen APOB100 humana) tractat amb
anticossos contra PCSKO9, es va observar un efecte similar que va donar
lloc a un augment del RCT dels macrofags a causa d’un aclariment hepatic
accelerat de les LDL. Aquests resultats recolzen un efecte positiu de la
inhibici6 de PCSK9 sobre el RCT dels macrofags, com a accid
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ateroprotectora addicional que transcendeix la seva capacitat de reduir el
colesterol LDL en la FH.

El segon estudi va investigar el metabolisme del colesterol en les cél-lules
musculars llises vasculars (VSMCs), ja que es consideren una de les
principals fonts de c¢l-lules escumoses que promouen 1’arteriosclerosi. ES
va observar que, després de la carrega de colesterol, les VSMCs
experimenten un canvi fenotipic que disminueix la seva capacitat d’eflux
de colesterol i redueix el RCT. L’activacié dels receptors X hepatics
(LXRs) va restaurar la capacitat d’eflux de les VSMCs carregades de
colesterol i va augmentar el RCT. Aixi mateix, la inhibicié de I’enzim acil-
CoA:colesterol aciltransferasa (ACAT) també va millorar aquesta
capacitat, ja que prevé 1’esterificacid del colesterol i, per tant, incrementa
la disponibilitat de colesterol lliure. La combinacio de I’activacié de LXRs
i la inhibici6 d’ACAT va tenir un efecte sinérgic que va maximitzar
I’eliminaci6 de colesterol de les VSMCs. Aquests resultats indiquen que la
carrega de colesterol indueix un fenotip de cél-lula escumosa en VSMCs
caracteritzat per un RCT defectuds, que pot ser restaurat mitjancant

estrategies farmacologiques especifiques.

El tercer estudi es va centrar en el transport de colesterol mediat pel liquid
cefaloraquidi (CSF) en la AD. Les lipoproteines del CSF, similars a HDL i
formades principalment per APOE, faciliten el transport de colesterol des
d’astrocits a neurones. Es van utilitzar mostres de CSF de pacients amb AD
1 controls per estudiar I’eflux de colesterol des d’astrocits, que va ser
similar en ambdods grups. No obstant, les lipoproteines del CSF de pacients
amb AD van mostrar una capacitat reduida per transportar colesterol a les

neurones. Aquest defecte no es va veure influenciat per AP o tau. En canvi,
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es va demostrar que les isoformes d’ APOE juguen un paper clau: particules
reconstituides d’HDL que contenien APOE4 van mostrar una capacitat
significativament menor d’entregar colesterol a les neurones en
comparacié amb les que contenien APOE3. Aix0 destaca un mecanisme
dependent d’isoforma mitjancant el qual I’APOE4 contribueix al transport
alterat de colesterol en la AD.

En conjunt, aquests estudis aprofundeixen en la comprensié dels
mecanismes de transport de colesterol en la CVD i la AD, i subratllen la
importancia de reguladors moleculars com PCSK9, LXRs, ACAT i les
isoformes d’APOE en la dinamica del colesterol i la progressié d’aquestes

malalties.
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RESUMEN

El transporte de colesterol es esencial para el mantenimiento de la homeostasis
celular. Su alteracion se relaciona con la enfermedad cardiovascular (CVD) y la
enfermedad de Alzheimer (AD). Esta tesis comprende tres estudios
complementarios que investigan la regulacion del transporte de colesterol en la
arteriosclerosis y la neurodegeneracion. Aunque los tres estudios comparten
metodologias para evaluar el eflujo de colesterol y el transporte reverso de
colesterol (RCT), cada uno las aplica en modelos celulares y animales especificos

para abordar diferentes cuestiones mecanisticas.

El primer estudio examiné el impacto de la inhibicién de la proproteina convertasa
subtilisina/kexina tipo 9 (PCSK9) sobre el metabolismo del colesterol en la
hipercolesterolemia familiar (FH). Utilizando muestras pareadas de pacientes con
FH antes y después del tratamiento con evolocumab, se demostré que la inhibicion
de PCSK9 no afecta el eflujo de colesterol desde macréfagos. Sin embargo, induce
una redistribucion del colesterol derivado de macrofagos, disminuyendo el
colesterol asociado a lipoproteinas de baja densidad (LDL) y aumentandolo en
lipoproteinas de alta densidad (HDL). En un modelo murino humanizado de FH
(ratones heterocigotos deficientes del receptor LDL que expresan APOB100
humana) tratado con anticuerpos contra PCSK9, se observé un efecto similar que
resulté en un incremento del RCT desde macr6fagos debido a un aclaramiento
hepético acelerado de las LDL. Estos resultados respaldan un efecto positivo de
la inhibicion de PCSK9 sobre el RCT desde macr6fagos, como accion
ateroprotectora adicional que trasciende su capacidad de reducir el colesterol LDL
en la FH.
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El segundo estudio investigdo el metabolismo del colesterol en las células
musculares lisas vasculares (VSMCs), ya que se consideran una de las principales
fuentes de células espumosas que promueven la arteriosclerosis. Se observé que,
tras la carga de colesterol, las VSMCs experimentan un cambio fenotipico que
disminuye su capacidad de eflujo de colesterol y reduce el RCT. La activacion de
los receptores X hepéticos (LXRs) restauré la capacidad de eflujo de las VSMCs
cargadas de colesterol y aumentd el RCT. Asimismo, la inhibicion de la enzima
acil-CoA:colesterol aciltransferasa (ACAT) también mejor6 dicha capacidad, ya
que previene la esterificacién del colesterol y, por consiguiente, aumenta la
disponibilidad de colesterol libre. La combinacion de la activacién de LXRs y la
inhibicién de ACAT tuvo un efecto sinérgico que maximizé la eliminacién de
colesterol de las VSMCs. Estos hallazgos indican que la carga de colesterol induce
un fenotipo de célula espumosa en VSMCs caracterizado por un RCT defectuoso,

que puede ser restaurado mediante estrategias farmacoldgicas especificas.

El tercer estudio se centr6 en el transporte de colesterol mediado por el liquido
cefalorraquideo (CSF) en la AD. Las lipoproteinas del CSF, similares a HDL y
formadas principalmente por APOE, facilitan el transporte de colesterol desde
astrocitos a neuronas. Se emplearon muestras de CSF de pacientes con AD y
controles para el estudio del eflujo de colesterol desde astrocitos, el cual fue
similar en ambos grupos. Sin embargo, las lipoproteinas del CSF de pacientes con
AD mostraron una capacidad reducida para transportar colesterol a neuronas. Este
defecto no se vio influenciado por AB o tau. En cambio, se demostrd que las
isoformas de APOE desempefian un papel clave: particulas reconstituidas de HDL
que contenian APOE4 mostraron una capacidad significativamente menor de
entregar colesterol a las neuronas en comparacion con aquellas con APOES3. Esto
destaca un mecanismo dependiente de isoforma mediante el cual APOE4

contribuye a un transporte alterado de colesterol en AD.



RESUMEN

En conjunto, estos estudios profundizan en la comprension de los mecanismos de
transporte de colesterol en la CVD y la AD, y subrayan la importancia de
reguladores moleculares como PCSK9, LXRs, ACAT vy las isoformas de APOE

en la dindmica del colesterol y la progresion de estas enfermedades.
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INTRODUCTION

1. CHOLESTEROL IN THE BODY

Cholesterol is a lipid molecule belonging to the sterol family. Its name is derived
from the Greek words “chole”, meaning bile, and “stereos”, meaning solid,
combined with the suffix “ol”, for alcohols. Cholesterol was first identified as a
component of gallstones over two centuries ago, but its complete molecular
structure was not elucidated until 1932.* Cholesterol plays a crucial role in human
pathophysiology and has been extensively studied for its involvement in different
diseases. It is a major constituent of cell membranes, a precursor for hormone and
metabolite synthesis, and a key molecule for cell signaling, transport and nerve

conduction.!

In mammals, cholesterol can be obtained from two main sources: dietary intake,
also known as exogenous cholesterol or dietary cholesterol, and de novo
biosynthesis, known as endogenous cholesterol. It is considered that nearly 70%
of total cholesterol originates from de novo biosynthesis, while the remaining 30%

is derived from food intake.?

1.1.Cholesterol functions

Cholesterol has a unique composition that makes it an ideal component for
forming cell membranes as part of lipid bilayers. It plays a crucial role in
maintaining membrane fluidity due to its conformation and interactions with
surrounding lipids. Cholesterol is also essential for the formation of membrane
rafts, which are critical for immune signaling, cytoskeleton maintenance and
membrane trafficking. Furthermore, it ensures the proper functioning of

membrane receptors, ion channels and transporters.*

Cholesterol acts as a precursor for the synthesis of bile acids, steroid hormones,
and vitamin D, representing a fundamental molecule in numerous metabolic
processes. Notably, it plays a vital role during embryonic and fetal development,

contributing to implantation, placental homeostasis, and organogenesis.*
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The central nervous system (CNS) accounts for more than 20% of the whole
body’s cholesterol, thus it is considered the most cholesterol-rich organ. The
majority of brain cholesterol is present in myelin sheaths, which are essential for
synaptic function. A smaller portion resides in plasma membranes of glial cells

and neurons.?

1.2. Cholesterol de novo biosynthesis

In mammals, all nucleated cells can synthesize cholesterol; however, hepatocytes
produce the largest amount, indicating the liver as the primary organ responsible

for cholesterol production.®

Brain cholesterol metabolism is isolated from the rest of the body due to the
presence of the blood bran barrier (BBB). During embryogenesis and childhood,
neurons and glial cells synthetize large amounts of cholesterol to support
myelinogenesis. As the brain matures into adulthood, neurons lose their ability to

synthesize cholesterol and become reliant on cholesterol produced by glial cells.

Cholesterol biosynthesis consists of a highly complex enzymatic pathway,
involving the conversion of the precursor acetyl-CoA through the mevalonate
pathway.® As a complex process, it is tightly controlled by three key regulators
that are sensitive to cholesterol levels: one transcriptional regulator, sterol
regulatory element-binding protein 2 (SREBP2), and two rate-limiting enzymes,
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) and squalene
monooxygenase. In cholesterol-depleted conditions, SREBP2 upregulates the
transcription of HMGCR and squalene monooxygenase. Furthermore, these
enzymes are modulated by post-transcriptional mechanisms, including

ubiquitination and phosphorylation.®
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2. CHOLESTEROL TRANSPORT AND
LIPOPROTEIN METABOLISM

Cholesteryl esters and triglycerides are not soluble in blood and cerebrospinal
fluid (CSF) due to their hydrophobic nature. Consequently, these molecules are
enclosed within a hydrophilic monolayer composed of unesterified cholesterol,

phospholipids and apolipoproteins (APOs), forming lipoproteins (Figure 1).
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Figure 1. Lipoprotein structure. Lipoproteins consist of a hydrophilic monolayer,
composed of unesterified cholesterol, phospholipids and apolipoproteins. In their nuclear
core, lipoproteins contain triacylglycerides and cholesteryl esters in different proportions.
Adapted from (Sonal Sekhar et al., 2020).1

2.1. APOs

APOs are essential for lipoprotein formation and metabolism, functioning as
cofactors for enzymes and ligands for membrane receptors that enable lipid
trafficking. The liver and intestine are primarily responsible for APO synthesis
and degradation, although other tissues, such as the heart, have a residual turnover
rate.! In the CNS, APOs are predominantly produced by astrocytes and microglia;
however, neurons have been reported to produce them under stressful conditions,
such as brain injury.* In the present thesis, we will focus on the most relevant
APOs for plasma and CNS lipoproteins including APOA1, APOB, APOE and
APOQJ.

APOAL is mainly produced in the liver and intestine. Structurally, it is formed of

amphipathic a-helices that enable lipid binding, thus it is rapidly degraded when
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not bound to lipids. As the major component of high-density lipoproteins (HDL),
APOAL plays a crucial role in cholesterol transport, while also exhibiting anti-
inflammatory and antioxidant properties.> Although predominantly found in the
bloodstream, small amounts of APOAL are detected in the brain, where it
associates to CNS lipoproteins. Studies suggest that APOAL enters the brain
through the BBB via scavenger receptor B1 (SR-B1), or other yet unidentified
pathways.5

APOB exists in two primary isoforms, APOB48 and APOB100, which are
encoded by the same gene but generated through RNA editing. APOB48 is a
truncated form of the full-length APOB protein, APOB100. In humans, APOB48
is synthetized by enterocytes as a result of the abundant expression of APOB
mRNA editing enzyme (APOBEC-1), and serves as component of chylomicrons.
APOBEC-1 is absent in the human livers and, thus, only APOB100 is produced
by hepatocytes and is present in very low-density lipoproteins (VLDL),
intermediate density lipoproteins (IDL), low-density lipoproteins (LDL) and
lipoprotein (a).> However, in mice, a significant fraction of the hepatic APOB
transcripts are edited, producing both APOB48- and APOB100-containg
lipoproteins.” APOB is pivotal for lipid transport to peripheral tissues. APOB100,
in particular and when increased, is strongly associated with atherogenesis and
cardiovascular complications.® In the CNS, APOB concentration is much more
limited. Recent studies reported trace amounts of APOB in the brain, highlighting

its possible link to neurodegenerative disorders.®

APOE production in the bloodstream is mainly attributed to the liver and
macrophages, and is present in a wide range of lipoproteins, including
chylomicrons, VLDL, IDL, and HDL.® In the brain, APOE is synthetized by
astrocytes and is the primary protein component of CNS lipoproteins.t
Structurally, APOE consists of three domains: the N-terminal domain, which
enables receptor binding; the C-terminal domain, which contains the lipid-binding

region; and the hinge region, which provides protein mobility. APOE exists in
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three isoforms, APOE2, APOE3 and APOE4, determined by polymorphic alleles
(g2, €3 and €4), which encode changes in one or two amino acids in the N-terminal
domain.® Globally, the APOE3 isoform is the most prevalent (80%), followed by
APOE4 (14%), and APOE2 (6%).%°

APQJ, also known as clusterin, is expressed in numerous tissues, including testis,
ovaries, Kidneys, and liver, and can be found in small amounts in HDL. In the
brain, APQJ is synthesized by astrocytes, microglia, and injured neurons, and is a
component of CNS lipoproteins. Moreover, APOJ contributes to different

metabolic processes such as inflammation and apoptosis.*

2.2. Lipoproteins in the bloodstream

Lipoproteins mediate the transport of exogenous cholesterol from the small
intestine to the liver, and endogenous cholesterol between the liver and peripheral
tissues through the bloodstream. They are classified based on their density, which
depends on their lipid content and APO composition. The main types of

lipoproteins, arranged in ascending order of density are shown in Figure 2.

Cholesterol content

Triglyceride content
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Figure 2. Schematic diagram of main peripheral lipoproteins and their properties.
Lipoproteins arranged in ascending order of cholesterol content and descending order of
triglyceride content. Diameter (nm), density (g/mL) and associated APOs are indicated.
Created with Biorender.com.
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Their distinct densities have enabled their isolation by density gradient
ultracentrifugation, a technique that has greatly facilitated their extensive study
and characterization.'

Chylomicrons, VLDL and IDL are triglyceride-rich lipoproteins. Chylomicrons
are synthesized in enterocytes and contain APOB48 as their main structural
protein. They are responsible for transporting dietary triglycerides and cholesterol
from the intestine to the liver. In contrast, VLDL and IDL are produced in the liver
and their core protein is an APOB100 molecule. VLDLs act as carriers of
endogenously synthesized lipids and are progressively hydrolyzed by lipoprotein
lipase (LPL), resulting in the formation of IDLs. These, in turn, are further

metabolized into LDL particles.!

LDL particles represent the primary cholesterol carrier in the bloodstream,
delivering hepatic cholesterol and triglycerides to peripheral tissues, including
muscle, adipose tissue, the gonads and the adrenal gland. Originating from the
progressive metabolism of VLDL, each LDL particle contains a single APOB100

molecule, which is essential for receptor recognition and cellular uptake.*?

HDL plays a pivotal role in transporting cholesterol from peripheral tissues to the
liver for its elimination. HDL is attributed with multiple protective properties
including anti-atherogenic, anti-inflammatory, anti-thrombotic, and anti-apoptotic
effects.’®> APOAL represents the most abundant protein within HDL, mainly with
multiple molecules present in each particle. Additionally, HDL contains minor
APOs, enzymes and proteins involved in complement activation, and inhibition

of proteases and acute-phase reactions.*®

HDL is considered a heterogeneous class of lipoproteins, with different subtypes
identified depending on the isolation method used. Based on ultracentrifugation,
they can be divided into HDL2, with a larger volume and richer in lipids, and
HDL3, smaller in size and with a higher protein content. Based on two-

dimensional agarose gel electrophoresis, HDL can be separated into prep-
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migrating particles, which have a very low lipid content and a nascent discoidal
shape, and a-migrating particles, which represent mature spherical HDL particles
with a higher lipid load.%*

2.3.Lipoprotein receptors and cholesterol transporters

Different receptors and transporters are involved in lipoprotein and cholesterol

metabolism. Here, the most relevant will be briefly described.

2.3.1. LDL receptor family

The LDL receptor (LDLR) family comprises a group of membrane receptors
involved in the internalization of extracellular ligands such as lipoproteins,
exotoxins and lipid-carrier complexes. Members of the LDLR family share
structural segments including an extracellular ligand-binding domain, an
epidermal growth factor domain, a transmembrane anchor domain, and a cytosolic
domain (Figure 3).1°
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Figure 3. Structure of LDLR family members. (a) Schematic representation of shared
structural motifs among LDL receptor family members. (b) Structural domains of selected
receptors. Adapted from (Wassan et al., 2008).%
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Notably, the intracellular domain facilitates receptor clustering, leading to the
formation of invaginations necessary for receptor-ligand endocytosis into early
endosomes. A critical component of this process is LDLR adaptor protein 1
(LDLRAP1), which stabilizes the association between the receptor and its ligand,
and ensures efficient internalization.'® Following endocytosis, the receptor-ligand
complex is trafficked to endosomes, where the acid environment promotes
dissociation. The receptor is then recycled back to the membrane to sustain its
activity (Figure 4A).1"18

LDLR is ubiquitously expressed and is crucial for cholesterol homeostasis in most
tissues, and, particularly in the liver. Being APOB100 and APOE its main ligands,
LDLR participates in cellular uptake of remnant chylomicrons, VLDL and,
mainly, LDL.*®
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Figure 4. LDLR recycling and PCSK9-mediated regulation. (A) LDLR binds to LDL
particles and the complex is is endocytosed. LDL particles are degrades, while LDLR is
recycled back to the membrane. (B) In the presence of PCSK9, it binds to the LDL-LDLR
complex and, following endocytosis, the whole complex is degraded. Created with
Biorender.com
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LDLR is tightly regulated at transcriptional and post-transcriptional levels. Upon
decreased cellular cholesterol content, LDLR expression is enhanced through the
SREBP2 transcription factor activation. Otherwise, when cholesterol levels
increase, SREBP2 is inactive, thus maintaining LDLR transcription at low
levels.’® Post-transcriptionally, the presence of LDLR on the hepatocyte
membrane is compromised by proprotein convertase subtilisin/kexin type 9
(PCSK9). PCSK9 is synthetized in the liver and binds to membrane-bound LDLR,
inducing its endocytosis and subsequent lysosomal degradation, thereby

inhibiting LDLR recycling back to the membrane (Figure 4B).2°

VLDL receptor (VLDLR) is expressed in adipose tissue, muscle, heart and
endothelial cells (ECs). APOE is its major ligand, thus VLDLR supports the
extrahepatic metabolism of triglyceride-rich lipoproteins, including VLDL and

chylomicrons.8

LDLR-related protein 1 (LRP1) is widely expressed across tissues, with
particularly high levels in the liver and brain. Its large extracellular domain
enables the recognition of more than 40 ligands and is involved in a variety of
metabolic processes, including the clearance of APOE-containing lipoproteins,

inflammatory signaling, protease regulation, and vascular integrity.®

2.3.2. SR-Bl

SR-B1 is a transmembrane protein that consists of a large extracellular domain,
two transmembrane domains, and various short cytosolic domains. It is highly
expressed in liver, adrenal gland, intestine, ovaries, testes, macrophages, and ECs,
among others. SR-B1 plays a crucial role in the selective uptake of cholesteryl
esters from HDL particles by the liver and steroidogenic tissues. Furthermore, it
supports cellular cholesterol efflux to HDL, a key step in the anti-atherogenic RCT

pathway.?
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2.3.3. ATP-binding cassette transporters

ATP-binding cassette (ABC) transporters constitute a widespread superfamily of
integral membrane proteins that mediate the translocation of substrates across
cellular membranes in an ATP-dependent manner. Their structure typically
comprises two highly conserved nucleotide-binding segments (also known as
ABC domains) and two transmembrane domains. The ABC domains bind and
hydrolyze two ATP molecules, inducing conformational changes necessary for
substrate efflux. The transmembrane domains are more variable between family
members and confer different ligand specificities (Figure 5).22

a Outward facing Inward facing
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Figure 5. Molecular conformation of ABC transporters. ABC transporters alternate
between two conformational states. Upon ligand binding, two ATP molecules are
hydrolyzed, triggering a conformational change that facilitates substrate efflux. TMD:
transmembrane domain. Extracted from (Rees et al., 2009).?

ABCAL and ABCG1 are ubiquitously expressed, but differ in structure and
function. ABCAL contains two extracellular domains that enable APOA1 binding,
making it crucial in mediating the efflux of cholesterol and phosphatidylcholine
to lipid-free APOAL. Differently, ABCGL1 is a half-size ABC transporter, thus
containing one domain of each type and requiring homodimerization for
functionality. ABCGL1 interacts with mature HDL particles to support further

lipidation by cholesterol, phosphatidylcholine and sphingomyelin efflux.?®
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ABCG5 and ABCGS8 are exclusively expressed in hepatocytes, enterocytes,
epithelium and gallbladder, those receptor function as heterodimers and are

responsible for sterol excretion.?*

Importantly, the expression of ABC transporters is regulated by the nuclear
transcription factor liver X receptor (LXR). Under conditions of excess
cholesterol, oxysterols are produced, and they serve as endogenous ligands for
LXR. Upon LXR activation, it heterodimerizes with retinoid X receptor, enabling

binding to the promoter regions and enhancing their expression.?

2.3.4. Niemann-Pick-C1-like-1 protein

Niemann-Pick-C1-like-1 (NPC1L1) protein is a transmembrane receptor
primarily expressed in the small intestine, with lower levels also found in the liver.
It plays a key role in the intestinal absorption of phytosterols and cholesterol. The
expression of NPC1L1 is regulated by SREBP2 and LXR, both of which are

responsive to intracellular cholesterol levels.?

2.4.Cholesterol intake and absorption

Exogenous cholesterol is solubilized by bile acids, forming micelles in the
intestinal lumen. The absorption of these micelles in the small intestine is
mediated by NPC1L1 protein. Within enterocytes, cholesterol is esterified with a
fatty acid by acyl-cholesterol acyl transferase (ACAT) 2, and subsequently
incorporated into chylomicrons, which are secreted into the lymphatic system to
enter the circulation. Unesterified cholesterol is returned to the lumen via
ABCG5/G8 transporters.?’

2.5.Cholesterol transport in the bloodstream

Cholesterol transport comprises several receptors, transporters, enzymes and
proteins. A scheme of the global cholesterol transport, involving peripheral

lipoprotein metabolism is depicted in Figure 6.
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Figure 6. Peripheral cholesterol transport. Cholesterol transport categorized into two
main pathways: forward cholesterol transport, which refers to the transport of cholesterol
from hepatocytes to the peripheral tissues; and reverse cholesterol transport which
encompasses the mechanisms by which cholesterol is returned from peripheral tissues to
the liver. EC: ester cholesterol, FC: free cholesterol, FFA: free fatty acid, TG: triglyceride.
Extracted from (Wasan et al., 2008).1

2.5.1. Forward cholesterol transport

Cholesteryl esters in the liver, either from dietary or endogenous cholesterol,
along with triglycerides, are transferred to newly synthetized VLDL particles that
are secreted from hepatocytes (Figure 6). After the cleavage of triglycerides by
LPL, VLDL particles transition into LDL particles, containing a relative higher

proportion of cholesterol, and thus reducing their density (Figure 2 and 6).%

Upon reaching peripheral tissues, APOB100 interacts with cell membrane LDLR,
triggering clathrin-mediated endocytosis of the LDL particle. Within the cell,
LDL is released, cholesterol is used or esterified by ACAT1, and LDLR is

recycled back to the membrane. However, LDLR expression is tightly regulated
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according to intracellular cholesterol levels. Thus, excess LDL particles return to

the liver via hepatic LDLR for cholesterol excretion to the bile (Figure 6).8

Besides LDLR, some cells, such as macrophages, express non-regulated
membrane scavenger receptors, allowing them to internalize cholesterol
regardless of their intracellular levels. Consequently, these cells accumulate
cholesterol uncontrollably, resulting in the formation of foam cells, which are a

determining factor in the development of atherosclerosis.?

2.5.2. Reverse cholesterol transport

Reverse cholesterol transport (RCT) is essential for cholesterol removal from
peripheral cells. Throughout this process, HDL particles originate and undergo
maturation to ultimately deliver cholesterol to the liver for its excretion. The first
step of RCT is cholesterol efflux, which involves the externalization of cholesterol
from cells. This process occurs through passive diffusion, in part mediated by SR-
B1, or via active transport, facilitated by ABCAL1 and ABCGL transporters
(Figure 6).2°

Lipidation of free APOAL molecules transforms them into pre-p HDL particles.
Both APOAL1 and pre-p HDL interact with ABCA1, promoting the efflux of
cholesterol and phospholipids from cells. These nascent HDL particles are
subsequently remodeled by lecithin cholesterol acyltransferase (LCAT). LCAT
catalyzes the conversion of free cholesterol into cholesteryl esters, which are
sequestered within the lipoprotein core. Alongside LCAT-mediated remodeling,
further lipidation of HDL via ABCG1- and SR-B1-mediated cholesterol efflux

results in the formation of mature HDL particles (Figure 6).2°

Cholesteryl esters within HDL are selectively uptaken by SR-B1 at the hepatocyte
membrane.? In humans, cholesteryl ester transfer protein (CETP) facilitates the
exchange of cholesteryl esters from HDL to LDL particles, enabling their
subsequent uptake by hepatic LDLR (Figure 6). Once in the liver, cholesterol is

eliminated through the bile, either in its unesterified form or after its conversion
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into bile acids. The ABCG5/G8 heterodimer mediates cholesterol excretion into
the bile duct, allowing its transport to the intestinal lumen for eventual

elimination.®

RCT is particularly important in macrophages and vascular smooth muscle cells

(VSMC) that accumulate cholesterol in the arterial wall.

2.6. CNS lipoproteins

Lipoproteins in the CNS facilitate the transport of cholesterol throughout the brain
and the CSF. CNS lipoprotein concentrations are approximately 1 to 10% respect
to those in plasma. The size and density of brain lipoproteins are similar to
peripheral HDL particles; therefore, they are also referred to as HDL-like
particles. Despite their similarities, CNS lipoproteins exhibit a broader size range

(8-22 nm) than plasma HDL and a distinct APO composition.*

Unlike peripheral HDL, APOE is the main component in CNS lipoproteins, with
APQJ present in their nascent discoidal forms,3* and APOAL in the more mature

forms, although not being synthetized in the brain.3>%

2.7. Cholesterol transport in the CNS

A schematic representation of cholesterol transport in the CNS is shown in Figure
7. Cholesterol, APOE and APQJ are primarily synthetized by astrocytes and glial
cells. Cholesterol efflux from astrocytes is mediated by ABCAL1 and ABCGL1
transporters. Initially, lipid-free or poorly lipidated APOE and APQJ interact with
ABCAL1, forming nascent discoidal particles. APOA1 from the bloodstream may
also contributes to the formation of these particles.®%% Then, these nascent
lipoproteins acquire additional lipids through ABCG1,* and undergo enzymatic

remodeling by LCAT, ultimately maturing into spherical HDL-like particles.®

Once they reach the neuron membrane, these lipoproteins interact with different

receptors including LRP1 and LDLR, leading to cholesterol uptake by neurons.’
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Of note, oxysterols can flux across the BBB. Neurons convert excess cholesterol
into 24-hydroxycholesterol to be transferred to the bloodstream and ultimately
reach the liver. Conversely, 27-hydroxycholesterol represents the most abundant
cholesterol metabolite in circulation and can diffuse into the brain, where it

promotes various functions.®®
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Figure 7. Cholesterol trafficking in the brain. Astrocyte-derived cholesterol is effluxed
via ABCA1 and ABCGL transporters, leading to the synthesis of lipoproteins containing
APOE, APOJ and APOAL. These CNS lipoproteins, also known as HDL-like particles,
interact with LDLR and LRP1 at the neuronal membrane to facilitate cholesterol uptake.
Created with Biorender.com.

For a comprehensive review of cholesterol transport mechanisms in the CNS, see
Publication 1, ANNEX.
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3. CARDIOVASCULAR DISEASE

3.1. Etiology and risk factors

Cardiovascular diseases (CVDs) represent the leading cause of death
worldwide. According to the World Health Organization, they account for
approximately 17.9 million deaths annually, with one-third occurring prematurely
before the age of 70. CVDs comprehend a wide range of disorders affecting the
heart and blood vessels. In addition to their life-threatening nature, these

conditions can reduce quality of life and lead to long-term disability.*

Cardiovascular pathologies can be classified depending on the affected region of
the body. Coronary artery disease, cerebrovascular disease, and peripheral artery
disease, involve reduction or obstruction of blood flow to the heart, the brain, and
extremities, respectively. Other conditions are categorized regarding their
underlying cause, including cardiomyopathies, rheumatic heart disease or

pulmonary embolism.*

Nowadays, the major cardiovascular risk factors include hypertension,
hyperlipidemia, smoking, alcohol consumption, unhealthy dietary habits
sedentary lifestyle, obesity and diabetes.**%? Furthermore, genetic predisposition
significantly influences CVD prevalence, and contributes to certain risk factors

such as hyperlipidemia or diabetes.*

3.2. Atherosclerosis

Atherosclerosis is the main cause of reduced blood flow in large arteries, which
can eventually lead to complete obstruction. It is considered a slow-progression
disease since the formation of atherosclerotic plaques is initiated many years

before clinical symptoms arise.**

Atherosclerosis is characterized by lipid accumulation and inflammation within
the arterial wall. It involves the interplay of various metabolic processes, including

lipid modification, activation of inflammatory responses, fibrosis, calcification,
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and cellular dysfunction, among others. Consequently, the atherosclerotic process
can be divided into different stages, classifying plaques as initial, growing, or

advanced (Figure 8).°
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Figure 8. Progression of atherosclerosis. Schematic representation of arterial wall
changes throughout the progression of atherosclerotic lesions, highlighting key
pathological hallmarks Adapted from: https://www.lipidtools.com/atherosclerosis-and-
cardiovascular-risk/.

3.2.1. Arterial wall composition

Arteries are composed of three distinct layers: the tunica intima, the tunica media

and the tunica adventitia (Figure 9).%

The tunica intima is the innermost layer, directly facing the lumen of blood
vessels. It consists of a monolayer of ECs, which serve as the first line of defense
by acting as a selectively permeable barrier. This layer is also supported by

collagen and elastin fibers.

The tunica media is primarily composed of VSMCs, and along with collagen,
elastin, and proteoglycans, they form concentric layers known as lamellar units.
In larger arteries, microvessels, named vasa vasorum, perfuse the media to provide

necessary nutrients to the cells.
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The tunica adventitia is the outermost layer of the artery, consisting mainly of
fibroblasts and collagen, providing structural support and anchorage to

surrounding tissues.

Tunica Intima Tunica Media
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Figure 9. Schematic diagram of the artery structure. Arteries are composed of three
layers: the tunica intima, the tunica media and the tunica adventitia. Extracted from (Bax
et al., 2022).46

3.2.2. Pathophysiology of atherosclerosis

Formation and progression of the atherosclerotic lesion

Atherosclerotic lesion formation begins with endothelial dysfunction, triggered by
pathological processes such as oxidative stress, disturbed shear stress and lipid
accumulation from excess circulating LDL particles. Under these conditions, ECs
lose their protective functions, becoming more permeable and enabling LDL

infiltration and retention within the arterial wall.*®

Once inside the intima, LDL particles undergo oxidative and enzymatic
modifications, triggering adhesion and recruitment of leukocytes, particularly
monocytes. Upon infiltration, monocytes mature into macrophages which,
through the uncontrolled uptake of modified LDL particles, transition into foam
cells. (Figure 10).%
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In parallel, VSMC from the media migrate into the intima and also internalize
modified LDL particles. This process induces a phenotypic switching by the loss
of the common VSMC markers, such as a-smooth muscle actin, myosin heavy
chain and transgrelin (TAGLN), alongside the gain of macrophage-like traits,
including the expression of CD68 and Mac-2. As a result, VSMC acquire a
macrophage-like cell phenotype, contributing to foam cell formation (Figure
10).%® Hence, the role of VSMCs in atherosclerotic lesions has been extensively
underestimated, despite their contribution to at least half of foam cell population
in human coronary artery atheromas and more than one-third in murine

models.*9:50

The accumulation of foam cells within the arterial wall, along with the pro-
inflammatory environment, result in the formation of fatty streaks, the earliest

visible feature of atherosclerosis, and progressing to atheroma formation.
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Figure 10. Sources of foam cells in atherosclerotic lesions. Foam cells originate from
the uncontrolled uptake of modified LDL by macrophages and VSMC that have
undergone a phenotypic switch of cell markers. oxLDL: oxidized LDL. Adapted from
(Rosenfeld, 2015).4
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Advanced lesion and rupture

Advancing to the fibrous plaque stage, foam cell death leads to the formation of a
necrotic core composed of cell debris and cholesterol. This process is
accompanied by the migration of VSMCs to the lesion and the secretion of large
amounts of extracellular matrix, forming the fibrous cap. Acting as a protective
barrier, the fibrous cap stabilizes the plaque and prevents the necrotic core from
rupture. Following fibrosis, atherosclerotic plagues undergo calcification,
characterized by the deposition of calcium phosphate crystals as pericytes and
VSMC:s differentiate into bone-like cells (Figure 11A).5152

When the atherosclerotic plaque ruptures, it is exposed to circulating blood,
triggering platelet activation. Concurrently, coagulating pathways are stimulated,
resulting in thrombin production and the subsequent conversion of fibrin.
Altogether, these events culminate in the formation of a thrombus within the
vessel lumen, obstructing blood flow and potentially causing severe clinical

complications (Figure 11B).51°2
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Figure 11. Advanced lesion and rupture. (A) Lesion progression involves migration and
proliferation of VSMCs into the intima, forming a fibrous cap around the lipid or necrotic
core, derived from dead cells. (B) Thrombus formation leads to rupture of the fibrous cap
and subsequent coagulation, compromising blood flow. Adapted from (Libby et al.,
2011).5t
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3.3.Familial hypercholesterolemia

Familial hypercholesterolemia (FH) is the most common genetic form of
hyperlipidemia, affecting approximately 1 in 300 individuals in the general
population.®® FH is characterized by significantly elevated plasma LDL
cholesterol levels, resulting in an inherently high risk of premature coronary heart
disease. Importantly, FH can present in either homozygous or heterozygous form,
with the homozygous variant being significantly more severe but far less prevalent
(1 to 300,000).

3.3.1. Pathophysiology

FH is a monogenic disease with mostly autosomal dominant inheritance caused
by mutations in the LDLR, APOB or PCSK9 genes.

The majority of FH cases (approximately 85%) are attributed to LDLR mutations,
with over 1,600 different variants identified in this gene. They can be classified
based on the specific function affected, including synthesis, transport from the
endoplasmic reticulum to the Golgi, binding to LDL particles, internalization by

hepatocytes, and membrane recycling.®

Mutations in the APOB gene account for about 10% of FH cases, with the
Arg3500GIn mutation being the most prevalent. This mutation leads to the
production of a defective APOB100 protein at the binding site, impairing its

interaction with LDLR.%®

In contrast, PCSK9 mutations are considered rare, representing less than 5% of
FH cases. Notably, only severe functional deficits result in pathological mutations,
which are characterized by a gain of function. Increased PCSK?9 activity induces

LDLR degradation, ultimately rising plasma LDL levels.*®

Importantly, mutations in the LDLRAP1 gene cause an autosomal recessive form
of the disease, a rare condition affecting less than 1 in a population of one million.

This form presents with a clinical severity similar to homozygous FH.*
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3.3.2. Diagnosis

The diagnostic criteria for FH rely in four key parameters: lipid levels, family
history, physical examination, and genetic analysis. Various clinical guidelines

based on a scoring system that incorporates these parameters are available.5°

Lipid levels, particularly LDL cholesterol levels, are essential for diagnosis.
According to the European Atherosclerosis Society consensus, different scores are
assigned based on LDL cholesterol concentrations, which are categorized into

four groups ranging from 155 to over 325 mg/dL.

Family history is also highly relevant, especially if a family member has suffered
from premature coronary heart disease. Additionally, a first-degree relative with
elevated LDL cholesterol and/or tendon xanthomas increases the risk of FH

diagnosis.

Physical examination is important as well, with the presence of tendon

xanthomas and/or corneal arcus further increasing the risk of FH.

Finally, genetic analysis is a key tool for confirming FH diagnosis. The
identification of a causative genetic mutation is definitive for diagnosing FH.
However, the absence of a detectable mutation does not exclude its diagnosis as

there seem to be polygenic forms of FH and, other forms of as yet unknown origin.

3.3.3. Treatment

Upon an FH diagnosis, both pharmacological therapy and lifestyle modifications
are essential for effective disease management. Different pharmacological

approaches are depicted in Figure 12.%°

Since their discovery, statins have been the most widely used therapy for FH.
Their main mechanism of action involves the inhibition of HMGCR, thereby
lowering cholesterol synthesis and reducing its plasma levels. Furthermore, by
reducing mevalonate production, statins exert multiple pleiotropic effects such as

decreased LDL oxidation, improved endothelial function, inhibition of cholesterol
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esterification, and reduced platelet aggregation.? Nevertheless, statins could
induce in some patients different side effects, such as muscle pain and damage,

elevated plasma glucose levels, and liver toxicity.5!

Ezetimibe reduces cholesterol absorption by inhibiting the NPC1L1 protein in the
intestine, which leads to reduced dietary cholesterol uptake and, consequently,
lower plasma cholesterol levels. Ezetimibe is commonly used as a second-line

therapy alongside statins to potentiate their cholesterol lowering effects.5

PCSK9 inhibitors are usually monoclonal antibodies that selectively bind
circulating PCSK9, preventing its interaction with LDLR and subsequent
degradation. As a result, LDLR levels at the hepatocyte membrane increase,
enhancing cholesterol clearance from the blood.®® Evolocumab and alirocumab
are two monoclonal antibodies that efficiently reduce LDL cholesterol levels
when used on a background of statin therapy.5+%°

Inclisiran is a small interfering RNA that targets PCSK9 mRNA for its
degradation, thereby reducing the translation of PCSK9 protein and boosting the
number of LDLR at the hepatocyte membrane. Remarkably, only two doses per
year are required due to its long-term effect. It is currently prescribed in

combination with statins for patients who do not reach lipid targets with statins.5?

Bempedoic acid functions as an inhibitor of ATP-citrate lyase, a key enzyme in
the cholesterol biosynthesis pathway. It is administered as a prodrug and becomes
selectively activated in hepatocytes, thus minimizing the risk of myotoxicity.
Currently, bempedoic acid is usually prescribed in combination with other lipid-

lowering therapies.%
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Figure 12. Therapeutic strategies for FH. Overview of various therapeutic agents used
in FH, depicting their mechanism of action in the liver and intestine. Created with
Biorender.com.

3.3.4. Genetically engineered mouse models

The development of genetically modified mice has been instrumental in
advancing the study of FH. Particularly, LDLR-deficient mice have served as a
valuable model for investigating the pathophysiology of the disease and for
identifying potential therapeutic targets.

Homozygous LDLR-knockout (LDLR-/-) mice exhibit markedly elevated
plasma cholesterol levels due to the impaired clearance of circulating LDL, with
cholesterol concentrations reaching extremely high levels when animals are fed a
high-fat diet. Moreover, this hypercholesterolemic state is accompanied by the
formation of massive atherosclerotic lesions, especially in the aortic root and
aortic valves, establishing these mice as a robust model for atherosclerosis
research.%’
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Heterozygous LDLR-deficient (LDLR+/-) mice display a moderate increase in
plasma cholesterol levels, as the remaining LDLR expression retains partial

functionality and enables residual LDL clearance.

LDLR-/~APOBEC1—/— mice lack both the LDLR and the APOBECL1 enzyme.
This causes very high levels of mouse APOB100 and LDL-cholesterol in their
blood, leading to severe atherosclerosis.

Human APOB100 transgenic mice represent a knock-in model carrying the
human APOB100 gene, serving as a pivotal model for the comprehensive study
of LDL metabolism. These mice exhibit elevated levels of LDL despite normal
expression of LDLR, highlighting the role of APOB100 in lipoprotein
homeostasis. Moreover, when crossed with LDLR-deficient mouse, they produce
a more humanized and severe model of homozygous FH by combining defective
LDL clearance with human-like lipoprotein profiles.85
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4. ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common form of dementia, accounting for
60 to 80% of all cases. Currently, over 55 million people worldwide suffer from
dementia, and this number is projected to triple by 2050.° AD is a
neurodegenerative disorder characterized by progressive mental and cognitive
decline, leading to difficulties in communication and reasoning, memory loss,

and, ultimately, complete dependence.™

Ageing is the strongest non-modifiable risk factor for AD, with a prevalence of
3% between ages 65 and 75, increasing to 17% between 75 and 84, and peaking
at 32% in those over 85. Other non-modifiable risk factors include sex, race and
genetics.”? Regarding modifiable risk factors, unhealthy lifestyle factors, head
injuries, and metabolic and vascular diseases, including HF, atherosclerosis,
hypertension, obesity, smoking and diabetes, have been linked to an increased risk
of AD onset.”"

4.1.Pathophysiology

Histologically, AD is defined by the abnormal accumulation of extracellular
amyloid beta (AP) forming amyloid plagues, and intracellular
hyperphosphorylated Tau filaments forming neurofibrillary tangles in neurons.

4.1.1. AP pathology

AP is a peptide produced by the cleavage of the amyloid precursor protein (APP),
a transmembrane protein processed by three different proteases: o-, B- and vy-
secretases. Depending on the secretase involved and the number of cleavages,
APP undergoes either the non-amyloidogenic or the amyloidogenic pathway
(Figure 13). In the non-amyloidogenic pathway, APP is first cleaved by a-
secretase, generating a soluble APPa fragment, and then by y-secretase, producing
short, non-plaque forming derivatives. Conversely, the amyloidogenic pathway,

is initiated by B-secretase cleavage, releasing a soluble APPp fragment, followed
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by y-secretase cleavage, which produces Ass-42 monomers. Among these, Az iS
particularly insoluble and prone to forming toxic oligomers, which eventually

aggregate into amyloid plaques that are deposited in the brain.”»™

Non-Amyloidogenic Pathway Amyloidogenic Pathway
Toxic AB Amyloid
Ap42 Oligomers Plaques
Monomers

APP
SAPPa

I SAPPB
*;—Sec a-Sec I -Sec I I /I I
Extracellular

space

Inter-Memrane
space
Cytoplasm CTFa. CTFp
AICD

Figure 13. Schematic representation of APP processing pathways. APP can be
processed via the non-amyloidogenic or the amyloidogenic pathway. The amyloidogenic
pathway leads to the production of AB oligomers, which aggregate and form amyloid
plagues. Extracted from (Bachurin et al., 2017).7

AICD

Various factors regulate secretase activity. Noteworthy, y-secretase is regulated
by presenilin 1 (PSEN1) and 2 (PSEN2), and their disruption results in y-secretase

dysfunction, increasing AP oligomers production.’

In AD excessive accumulation of insoluble A monomers, and their product,
amyloid plaques, accumulate extracellularly, and are believed to negatively
impact neuronal function. Therefore, various hypotheses support the idea that Ap
overproduction and aggregation play a central role in the initiation and
progression of the disease.” Certainly, familial forms of AD, which represent
approximately 1% of cases, are caused by mutations in the APP, PSEN1, and
PSEN2 genes.’"™

4.1.2. Tau pathology

Tau is a microtubule-associated protein primarily located in neuronal axons. It

plays a crucial role in microtubule stabilization as well as in axonal transport,
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synaptic plasticity, and cell signaling. Tau undergoes different post-transcriptional
modifications such as phosphorylation, acetylation, and methylation. Notably,
phosphorylation is essential for its normal function; however, excessive and
uncontrolled phosphorylation leads to the formation of hyperphosphorylated Tau,

which aggregates and precipitates into neurofibrillary tangles.”

Elevated Tau levels, alongside with neurofibrillary tangles, are a hallmark of AD
and have been shown to compromise microtubule assembly, axonal transport, and
synaptic function. Nonetheless, Tau pathology in AD patients is usually
accompanied by the presence of AP plaques, thus indicating that Tau may not be

the main trigger of the disease.®

Altogether, AB and Tau pathologies disrupt brain homeostasis by contributing to
neuronal loss, microglia activation, neuroinflammation, mitochondrial
dysfunction, and impaired calcium metabolism.®% These pathological processes
begin years before the clinical onset of AD, providing a critical window for early

diagnosis and therapeutic intervention.

4.1.3. APOE and genetic risk factors

Sporadic or late-onset AD is the most common form of the disease, prompting

genome-wide association studies to identify genetic risk factors.

Several AD-associated genes involved in neural-immune system, synaptic
activity, endocytosis, and lipid metabolism pathways have been identified.
Importantly, cholesterol metabolism-related AD-risk genes include APOE, APOJ,
ABCA7, ABCG1 and SREBP2.8:-% Among these, APOE is the only gene with a

significant association with AB or Tau pathologies.?

In this regard, the link between APOE-g4 allele and AD prevalence was
established over three decades ago, making it the most robust and reproducible
genetic risk factor for late-onset AD.8%%¢ Recently, APOE-¢4 homozygosity has

been recognized as a distinct genetic form of AD.8” The APOE4 isoform has been
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associated to impaired Ap clearance while promoting AP production, aggregation
and deposition. Furthermore, APOE4 has been reported to enhance Tau
phosphorylation. Regarding lipid metabolism, different studies have shown that
APOEA4 is associated with reduced lipid binding, alongside increased cholesterol
synthesis and accumulation, oxidative stress and lipid peroxidation.®®
Nonetheless, APOE4 has not been thoroughly investigated in the context of
cholesterol transport mediated by CNS lipoproteins.

4.2.Diagnosis

In the recent years, the diagnostic paradigm for AD has undergone a fundamental
shift from a clinical, symptom-based to a biologically defined diagnosis This
evolution reflects growing evidence that AD pathology begins many years before
the appearance of cognitive symptoms. Hence, current diagnostic criteria
emphasize the identification of underlying biological changes using validated
biomarkers, which enable earlier detection and the potential of preclinical
intervention.

Historically, imaging techniques such as magnetic resonance imaging (MRI) and
Fluorodeoxyglucose-positive emission tomography (FDG-PET) were primary to
identifying brain atrophy and reduced brain metabolism, markers of
neurodegeneration. Additionally, CSF collection via lumbar puncture and analysis
was pivotal in confirming AD pathology through the detection of amyloid and
Tau alterations.8%%

More recently, advances in the understanding of AD pathophysiology and the
emergence of blood-based biomarkers have transformed the diagnostic landscape.

The current biomarker system is divided into two classes:

Core 1 biomarkers, which include, amongst others, amyloid PET, CSF
AB42/ABa4o ratio, and plasma phosphorylated Tau (p-Tau) 217. Abnormalities

in any of these are sufficient to establish a biological diagnosis of AD.
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Core 2 biomarkers, which include, amongst others, Tau PET, and other CSF
p-Tau and total-Tau (t-Tau) forms. These biomarkers primarily inform about

disease staging.®

It is important to note that, biomarker testing in cognitively normal individuals is
currently limited to research settings. Nonetheless, the incorporation of
biomarker-based criteria into clinical practice underscores a broader movement
toward precision medicine in neurodegenerative diseases, which may allow

testing on asymptomatic individuals in the near future.

4.3. Treatment

The therapeutic landscape of AD has evolved significantly thanks to the approval
of monoclonal antibodies that target AP peptides. These anti-amyloid
immunotherapies aim to slow disease progression by promoting the clearance of
toxic AP species from the brain. Aducanumab and lecanemab represent the first

disease-modifying therapies approved for the treatment of early-stage AD.%

Aducanumab is a human 1gG1 monoclonal antibody that targets Ap aggregates,
including both oligomers and fibrils. It received approval by FDA in June 2021,
based on its demonstrated ability to reduce amyloid plaque burden. However, due

to controversial clinical efficacy, its clinical use is restricted.®

Lecanemab is also a human IgG1 monoclonal antibody that preferentially binds
to soluble AP protofibrils, which are especially neurotoxic. Lecanemab was
approved in January 2023, and it showed more robust clinical results and a more

favorable safety profile, making it the most promising therapy to date.*

Despite these advances, symptomatic management remains an essential
component of AD care. Pharmacological treatment of cognitive and symptoms
mainly target neurotransmitter disturbances through monotherapy or combination
therapy using cholinesterase inhibitors (donepezil, rivastigmine, galantamine),

or glutaminergic regulation via the NMDA receptor antagonist memantine.®
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HYPOTHESES AND OBJECTIVES

This thesis aimed to investigate key mechanisms of cholesterol transport in the

contexts of CVD and AD, structured into three interconnected works.
Work 1: PCSKO9 Inhibition and Cholesterol Efflux in FH

Heterozygous FH subjects show reduced cholesterol efflux from macrophages to
plasma compared to normolipidemic individuals. We hypothesize that PCSK9
inhibition therapy can restore the cholesterol efflux capacity of macrophages
exposed to heterozygous FH plasma and normalize the overall macrophage-

specific RCT capacity in an FH mouse model.
Objectives:

e To quantify macrophage cholesterol efflux to plasma obtained from FH
patients before and after PCSK9 inhibitor treatment.

e To analyze the redistribution of macrophage-derived cholesterol among

lipoprotein subclasses following PCSK9 inhibition.

e To assess the impact of PCSK9 antibody treatment on macrophage-
specific RCT in a mouse model of FH.
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Work 2: Cholesterol Efflux from VSMCs in Atherogenesis

Macrophages have traditionally been considered the primary contributors to foam
cell formation, however, growing evidence suggests that VSMCs play a
significant role in plaque development. We hypothesize that cholesterol efflux is
impaired in VSMCs undergoing foam cell transformation, and that this
impairment can be reversed by activating LXR or inhibiting ACAT, thereby
restoring their RCT capacity.

Obijectives:

e To evaluate the ability of various cholesterol acceptors to promote
cholesterol efflux from VSMCs before and after foam cell induction via

methyl-B-cyclodextrin (MBD)-cholesterol loading.

e To investigate the effect of LXR activation on the overall RCT rate from
VSMC:s to feces in vivo.

e To determine whether ACAT inhibition restores cholesterol efflux
capacity and the overall RCT rate in VSMC-derived foam cells.

e To assess whether the combination of LXR activation and ACAT
inhibition produces a synergistic effect on cholesterol efflux and the
overall RCT rate in VSMC-derived foam cells.
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Work 3: CSF-Mediated Cholesterol Transport in AD

We hypothesize that CSF from AD patients exhibits impaired cholesterol
transport between astrocytes and neurons, potentially due to altered function of
APOE4-containing HDL-like particles.

Obijectives:

e To compare CSF-mediated cholesterol efflux from astrocytes using CSF
samples from control subjects and AD patients under baseline conditions
and following ABCAL and ABCGL activation.

e To determine CSF-mediated cholesterol uptake by neurons using CSF
samples from control subjects and AD patients and whether it is

influenced by Ap peptide or tau protein.

e To synthesize reconstituted HDL (rHDL) nanoparticles containing either
APOE3 or APOE4, and assess the impact of APOE isoforms on

cholesterol transport between astrocytes and neurons.
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MATERIALS AND METHODS

This section is divided into three parts, each describing the specific methods used
in the corresponding work. Importantly, while each work required specific
approaches, common methodologies were employed to address the different
research objectives. In particular, all three works share core techniques for
investigating cholesterol transport both in vitro and in vivo, applied to different
cellular and mouse models relevant to CVD and AD, respectively.
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METHODOLOGY FOR WORK 1

1. Human samples and analysis

1.1. Plasma samples

The study included plasma samples from 14 adult patients with FH collected
before and after treatment with a PCSK9 inhibitor at Hospital Universitario
Ramoén y Cajal (Madrid, Spain). All subjects initiated PCSK9 inhibition therapy
due to LDL-cholesterol levels remaining above recommended targets despite
receiving high-intensity statin therapy combined with ezetimibe.>” The patients
were treated with 140 mg of evolocumab (Amgen, Thousand Oaks, CA)
administered every 14 days, with an average interval of 49 days between baseline
and post-treatment sample collection. Additionally, pooled plasma samples from

normolipidemic donors were obtained at Hospital de la Santa Creu i Sant Pau.

The study was conducted in accordance with the ethical principles outlined in the
Declaration of Helsinki and was approved by the Ethical and Clinical
Investigation Committee of Hospital Universitario Ramén y Cajal and of Hospital
de la Santa Creu i Sant Pau (protocol codes C-GEN-007 and I1BS-APO-2013-
105).

1.2. Lipid-related parameters analysis

Plasma total cholesterol, HDL-cholesterol, triglycerides, APOA1 and APOB were
measured using the COBAS 6000/501¢ autoanalyzer (Roche Diagnostics, Basel,
Switzerland). Cholesterol (3039773190) and triglycerides (20767107322) were
determined by enzymatic assays, whereas APOA1 (3032566122) and APOB
(3032574122) concentrations were quantified using immunoturbidimetric assays
(all reagents from Roche Diagnostics). Since all samples had triglyceride levels
below 4.5 mmol/L, LDL-cholesterol was calculated using the Friedewald

equation:®
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Triglycerides

LDL cholesterol = Total cholesterol — HDL cholesterol — S

PLTP activity was measured using a commercial assay kit that detects the transfer
of a fluorescent substrate from a donor particle in the presence of plasma samples
(Merck, Darmstadt, Germany). CETP activity was assessed with a CETP assay
kit (Merck), which measures the CETP-mediated transfer of a neutral fluorescent
lipid from a substrate to a physiological acceptor, independently of endogenous
plasma lipoprotein concentrations. LCAT activity was determined using a

fluorometric method that evaluates phospholipase activities (Merck).

1.3. Lipoprotein isolation by ultracentrifugation

Plasma lipoproteins were isolated by sequential ultracentrifugation based on their
different density ranges: VLDL (< 1.006 g/mL), LDL (1.019-1.063 g/mL) and
HDL (1.063-1.210 g/mL). Fresh samples were subjected to stepwise density
adjustments using potassium bromide (KBr), followed by ultracentrifugation in a
fixed-angle rotor (50.3, Beckman Coulter, Fullerton, CA) at 100,000 x g for 24
hours at 4°C.

Plasma was initially adjusted to a density of 1.006 g/mL using a density buffer
composed of 0.05 g/L chloramphenicol, 8.75 g/L sodium chloride, 0.37 g/L
EDTA (all from Merck), and 0.08 g/L gentamicin (Laboratorios Normon, Madrid,
Spain). Subsequent density adjustments were made using KBr solutions prepared

from the 1.006 g/mL stock, according to Radding and Steinberg’s equation:%

Volume x (final density — initial density)
1 —(0.312 x final density)

grams of KBr =

Isolation steps were performed as follows:

e VLDL: The plasma sample was adjusted to a 1.006 g/mL, and
centrifuged. The upper layer (<1.006 g/mL), containing the VLDL

fraction, was carefully collected.
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e LDL: The infranatant from the previous step was adjusted to a density of
1.063 g/mL and centrifuged. The resulting upper layer (1.006-1.063
g/mL), corresponding to the LDL fraction, was collected.

e HDL.: The remaining infranatant was then adjusted to 1.210 g/mL and
centrifuged. The upper layer (1.063-1.210 g/mL) was recovered as the
HDL fraction.

e Lipoprotein-depleted fraction (LPDF): The final infranatant (> 1.210
g/mL), representing the LPDF, was collected.

Alternatively, ultracentrifugation can be performed in two single steps to isolate
a specific lipoprotein fraction. This is achieved by first discarding lipoproteins
with lower densities and then adjusting the infranatant to the target density for the

desired lipoprotein fraction.

Importantly, when isolated lipoproteins were used in experimental procedures,
KBr was removed by desalting through PD-10 column (Merck) using phosphate-
buffered saline (PBS) as the elution buffer.

1.4. APOB-depleted plasma

HDL and LPDF can be obtained more rapidly and with smaller sample volumes
by removing all APOB-containing lipoproteins. For APOB-depleted plasma
preparation, samples were mixed with 0.44 mmol/L phosphotungstic acid and 20
mmol/L magnesium chloride (both from Merck), then centrifuged at 10,500 x g

for 2 minutes and the resulting supernatant contained HDL fraction and LPDF.

2. Cell culture model

J774A1.1 mouse macrophages (TIB67™, ATCC®, Manassas, VA) were cultured
in Dulbecco's Modified Eagle's Medium (DMEM) high glucose with L-glutamine
and with sodium pyruvate (Corning, Corning, NY) supplemented with 10% fetal
bovine serum (FBS, Pan Biotech, Aidenbach, Germany) and 100 U/mL
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penicillin/streptomycin (Dominique Dutscher, Brumath, France). The cells were
maintained in 75 cm? cell culture flasks and incubated at 37°C in a humidified
atmosphere containing 5% CO.. The culture medium was replaced every 48 hours,

and cells were scrapped when they reached confluence.
3. Invitro cholesterol transport study

3.1. Macrophage-derived cholesterol efflux

In vitro and ex vivo cellular cholesterol efflux was evaluated using a radiochemical
method (Figure 14).°> Macrophages were seeded at a density of 2 x 10° cells/well
in 6-well plates and allowed to grow for 72 hours in complete medium.
Subsequently, the radiolabelling step was performed by incubating the cells with
DMEM containing 1 pCi/well of [1a,20(n)-*H]cholesterol (Revvity, Waltham,
MA) and 5% FBS for 48 h. After labelling, the macrophages were equilibrated
overnight in DMEM supplemented with 0.2% free fatty acid bovine serum
albumin (BSA, Merck). The following day, cholesterol efflux was initiated by
incubating the cells for 4 hours with various cholesterol acceptors added to the

medium.

For in vitro assays, cholesterol acceptors included pooled plasma samples from
normolipidemic individuals (2.5%, v/v) and mature HDL isolated from the same
pool (25 pg/mL of APOAL). LDL, also isolated from the same pool, was added
at different concentrations ranging from 0 to 25 pg/mL of APOB. HDL and LDL
were prepared by sequential ultracentrifugation as described in section 1.3, Work
1.

For ex vivo assays, cholesterol acceptors consisted of plasma from FH patients
collected before and after treatment with evolocumab (see section 1.1, Work 1).
Plasma or APOB-depleted plasma (see section 1.4, Work 1) was added at a
concentration of 2.5% (v/v) of the original sample volume, corresponding to 25
puL for plasma and 75 pL for APOB-depleted plasma (equivalent to the
lipoprotein-depleted fraction derived from 25 pL of plasma).
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After the 4 hour-incubation, the medium was collected and centrifuged at 250 x g
for 5 minutes to remove non-adherent cells. The adherent cell layer was lysed with
0.1 mol/L NaOH (Merck), followed by incubation with gentle agitation for 48
hours at 4°C. Lysates were then collected and sonicated for at least 1 hour. Both
medium and cell fractions were mixed with 4 mL of scintillation fluid (Ultima
Gold™ F, Rewvity) in 20 mL Super Polyethylene Vials (Rewvity), and
[®H]cholesterol radioactivity was quantified in counts per minute (cpm) with an
LS 6500 Multi-purpose Scintillation Counter (247971-G, Beckman Coulter, Brea,
CA).

Cholesterol efflux (%) was calculated as follows:

[3H]cholesterol in the medium

Cholesterol efflux (%) =
olesterol efflux (%) Total [*H]cholesterol (medium + cells)

100

To further assess cholesterol distribution, lipoprotein fractions (VLDL, LDL,
HDL and LPDF) were isolated from the efflux medium by sequential
ultracentrifugation (see section 1.3, Work 1), and the associated radioactivity was
measured to determine the proportion of macrophage-derived cholesterol present

in each fraction.
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Figure 14. Schematic representation of the cholesterol efflux assay. Cells are first
seeded and cultured under standard conditions. Radiolabeling is then performed by
incubating the cells with [*H]cholesterol for 48 hours. Following this, an equilibration step
is conducted overnight using medium supplemented with fatty acid-free BSA. The next
day, cholesterol acceptors are added for a 4 hour-incubation. Subsequently, the medium is
collected, and NaOH is added to lyse the adherent cells. Finally, [*H]cholesterol in both

medium and cellular is quantified by liquid scintillation counting. Created with
Biorender.com.

83



84

CHAPTER Il

4. Mouse models, treatments and sample analysis

4.1. Mouse models

For the in vivo studies, wild-type (LDLR+/+) mice (#000664, Jackson
Laboratories, Bar Harbor, ME), LDLR-deficient (LDLR—/-) mice (#002207,
Jackson Laboratories) and human APOB100 transgenic (LDLR+/+ hAPOB100)
mice (#1004-M, Taconic Biosciences, Rensselaer, NY), all on a C57BL/6
background, were obtained. To generate heterozygous LDLR-deficient mice
expressing human APOB100 (LDLR+/— hAPOB100), LDLR—/— mice were
crossed with hAPOB100 transgenics. Genotyping was performed via PCR on
genomic DNA extracted from tail tips using Ldlr-specific primers (Jackson
Laboratories) and the presence of the hAPOB100 transgene was confirmed by

measuring serum human APOB levels.

Mice were housed under standard conditions (22 °C, 12-hour light/dark cycle)
with ad libitum access to food and water. Both male and female mice aged 8-10

weeks were used in the experiments.

All procedures were reviewed and approved by the Institutional Animal Care and
Use Committee of the Sant Pau Research Institute and authorized by the Animal
Experimental Committee of the local government authority (Generalitat de
Catalunya, authorization number 10626) in accordance with the Spanish Law (RD
53/2013) and European Directive 2010/63/EU. All procedures were conducted at
the Animal Experimentation Service, certified under 1SO 9001:2015 standards.

Throughout all experiments, mice of the same genotype and age were randomly
assigned to groups to ensure equal sample sizes, and all animals were included in
the analyses. Whenever feasible, experiments were conducted in a blinded fashion

with respect to sample origin to minimize bias.
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4.2.Diet and treatment

Mice were fed a Western-type diet (TD.88137, Harlan Teklad, Madison, WI),
which contains 21% fat and 0.2% cholesterol, for a period of four weeks.
Concurrently, mice received weekly intraperitoneal injections of either 10mg/kg
of the PCSK9 recombinant antibody PL-45134 (clone mAb1) or a vehicle solution
(PBS). The recombinant antibody PL-45134, provided by Amgen has been
reported to act as an efficient antagonist of mouse PCSK9 function.®

4.3.Lipid-related parameters analysis

Serum total cholesterol, triglycerides, HDL-cholesterol, human APOB, and the
activities of PLTP and LCAT were assessed as described in section 1.2, Work 1.
HDL-cholesterol was specifically measured in APOB-depleted serum. To analyze
cholesterol distribution across lipoprotein classes, VLDL, LDL, HDL, and LPDF
fractions were isolated by sequential ultracentrifugation (see section 1.4, Work
1), and cholesterol concentrations within each fraction were subsequently

quantified.

4.4, Western Blot analysis

Hepatic LDLR expression was assessed by Western Blotting. Liver tissues were
lysed in RIPA buffer (50 mmol/L Tris-HCI, pH 7.5; 150 mmol/L NaCl; 1% NP40;
0.5% sodium deoxycholate; 0.1% SDS; 1 mmol/L EDTA) supplemented with
protease inhibitor cocktail (Roche Diagnostics), phenylmethylsulfonyl fluoride
(Merck) and sodium orthovanadate (Merck). Lysates were centrifuged at 12,000
x g for 15 minutes at 4°C, and the supernatants were collected. Protein
concentrations were determined using a BCA Protein Assay Kit (Thermo Fisher

Scientific).

Protein extracts were mixed with a 4x Laemmli loading buffer (Thermo Fisher
Scientific), heated at 95 °C for 5 minutes, and 20 pg of protein per sample were
resolved on 10% TGX Stain-Free precast gel (Bio-Rad) Following SDS-PAGE,
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proteins were transferred onto 0.2 um PVDF membranes (Bio-Rad), which were
then blocked with 3% non-fat dried milk in Tris-buffered saline with 0.05%
Tween-20 (TBST) for 15 minutes and incubated overnight at 4 °C with a Rabbit
Anti-Mouse LDLR primary antibody (ab52818, Abcam, Cambridge, United
Kingdom) at a 1:200 dilution. After three 10-minute washes with TBST,
membranes were incubated for 1 hour with Anti-Rabbit 1gG (H+L), HRP
Conjugate, secondary antibody (W4011, Promega) at a 1:2000 dilution. Following
three additional TBST washes, signal detection was performed using the Immun-
Star™ Western Chemiluminescence Kit (Bio-Rad). TGX Stain-Free gels were
activated post-electrophoresis for 1 minute. Images were acquired using the
ChemiDoc XRS imaging system (Bio-Rad) and analyzed with Image Lab
software (version 6.0.1, Bio-Rad). Band intensities were normalized to total

protein using stain-free gel images as loading controls.®”%
5. Invivo cholesterol transport studies

5.1. Macrophage-specific RCT assay

A schematic representation of the RCT assay® is depicted in Figure 15.

J774A.1 macrophages were cultured in 75 cm? culture plates in complete medium
for 72 hours. Cells were then labeled with 5 uCi/mL of [1a,2a(n)-*H]cholesterol
for 48 hours. After labeling, macrophages were washed and equilibrated overnight
in medium containing 0.2% fatty acid—free BSA. Subsequently, cells were
detached by scraping, resuspended in PBS, and pooled before intraperitoneal
injection into mice (average of 1.7 x 10° macrophages containing 1.7 x 10® cpm

per mouse; cell viability was 85%, assessed by trypan blue exclusion).

Following injection, mice were individually housed, and feces were collected over
the next 48 hours. At the endpoint, mice were euthanized by cardiac puncture, and
livers were harvested. Total serum [*H]cholesterol radioactivity was quantified,
and both APOB-depleted serum and the LDL fraction were isolated for

[®H]cholesterol measurement using liquid scintillation counting. Lipids were
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extracted from liver and fecal samples by adding 10 mL of hexane-isopropanol
(3:2, v/v, Merck) and incubating the mixture overnight. The following day, the
extract was collected, and 3 mL of 0.5 mol/L sodium sulfate (Merck) were added.
The mixture was gently mixed for 10 minutes and then centrifuged at 1,000 x g
for 10 minutes, to separate the hexane and the isopropanol in two layers. The upper
hexane layer containing lipids was collected, evaporated at room temperature and
resuspended in 4 mL of scintillation liquid to quantify the [3H]cholesterol content
in the organic phase. The aqueous phase of fecal extracts was also evaporated,
resuspended in 4 mL of scintillation liquid and used to determine [3H]-labeled bile
acid content. The [*H]tracer detected in fecal bile acids was combined with the
[3H]cholesterol detected in feces to determine total fecal [3H]tracer. Results were
expressed as the percentage of the injected radioactive dose recovered in each

compartment.

Injection of PCSK9-mAb1 or vehicle
A

- 0

Western-type diet
8-10 weeks-old

mouse L Week 1 L Week 2 ' Week 3 f Week 4 1
.
L} T L) L] Ll
mRCT
48h
L L
L} 1
Intraperitoneal injection Euthanasia and
of [*H]cholesterol- exsanguination.
labeled macrophages 2o, Feces and liver collection

Figure 15. Schematic representation of macrophage-to-feces RCT assay. Eight-to-ten-
week-old mice were injected with the PCSK9-mADb1 or the vehicle every 7 days and fed
a Western-type diet for 4 weeks. Forty-eight hours before the end of the experiment, mice
were intraperitoneally injected with J774A.1 macrophages loaded with [*H]cholesterol
and housed in individual cages. At the end of the experiment, mice were euthanized and
exsanguinated via cardiac puncture, their livers were removed, and individual feces were
collected. Created with Biorender.com.
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5.2.HDL and LDL Kinetics

A schematic representation of the kinetic assay® is shown in Figure 16.

For lipoprotein preparation, LDL and HDL fractions from pooled serum from
LDLR+/— hAPOB100 mice were isolated by sequential ultracentrifugation as
described in section 1.3, Work 1. Lipoprotein radiolabeling was performed by
mixing 50 pL of 1uCi/pL cholesteryl-[1,2-*H(N)] oleate solution (Revvity) and
1.8 mg of L-a-phosphatidylcholine from egg yolk (Merck), and the solvent was
evaporated under a nitrogen stream. Two mL of 1.006 g/mL density buffer were
added to the dried lipids, which were then resuspended by vortexing and
sonicating for 10 minutes. The resulting [1,2-*H(N)]cholesteryl oleate emulsion
was mixed with 2 mL of isolated LDL or HDL, and 2 mL of non-inactivated
human LPDF, serving as a source of CETP. The mixture was incubated for 18
hours at 37 °C. Radiolabeled LDL and HDL were subsequently reisolated by
ultracentrifugation and desalted as described in section 1.3, Work 1.
Electrophoretic mobilities matched that of native lipoproteins, and more than 75%

of the radioactivity was confirmed to be incorporated into LDL or HDL.

Each mouse received an intravenous injection of either radiolabeled LDL or HDL
(400,000 cpm) in 0.1 mL of 0.9% NaCl via the retro-orbital venous plexus. Mice
were then individually housed for fecal collection over the subsequent 48 h. Blood
samples were collected at 2 minutes and 2, 6, 24 and 48 hours post-injection. At
the endpoint, mice were euthanized by cardiac puncture, and livers were
harvested. Radioactivity in serum, liver and feces was measured and expressed as
previously described (section 5.1, Work 1). Serum decay curves were fitted on
an exponential model, the fractional catabolic rate was calculated as the reciprocal

area under the curve, and expressed as pools/hour.
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Figure 16. Schematic representation of lipoprotein cholesterol Kinetics assays. LDL
and HDL were isolated from a pooled serum of LDLR+/—hAPOB100 mice and incubated
with [®H]cholesteryl oleate preparation in the presence of CETP source (LPDF) to obtain
radiolabeled LDL and HDL. Individually housed mice were treated with either PCSK9-
mAb1 or the vehicle every 7 days and fed a Western-type diet for 4 weeks. Forty-eight
hours before the end of the experiment, every mouse received an intravenous injection of
radiolabeled autologous LDL or HDL. Blood was collected at the indicated times. At the
end of the experiments, mice were euthanized, and their livers were removed, and
individual stools were collected. Created with Biorender.com.

6. Statistical methods

Continuous data are presented as the mean + standard deviation (SD). The
Shapiro-Wilk normality test was conducted to assess the Gaussian distribution of
data.

A paired t-test was conducted to compare plasma parameters of FH subjects before
and after anti-PCSK9 treatment. Repeated measures two-way analysis of variance
(ANOVA) followed by Sidak multiple comparison test was performed to compare
macrophage cholesterol efflux to plasma and the amount of radiolabeled
cholesterol in the different lipoprotein fractions before and after anti-PCSK9
treatment in ex vivo cholesterol efflux assays. A paired t-test was used to analyze
the differences in the percentage of macrophage-derived cholesterol in LDL and
HDL.
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One-way ANOVA followed by a post-test for linear trend was used to compare
the accumulation of radiolabeled cholesterol in LDL and HDL in in vitro assays,
and two-way ANOVA followed by a Tukey’s multiple comparisons test was
employed to compare the different incubation times for each LDL concentration

in cell-free studies.

The number of mice per group was estimated based on a significance level of 0.05,
a statistical power of 80%, and an expected effect size of 6,500 cpm in the fecal
excretion of macrophage-derived cholesterol. Unpaired t tests were used to
compare the differences between mice groups receiving vehicle or PCSK9

antibody treatment.

GraphPad Prism version 8.0.2 for Windows (GraphPad Software, San Diego, CA)
was used to perform all statistical analyses. A p-value <0.05 was considered

statistically significant.
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METHODOLOGY FOR WORK 2

1. Cell culture model, treatments and analysis

1.1. Cell culture model

Immortalized mouse aortic VSMCs (CRL-2797™, ATCC®) were cultured in
DMEM supplemented with 10% FBS and 0.2 g/L G-418 (InvivoGen, San Diego,
CA). The cells were maintained in 75 cm? cell culture flasks and incubated at 37°C
in a humidified atmosphere containing 5% CO.. The culture medium was replaced

every 48 hours, and cells were trypsinized when they reached confluence.

1.2. Cell treatments

For the experiments, VSMCs were seeded and cultured in complete medium for
24 to 72 hours. Subsequently, the cells were exposed to 20 ug/mL MBD-
cholesterol (Merck) in 5% FBS-containing medium for 48 hours to induce a foam
cell phenotype, representing the VSMC cholesterol-loading phase. Non-loading
control cells were incubated with the same medium without MBD-cholesterol.
Afterwards, the VSMCs underwent an LXR activation step, which involved
treatment with an LXR agonist T0901317 (Cayman Chemicals, Ann Arbor, MI)
at a concentration of 2 umol/L, dissolved in dimethyl sulfoxide (Merck), for 18
hours. Untreated control cells were incubated with dimethyl sulfoxide alone as the
vehicle (0.1% v/v). Non-loading and untreated control cells were considered the

baseline conditions for the experiments (Figure 17).

For those experiments involving ACAT inhibition, the ACAT inhibitor Sandoz
58-035 (Santa Cruz Biotechnology, Dallas, USA) was added to the culture

medium at a concentration of 10 umol/L during all experimental steps.
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Figure 17. Depiction of VSMC cholesterol-loading and conditioning steps. VSMCs
were cultured under baseline conditions or incubated with MBD-cholesterol, representing
the cholesterol-loading phase, for 48 hours. Afterwards, VSMCs were treated with either
the vehicle or the LXR agonist T0901317 for 18 hours, leading to four different
experimental conditions. Created with Biorender.com.

1.3.0il Red O and Bodipy-cholesterol staining

Oil Red O and Bodipy-cholesterol staining were performed to visualize the
accumulation of neutral lipids within VSMCs. Cells were seeded into 6-well
plates or individual plates of 3.5 cm? and treated according to the previously

described experimental conditions (section 1.2, Work 2).

For Oil Red O staining, the cells were first washed twice with PBS before fixation
with 4% paraformaldehyde (Thermo Fisher Scientific) for 10 minutes. Following
fixation, the cells were washed twice with PBS and stained with an Oil Red O
working solution, prepared by mixing 4 parts of distilled water with 6 parts of a 5
g/L Oil Red O solution (Merck) dissolved in isopropanol (Merck). The staining
process was carried out for 1 hour. After staining, the cells were washed twice
with distilled water, counterstained with a 1 g/L hematoxylin solution (Merck) for

1 minute, and rinsed again with distilled water. Images were acquired using an
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inverted fluorescence phase-contrast microscope (Leica Microsystems, Wetzlar,

Germany).

Bodipy-cholesterol (2.5 umol/L, Merck) was added during the final 24 hours of
the VSMC cholesterol-loading phase and to non-loading control VSMCs.
Subsequently, the cells were washed with PBS and stained with a solution
containing 0.5 uL of Hoechst and 1 pL of CellMask™ (Thermo Fisher Scientific)
in 1 mL of PBS. Images were acquired using a Leica TCS SP5 X Tune confocal

microscope (Leica Microsystems).

1.4. Thin-layer chromatography

Thin-layer chromatography analysis was performed to separate unesterified
cholesterol from cholesteryl esters from VSMCs labeled or not with 1 puCi/well of
[1a,20(n)-*H]cholesterol (Revvity) under the previously described experimental
conditions (section 1.2, Work 2).

The cellular fraction was collected by adding 0.5 mL of 0.5 mol/L NaOH and
incubating for 48 hours at 4°C. Subsequently, lipids were extracted by adding 1
mL of hexane-isopropanol (3:2 v/v) and incubating the mixture for 1 hour. The
following day, the extract was collected, and 300 pL of 0.5 mol/L sodium sulfate
(Merck) were added. The mixture was gently mixed for 10 minutes and then
centrifuged at 1,000 x g for 10 minutes, to separate the hexane and the isopropanol
in two layers. The upper hexane layer containing lipids was collected and
evaporated at room temperature. The dried lipid pellet was resuspended in 25 uL
of chloroform (Merck) and applied onto a thin-layer chromatography plate
(Merck). After, the plate was placed into a glass tank containing the mobile phase
solution composed of hexane-diethyl ether-ethyl acetate (50:50:1.5, v:v:v, Merck)

until the solvent front reached 5 cm from the top of the plate.

To quantify cellular lipids, plates were stained with a 5% phosphomolybdic acid
ethanol solution (Merck) and compared to standards of free cholesterol (1.5 g/L)

and esterified cholesterol (1 g/L). Images were acquired using a ChemiDoc XRS
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Gel Documentation System (Bio-Rad) and data were quantified using Image Lab
software (version 6.0.1, Bio-Rad). Cellular protein concentrations were
determined using a BCA Protein Assay Kit (ThermoFisher Scientific).

To quantify the distribution of [*H]cholesterol, plates were left overnight at room
temperature and subsequently placed in a tank with iodine crystals (Merck) for 15
minutes to stain the lipids. The iodine-stained lipid bands were scraped from the

plate and quantified by liquid scintillation counting.

1.5. Quantitative Real Time-PCR and flow cytometry analyses

For quantitative Real Time-PCR (gRT-PCR) analyses, total cellular RNA was
extracted using the EZ-10 DNAaway RNA Miniprep kit (Bio Basic Inc.,
Markham, Ontario, Canada) and quantified by NanoDrop-2000
spectrophotometry (Thermo Fisher Scientific). Complementary DNA (cDNA)
synthesis was performed using EasyScript®. First-Strand cDNA Synthesis
SuperMix (Transgen Biotech, Beijing, China), and gRT-PCR amplification was
conducted with GoTag® Probe gqPCR Master Mix (Promega, Madison, WI).
TagMan  probes specific for Abcal (Mm00442646 ml1), Cd68
(Mm03047343_m1), Tagin (Mm00441661_g1) and Actin (Mm00607939_s1, used
as an internal control) were obtained from Thermo Fisher Scientific (Waltham,
MA). Reactions were carried out on a CFX96™ Real-Time System (Bio-Rad,
Hercules, CA) using the following thermal cycling conditions: 10 minutes at
95 °C, followed by 40 cycles of 95 °C for 15 seconds and 65 °C for 1 minute.

Relative mRNA expression levels were calculated using the 244 method.®

For flow cytometry, VSMCs were washed with PBS, trypsinized and resuspended
in 100 puL of PBS containing 0.5% BSA at a concentration of 5 x 10°¢ cells/mL.
The cells were then fixed with 4% paraformaldehyde for 20 minutes and washed
twice with PBS containing 0.5% BSA. After each wash, the cells were centrifuged
at 250 x g for 5 minutes, and the supernatant was discarded. Permeabilization was

performed by adding 0.1% Triton X-100 (Merck) for 10 minutes. Subsequently,
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the cells were incubated with 5% Goat Serum (Thermo Fisher Scientific) to block
non-specific binding. After blocking, CD68 staining was achieved by incubating
the cells with 1:100 Rat anti-Mouse CD68 (FA-11 clone, Bio-Rad) for 30 minutes
at 4°C, followed by incubation with 1:4000 Goat anti-Rat 1gG Alexa-488
(ab150157, Abcam) for 30 minutes. Finally, the cells were resuspended in 200 pL
of PBS containing 0.5% BSA. After each step, the cells were washed twice.
Controls were processed in parallel incubated without one of the antibodies.

Flow cytometry analysis was performed using a MACSQuant Analyzer (Miltenyi
Biotec, Bergisch Gladbach, Germany). Data were acquired for 10,000 events
within the gate representing viable single cells and analyzed using MACSQuant

Software.
2. Invitro cholesterol transport study

2.1.VSMC-derived cholesterol efflux

Cellular cholesterol efflux was measured using a modified protocol of the
previously described radiochemical method (section 3.1, Work 1) depicted in
Figure 18. VSMCs were seeded at a density of 3 x 10° cells/well in 6-well plates
and cultured in complete medium for 24 hours. Cells were then radiolabeled,
either under baseline conditions or during the cholesterol-loading phase, for 48
hours. Following labeling, cells were equilibrated overnight. When indicated,
LXR activation was performed during this step. The next day, cells were
optionally pre-treated with the ABCAL inhibitor probucol (Merck) at a

concentration of 10 umol/L for 2 hours.

Finally, fresh medium containing cholesterol acceptors was added to assess
cholesterol efflux for 4 hours. Cholesterol acceptors were derived from pooled
serum samples of wild-type C57BL/6J mice and included 25 pL of whole serum
(2.5% v/v), 75 uL of APOB-depleted serum (equivalent to the lipoprotein-
depleted fraction derived from 25 uL of plasma), or isolated HDL adjusted to a
final concentration of 25 pg/mL of APOA1. At the end of the efflux assay,
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radiolabeled cholesterol in the medium and in the cells was quantified by liquid
scintillation counting, and cholesterol efflux was calculated as the percentage of

total [3H]cholesterol released from the cells.
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Figure 18. Schematic illustration of the VSMC cholesterol efflux assay. VSMCs were
loaded with [®H]cholesterol under baseline conditions or during exposure to MBD-
cholesterol, representing the VSMC cholesterol-loading phase, for 48 hours. VSMCs were
then treated with either the vehicle or the LXR agonist T0901317 for 18 hours.
Subsequently, an optional preincubation with probucol, which was used to block ABCA1-
mediated cholesterol efflux, was performed for 2 hours, followed by exposure to various
cholesterol acceptors for 4 hours. Created with Biorender.com.
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3. Mouse model and diet

Wild-type C57BL/6J (#000664, Jackson Laboratories) mice were obtained and
housed under standard conditions with ad libitum access to food and water. Both
male and female mice aged 8-10 weeks were used in the experiments. The
experimental procedures were reviewed, approved and performed as

aforementioned (section 4.1, Work 1).

Mice were fed a Western-type diet (TD.88137, Harlan Teklad), which contains

21% fat and 0.2% cholesterol, for a period of four weeks.
4. Invivo cholesterol transport study

4.1.VSMC-specific RCT assay

RCT method was adapted from the previously described in section 5.1, Work 1.
VSMCs were cultured in 75 cm? cell culture flasks in complete medium for 72
hours. Subsequently, the cells were radiolabeled, either under baseline conditions
or during the cholesterol-loading phase, for 48 hours. Following incubation, cells
were washed and equilibrated overnight. Optionally, LXR activation was
performed during this step. For experiments involving ACAT inhibition, the
ACAT inhibitor was added during all experimental steps. The radiolabeled mouse
VSMCs were then trypsinized, resuspended in PBS and pooled before
intraperitoneal injection into mice (average of VSMCs and their associated cpm
per mouse are described below; cell viability was higher than 90% in all

conditions, assessed by trypan blue exclusion).
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Following injection, mice were assigned to the different groups according to
different cell treatment:

- Group 1: Mice injected with radiolabeled VSMCs under baseline
conditions (2.1 x 10° VSMCs containing 1.4 x 10° cpm per mouse).

- Group 2: Mice injected with radiolabeled VSMCs under cholesterol-
loading conditions (2.0 x 10® VSMCs containing 2.6 x 10°® cpm per
mouse).

- Group 3: Mice injected with radiolabeled VSMCs pre-treated with the
LXR agonist (2.0 x 10° VSMCs containing 1.6 x 10° com per mouse).

- Group 4: Mice injected with radiolabeled VSMCs under cholesterol-
loading conditions and pre-treated with the LXR agonist (3.2 x 108
VSMCs containing 2.8 x 106 cpm per mouse).

- Group 5: Mice injected with radiolabeled VSMCs under cholesterol-
loading conditions and pre-treated with the ACAT inhibitor (1.8 x 10°
VSMCs containing 1.8 x 10° cpm per mouse).

- Group 6: Mice injected with radiolabeled VSMCs under cholesterol-
loading conditions and pre-treated with both the ACAT inhibitor and the
LXR agonist (2.3 x 10° VSMCs containing 2.0 x 10° com per mouse).
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Figure 19 depicts the cells injected in groups 1-4 and the following RCT protocol.
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Figure 19. Schematic depiction of the VSMC-to-feces RCT assay. Mice were fed a
Western-type diet for 4 weeks. VSMCs labelled with [*H]cholesterol under baseline
conditions or during exposure to MBD-cholesterol for 48 hours. Afterward, the cells were
treated with either the vehicle or the LXR agonist T0901317 for 18 hours. The cells were
then trypsinized, pooled and intraperitoneally injected into the mice 48 hours before the
end of the experiment. At end point, mice were euthanized. Blood and liver were
harvested, and feces over the last 48h were collected for [*H]cholesterol measurement.
Created with Biorender.com.

5. Statistical methods

Continuous data are presented as the mean £ SD. The Shapiro-Wilk normality test

was performed to assess the Gaussian distribution.

In the in vitro results, unpaired t-tests were used to compare the differences
between two groups. For in vivo assays, the number of mice per group was
estimated based on a significance level of 0.05, a statistical power of 80%, and an
expected effect size of 5,000 cpm in the fecal excretion of VSMC-derived
cholesterol, and unpaired t-tests were used to compare the differences between

two groups.
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METHODOLOGY FOR WORK 3

1. Human samples and analysis

1.1.CSF samples

CSF samples were retrospectively selected from the SPIN cohort (Sant Pau
Initiative on Neurodegeneration), a multimodal research cohort for the discovery
and validation of biomarkers in neurodegenerative diseases. The cohort includes
participants with various neurodegenerative dementias, mild cognitive
impairment and cognitively normal controls. All participants underwent a
comprehensive neurological and neuropsychological assessment, along with
blood sampling and lumbar puncture for CSF AD biomarker analysis as part of
their diagnostic evaluation.?®* Written consent was obtained from all participants
for inclusion in the biomarker research program. Additional details about the

SPIN cohort are available at https://santpaumemoryunit.com/our-research/spin-

cohort.

A total of 20 CSF samples were included in the study, comprising samples from
control individuals (n=10) and patients with AD dementia (n=10). All CSF

samples were obtained via lumbar puncture under standardized conditions.%*

1.2.CSF AD biomarker analysis

APOE genotype was determined by Sanger sequencing based on two single
nucleotide polymorphisms: rs429358 and rs7412. Core AD biomarkers were
analyzed in CSF, including markers of brain amyloidosis (ABi-40, AP1-42 and the
AP/ APao ratio), tau pathology (p-Tau) and neurodegeneration (t-Tau). All
biomarker measurements were performed using chemiluminescent immunoassay
on the fully automated LUMIPULSE G600I1 platform (Fujirebio, Tokyo, Japan).


https://santpaumemoryunit.com/our-research/spin-cohort
https://santpaumemoryunit.com/our-research/spin-cohort

MATERIALS AND METHODS

1.3.CSF lipid-related parameters measurement

Total CSF cholesterol and free cholesterol were measured by Amplex Red
Cholesterol Assay Kit (Thermo Fisher Scientific). APOE, APOJ and APOA1
concentrations were measured by Human ELISA Kits (Thermo Fisher Scientific).
PCSKO9 concentrations were determined using the Quantikine® ELISA kit (R&D
Systems, Minneapolis, USA). The kits were designed for plasma samples
quantification; therefore, CSF samples dilutions were adapted to the cholesterol,
APOs, or PCSK9 concentrations in the CSF.

2. Synthesis and characterization of rHDL nanoparticles

2.1.Synthesis of rHDL nanoparticles

The synthesis of rHDL nanoparticles containing APOE3 or APOE4 (rHDL-
APOE3 and rHDL-APOE4) was performed using the sodium deoxycholate-
dialysis method (Figure 20).1°? Briefly, the lipid mixture was prepared in
chloroform using 1,2-dimyristoyl-sn-glycero-3-phosphocoline (DMPC, Merck)
and free cholesterol (Merck) at a 9:1 molar ratio. For fluorescent labeling, Oregon
Green™ 488 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine (DHPE,
Thermo Fisher Scientific) was added at a final concentration of 0.03 mmol/L. The
organic solvent was evaporated under vacuum and nitrogen to form a dry lipid
film, which was rehydrated in PBS containing 60 g/L sodium deoxycholate

(Merck) and incubated at 37°C for 30 minutes to obtain clear mixed micelles.

Recombinant APOE3 or APOE4 (Thermo Fisher Scientific) was added to the
micelles at a 59:7:1 molar ratio of DMPC:cholesterol:APOE. Afterward, the
mixture underwent three temperature cycles between 4°C and 37°C to facilitate
lipid-protein interactions. Sodium deoxycholate was then removed by extensive
dialysis against 1000-fold volume excess of PBS at 4°C for 48 hours, using 3.5
kDa Slide-A-Lyzer™ G3 Dialysis Cassettes (Thermo Fisher Scientific) with two
buffer changes. Finally, samples were centrifuged at 16,000 x g for 30 minutes at

4°C to remove unbound lipids.
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Figure 20. Schematic representation of the synthesis of rHDL-APOE nanopatrticles.
rHDL nanoparticles were generated using a cholate dialysis method. A lipid film
composed of DMPC and cholesterol was first formed by solvent evaporation and then
rehydrated in the presence of sodium cholate to form mixed micelles. Recombinant
APOE3 or APOE4 was added to the micelles, and the mixture was subjected to three
cycles of vortexing and temperature shifts to facilitate lipid-protein interaction. Final
rHDL-APOE nanoparticles were obtained following cholate removal via extensive
dialysis. Created with Biorender.com.

2.2.Characterization of rHDL-APOES3- and rHDL-APOE4

The composition of rHDL-APOE3 and rHDL-APOE4 nanopatrticles, including
unesterified cholesterol and APOE content, was determined using enzymatic and
immunoturbidimetric assays, respectively, with commercial kits adapted for a
COBAS 6000 autoanalyzer (Roche Diagnostics and Randox, Crumlin, UK). To
assess protein profiles, rHDL-APOE nanoparticles, along with CSF, isolated
HDL, and lipid-free APOAL, were separated by electrophoresis on a 4-15% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad). Afterwards, proteins were
fixed using 40% methanol (Merck) and 10% acetic acid (Merck) solution and
stained with GelCode™ Blue Staining Reagent (Thermo Fisher Scientific).
Images were captured using a ChemiDoc XRS Gel Documentation System (Bio-

Rad) and Image Lab software (version 6.0.1, Bio-Rad).

Particle-size distributions were analyzed using dynamic light scattering with non-
invasive backscatter detection (Malvern Zetasizer, Malvern Instruments, Malvern,
United Kingdom). In addition, the morphology of rHDL-APOE3 and rHDL-
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APOE4 nanoparticles was visualized by transmission electron microscopy with
negative staining. Briefly, 8 uL aliquot of each sample was applied to glow-
discharged carbon-coated 300 Mesh copper grids (Ted Pella Inc., Redding, CA)
for 1 minute, followed by staining with 8 uL. of 5% uranyl acetate (Merck) for 1
minute. Grids were examined using a JEM-1400 Transmission Electron
Microscope (JEOL USA Inc., Peabody, MA).

3. Cell culture models, treatments and analysis

3.1. Cell culture models

Al172 human glioblastoma cells (ATCC® CRL-1620™) were maintained in
DMEM high glucose with L-glutamine and with sodium pyruvate supplemented
with 10% FBS and 100 U/mL penicillin/streptomycin.

SH-SY5Y human neuroblastoma cells (ATCC® CRL-2266™) were maintained
in DMEM high glucose with L-glutamine and Ham's Nutrient Mixture F12 with
L-glutamine (Cytiva, Marlborough, MA) 1:1 v/v supplemented with 10% FBS
(Pan Biotech) and 100 U/mL penicillin/streptomycin.

Cells were seeded and grown in 75 cm? cell culture flasks and incubated in a
humidified incubator (5% CO,, 37°C). The medium was renewed every 48 hours

and cells were trypsinized once they reached confluence.

3.2. Cell treatments

Previous to any experiment, human neuroblastoma SH-SY5Y cells were
differentiated into functional neurons by replacing maintenance medium with
differentiation culture medium for 7 days and refreshment every 72h.
Differentiation culture medium consisted of DMEM high glucose with L-
glutamine and Ham's Nutrient Mixture F12 with L-glutamine 1:1 v/v
supplemented with 1% FBS, 100 U/mL penicillin/streptomycin and 10 pM
retinoic acid (RA, Merck).
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3.3.qRT-PCR analysis

For gRT-PCR analyses, total cellular RNA was extracted, cDNA was synthesized
and gRT-PCR was performed as described in section 1.5, Work 2. Specific
Tagman probes for genes (Thermo Fisher Scientific) were ABCAl
(Hs01059118_m1), ABCG1 (Hs00245154_m1) and GAPDH (Hs02758991_g1),

the latter used as internal control gene.

3.4. Confocal microscopy and flow cytometry

SH-SY5Y neurons were seeded in individual plates of 3.5 cm? at a cell density of
50,000 cells per well and differentiated as previously described. Subsequently, 1
mL of serum-free medium with or without synthetic rHDL-APOE3 or rHDL-
APOE4 (5 pg/mL), was added to each plate and incubated for 4 hours to facilitate
the internalization of synthetic rHDL-APOE nanoparticles. The cells were stained
with a solution of 0.5 pL of Hoechst and 1 pL of CellMask™ (Thermo Fisher
Scientific) diluted in 1 mL of PBS. Imaging of SH-SY5Y neurons was conducted

using a Leica TCS SP5 X Tune confocal microscope (Leica Microsystems).

The uptake of synthetic rHDL-APOE3 and rHDP-APOE4 nanoparticles labeled
with Oregon Green™ 488 DHPE fluorophore by SH-SY5Y cells was analyzed
using flow cytometry. SH-SY5Y cells were seeded at a density of 200,000 cells
per well in 12-well plates, and the differentiation protocol was performed. Upon
reaching differentiation, the cells were incubated with or without synthetic rHDL-
APOE3 or rHDL-APOE4 (5 pg/mL) in serum-free medium for 4 hours. After
incubation, cells were washed with PBS, trypsinized for 5 minutes at 37°C and
resuspended in 100 puL of PBS. Flow cytometry analysis was performed as
described in section 1.4, Work 2.
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1. Invitro cholesterol transport studies

1.1. Astrocyte-derived cholesterol efflux assay

Astrocyte cholesterol efflux was assessed using a modified radiochemical method
based on the previously described protocol (section 3.1, Work 1) and illustrated
in Figure 21. A172 cells were seeded at a density of 5 x 10° cells per well in 24-
well plates and cultured in complete medium. After 24 hours, cells were labeled
with 0.5 pCi/well of [*H]cholesterol for 48 hours. Subsequently, cells were
equilibrated overnight in serum-free medium, either with or without 2 uM LXR
agonist T0901317. The next day, cells were washed and incubated for 4 hours in
serum-free medium containing cholesterol acceptors: CSF (30% v/v) or rHDL (5
ug of APOE/mL) was added to the cells. Radiolabeled cholesterol in the medium
and cellular fractions was quantified by liquid scintillation counting, and the
percentage of cholesterol efflux was calculated.

Equilibration and

Labelling conditioning
, ¢

+T0901317
{LXR agonist)

18h

48h 1 + [PH]-cholesterol %, = 4h l+ CSF lipoproteins
Cell seeding and Cholesterol efflux
growing
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CSF-lipoproteins

Figure 21. Astrocyte cholesterol efflux assay. A172 human glioblastoma cells were
cultured for 24 hours, followed by a 48-hour incubation with radiolabeled cholesterol.
Cells were then treated for 18 hours with or without the LXR agonist T0901317 to activate
ABCAL/G1 pathways. Finally, serum-free medium containing CSF was added for 4 hours.
Created with Biorender.com.
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3.5.Neuronal-derived cholesterol uptake assay

Neuronal cholesterol uptake assay was optimized to quantify the internalization
of cholesterol from CSF-lipoproteins by SH-SY5Y neurons (Figure 22). First,
CSF samples or rHDL nanoparticles were radiolabeled by incubation with
evaporated [*H]cholesterol solution (0.1 uCi/uL and 0.2 pCi/uL, respectively)
overnight at 37°C. Successful incorporation into lipoproteins was confirmed by
isolating CSF lipoproteins within the 1.063-1.210 g/mL density range using
density gradient ultracentrifugation (see Section 1.3, Work 1).

SH-SYS5Y cells were seeded at a density of 1 x 10° cells per well in 24-well plates.
Twenty-four hours after reaching differentiation, cells were incubated with serum-
free medium containing radiolabeled CSF (10% v/v) or tHDL (5 pg of
APOE/mL). In selected experiments, Human Tau-441/2N4R Protein
(ACROBiIosystems, Bejing, China) or Ap Protein Fragment 1-42 (Merck) was

added to the medium at varying concentrations.

After 4 hours, the medium and cellular fractions were collected and processed as
described in cholesterol efflux assay (section 3.2, Work 1). to quantify
[®H]cholesterol via liquid scintillation counting. Cholesterol uptake was expressed

as the percentage of total radiolabeled cholesterol found in the cellular fraction:

[3H]cholesterol in the cells
Total [*H]cholesterol (medium + cells) X

Cholesterol uptake (%) = 100

Values were normalized to protein content, determined using the Pierce™ BCA

Protein Assay Kit (Thermo Fisher Scientific).



MATERIALS AND METHODS

Labelling CSF samples
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Figure 22. CSF HDL-like-mediated cholesterol uptake assay. Labelling of CSF
lipoproteins was performed by evaporating [*H]cholesterol solution and incubating it with
CSF for 18 hours at 37°C. SH-SY5Y human neuroblastoma cells were seeded and
differentiated into neurons in a low-serum medium containing retinoic acid. Afterwards,
the cells were incubated with medium containing the radiolabeled CSF for 4 hours to
induce cholesterol uptake of [*H]cholesterol into the neurons. Created with Biorender.com

4, Statistical methods

Continuous data are presented as the mean + SD, while qualitative data are
expressed as percentages and analyzed using Fisher’s exact test. The Shapiro-

Wilk normality test was performed to assess the Gaussian distribution.

The number of CSF samples per group was estimated using an a value of 0.05, a
power of 80%, and an effect size of 1.28 in the cholesterol efflux and uptake
assays. Unpaired t-test was used to compare statistical differences between AD
and control groups. One-way ANOVA, followed by a post-test for linear trend,
was used to evaluate relative cholesterol uptake in human neuroblastoma cells,
mediated by control CSF HDL-like particles, in the absence or presence of t-Tau
or AP1-42. Associations between variables were assessed using Pearson's

correlation coefficient
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1. RESULTS FROM WORK 1

RESULTS

The results presented in this section derive from our work published in

Publication 2 (see Annex).

1.1.LDL-cholesterol is efficiently reduced after evolocumab treatment

in heterozygous FH patients

Plasma lipid parameters before and after evolocumab treatment are summarized

in Table 1. As expected, treatment with this PCSK9 inhibitor significantly

reduced LDL-cholesterol and APOB concentrations. In contrast, the levels of

HDL-cholesterol and APOAL remained unchanged following treatment.

Importantly, PCSK9 inhibition did not significantly affect the activity of major

HDL-associated lipid transfer proteins and remodeling enzymes. Specifically,
PLTP, CETP and LCAT activities remained stable post-treatment (Table 1).

Table 1. Plasma lipid parameters from FH patients treated with evolocumab.

Evolocumab treatment (n=14)

Pre Post P-value
Total cholesterol (mmol/L) 551+1.11 3.52+1.21 <0.001
LDL-cholesterol (mmol/L) 3.75+1.00 1.75+1.13 <0.001
HDL-cholesterol (mmol/L) 1.21+0.29 1.22 +0.29 0.53
APOAL1 (g/L) 1.49 +0.28 1.57 +0.32 0.15
APOB100 (g/L) 1.19+0.23 0.66 £ 0.27 <0.001
Triglycerides (mmol/L) 1.18+ 041 1.16£0.54 0.86
PLTP activity (nmol/mL/h) 63.02 + 24.69 61.83+18.14 0.79
CETP activity (nmol/mL/h) 1.26 £ 0.67 1.18+0.64 0.64
LCAT activity (ratio 390/470) @ 0.68 £ 0.08 0.67 £0.06 0.52

Values are presented as mean + SD. 2The ratio between the 390 nm emission and 470 nm emission

peak in the LCAT assay indicates the rate of substrate hydrolysis by LCAT.
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1.2.PCSK9 inhibition alters the lipoprotein distribution of

macrophage-derived cholesterol efflux in heterozygous FH

To assess whether PCSK9 inhibition affects the ability of plasma to promote
cholesterol efflux, we first quantified total cholesterol efflux from macrophages
to whole plasma from heterozygous FH patients before and after evolocumab
treatment. As shown in Figure 23A, total cholesterol efflux remained unchanged

following evolocumab treatment.
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Figure 23. Anti-PCSK9 therapy alters the amount of macrophage-derived
cholesterol in LDL and HDL ex vivo. (A) Macrophage cholesterol efflux to plasma
samples collected from heterozygous FH subjects (n=14) before and after treatment with
evolocumab. The distribution of radiolabeled cholesterol among lipoprotein fractions was
analyzed after the efflux assay. Values are expressed as mean + SD. (B) Matched-pair
analysis of the percentage of total radiolabeled cholesterol in the LDL. (C) Matched-pair
analysis of the percentage of total radiolabeled cholesterol in the HDL.



RESULTS

Given that plasma is a complex mixture of cholesterol acceptors, comprising both
HDL and APOB-containing lipoproteins, and considering that LDL can act as a
transient reservoir for macrophage-derived cholesterol,? we next examined the

distribution of effluxed cholesterol across plasma lipoprotein fractions.

Evolocumab therapy led to a significant reduction in radiolabeled cholesterol
associated with LDL particles, accompanied by a corresponding increase in the

proportion of cholesterol associated with HDL particles (Figures 23B and 23C).

No significant changes were observed in the radioactivity associated with VLDL
particles or the LPDF, both of which together accounted for less than 15% of total
radiolabeled cholesterol (Figure 10A).

1.3.LDL competes with HDL for macrophage-derived cholesterol and

promotes passive transfer from HDL

To further elucidate the mechanism by which PCSK9 inhibition alters the
distribution of macrophage-derived cholesterol among lipoproteins, we assessed
the competitive dynamics between LDL and HDL in cholesterol acceptance and

transfer.

Radiolabeled macrophages were incubated with conditioned media containing
either isolated HDL (Figure 24A) or whole plasma (Figure 24B), supplemented
with different concentrations of isolated LDL obtained from normolipidemic
plasmas, and the distribution of [3H]cholesterol between the HDL and LDL
fractions was quantified. As shown in Figure 24A and 24B, decreasing LDL
protein levels resulted in a dose-dependent increase of macrophage-derived
cholesterol in HDL particles. Notably, decreasing the LDL/HDL protein ratio
(APOB/APOAL) from 15/25 to 5/25 significantly increased the percentage of
radiolabel retained in HDL from 13.3% to 37.3% of total radiolabeled cholesterol,
while reducing the proportion recovered in LDL (Figure 24A).
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Figure 24. The capacity of HDL to serve as a macrophage cholesterol acceptor is
enhanced by low levels of LDL in vitro. (A) Macrophage cholesterol efflux to HDL
(25pg/mL APOAL1) in the presence of LDL (up to 25pug/mL APOB). The distribution of
radiolabeled cholesterol between HDL and LDL was assessed after APOB precipitation.
(B) Macrophage cholesterol efflux to plasma (2.5% v/v) with or without LDL.
Radiolabeled cholesterol distribution was analyzed after lipoprotein isolation by
sequential ultracentrifugation. (C) Redistribution of radiolabeled cholesterol from HDL
incubated with unlabeled LDL over 2, 10, and 30 minutes. The distribution of radiolabeled
cholesterol was assessed after APOB precipitation. Values are presented as mean + SD of
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RESULTS

To determine whether LDL can passively acquire cholesterol from HDL in the
absence of cells, we isolated [BH]JHDL from macrophage-conditioned media
following the efflux period and incubated it with unlabeled LDL for up to 30
minutes (Figure 24C). Under these cell-free conditions, we observed a rapid and
dose-dependent transfer of radiolabeled cholesterol from HDL to LDL, reaching

a maximum plateau within 10 minutes.

1.4.PCSKO inhibition recapitulates LDL-cholesterol-lowering effects

in a transgenic mouse model of FH

To evaluate the in vivo relevance of PCSK9 inhibition on macrophage-specific
RCT, a mouse model expressing human APOB100 under conditions of
heterozygous LDL receptor deficiency (LDLR+/— hAPOB100) was used. Mice
were fed a Western-type diet, and simultaneously injected either the PCSK9
monoclonal antibody PL-45134 (PCSK9-mAb1l) or vehicle every 7 days for 4
weeks.

As shown in Table 2, vehicle-treated mice displayed elevated total cholesterol
and LDL-cholesterol, consistent with a phenotype resembling FH. Treatment with
PCSK9-mAb1 significantly reduced plasma LDL-cholesterol and APOB100
levels, while HDL-cholesterol levels and the activities of PLTP and LCAT
remained unchanged. These lipid profile changes are in line with those observed

in FH patients receiving evolocumab.
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Table 2. Plasma and HDL parameters in heterozygous LDLR-deficient mice
expressing hAPOB100 treated with the PCSK9-mADb1 or the vehicle solution.

Vehicle (n=6) PCSK9-mAbl (n=6) P-value

Body weight (g) 31.54+4.35 27.23+3.30 0.08
Food intake (g/day) 2.12+0.60 2.00 £ 0.53 0.72
Total cholesterol (mmol/L) 1438+ 1.14 9.34+1.12 <0.001
LDL cholesterol (mmol/L) 9.77 £ 1.66 5.58 + 0.66 <0.001
HDL cholesterol (mmol/L) 436 £0.51 3.56+0.74 0.05
Triglycerides (mmol/L) 2.81+£0.35 2.67+0.77 0.71
APOB100 (g/L) 2224031 1.46 +0.25 <0.001
PLTP activity (nmol/mL/h) 141.06 + 18.38 152.66 + 24.86 0.38
LCAT activity (ratio 390/470) 2 1.52 +0.57 202+091 0.28

Values are presented as mean + SD. 2The ratio between the 390 nm emission and 470 nm emission
peak in the LCAT assay indicates the rate of substrate hydrolysis by LCAT.

1.5.Macrophage-to-feces RCT is promoted by anti-PCSK9 treatment
in vivo
To quantify macrophage-specific RCT rate, [*H]cholesterol-labeled macrophages

were intraperitoneally injected into treated mice, and [®*H]cholesterol recovery was

measured in plasma, HDL, liver, and feces after 48 hours.

Plasma radioactivity levels were similar between groups (Figure 25A); however,
PCSK9-mAb1 treatment significantly reduced the proportion of [*H]cholesterol
in LDL (Figure 25A, inset), while increasing its presence in the HDL fraction
(Figure 25A). This redistribution is consistent with ex vivo findings in FH
patients, where PCSKO9 inhibition shifted the amount of radiolabeled cholesterol

away from LDL and toward HDL particles.



RESULTS

Although hepatic [®*H]cholesterol levels were not affected by PCSK9-mAb1-
treatment (Figure 25B), total recovery of [3H]cholesterol in feces was
significantly higher compared to controls (Figure 25C), indicating an overall
enhancement of macrophage-to-feces RCT.
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Figure 25. PCSK?9 inhibition enhances macrophage-to-feces RCT in a mouse model
of heterozygous FH. Eight-to-ten-week-old mice were treated with the PCSK9-mADb1 or
the vehicle weekly and fed a Western-type diet for 4 weeks. RCT was assessed using
radiolabeled cholesterol-loaded macrophages. (A) [*H]cholesterol recovery in serum,
HDL, and non-HDL fractions. Inset: [°*H]LDL cholesterol levels present in the non-HDL
fraction. (B) [3H]cholesterol accumulation in the liver. (C) [*H]cholesterol and [3H]bile
acids recovered in feces over 48 hours. Values are expressed as the mean + SD of 6 mice
per group. Radioactivity is expressed as a percentage of the injected [3H]tracer dose.
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1.6.PCSKOQ inhibition promotes LDL-derived cholesterol clearance in

FH mice

To further elucidate the mechanism behind enhanced macrophage-specific RCT
following PCSK9 inhibition, we performed kinetic studies using radiolabeled
endogenous LDL and HDL in LDLR+/- hAPOB100 mice. Given the absence of
CETP in mouse serum, this model allowed us to examine the direct effect of
PCSK9 inhibition on lipoprotein [3H]cholesterol clearance and its transfer to
feces. Treated mice were intravenously injected with [3H]cholesterol ester-labeled
mouse LDL or HDL, and radiotracer clearance was monitored in the blood and

feces over 48 hours.

In mice treated with PCSK9-mAb1, [BH]LDL-cholesterol ester clearance from
plasma was significantly accelerated compared to vehicle-treated controls (Figure
26A). This was accompanied by a reduction in hepatic [®H]cholesterol levels
(Figure 26B) and a notable increase in [3H]cholesterol recovered in feces (Figure

26C), indicating enhanced excretion of LDL-derived cholesterol.

These changes were accompanied by a marked upregulation of hepatic LDLR
expression, while the expression of the cholesterol transporters ABCG5 and
ABCGS8 remained unchanged (Figure 26D).
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Figure 26. PCSKQ inhibition promotes the transfer of LDL-derived cholesterol esters
to feces in a mouse model of heterozygous FH. Eight-to ten-week-old mice were treated
weekly with either PCSK9-mAb1 or vehicle, and fed a Western-type diet for 4 weeks.
LDL kinetic assays were performed using [3H]cholesteryl oleate—labeled LDL (A) In vivo
clearance of radiolabelled LDL. Inset: clearance rate expressed as the inverse of the area
under the curve (AUC, pools/hour). (B) [®H]cholesterol accumulation in the liver. (C)
[®H]cholesterol and [*H]bile acids derived from LDL recovered in feces over 48 hours.
Values are expressed as the mean £ SD of 4 mice per group. Radiotracer recovery is
expressed as a percentage of the injected dose. (D) Protein was extracted from mice livers
and western blot analysis of LDLR, ABCG5 and ABCGS, and the corresponding stain
free (SF) images are shown.
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In contrast to the LDL findings, [BH]HDL-cholesterol ester clearance kinetics, as
well as hepatic and fecal recovery of HDL-derived cholesterol, were not
significantly altered by PCSK9-mADb1 treatment (Figures 27A-C).
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Figure 27. HDL-cholesterol ester transfer to feces is not altered by anti-PCSK9
treatment in a mouse model of FH. Eight-to ten-week-old mice were treated weekly
with either PCSK9-mAb1 or vehicle, and fed a Western-type diet for 4 weeks. HDL
kinetic assays were performed using [3H]cholesteryl oleate—labeled HDL. (A) In vivo
clearance of radiolabelled HDL. Inset: clearance rate expressed as the inverse of the area
under the curve (AUC, pools/hour). (B) [*H]cholesterol accumulation in the liver. (C)
[®H]cholesterol and [*H]bile acids derived from HDL recovered in feces over 48 hours.
Values are expressed as the mean £ SD of 4 mice per group. Radiotracer recovery is
expressed as a percentage of the injected dose.
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2. RESULTS FROM WORK 2

The results presented in this section derive from our work published in

Publication 3 (see Annex).

2.1.VSMCs exposed to MBD-cholesterol acquire foam cell features

To model foam cell formation in VSMCs, we treated immortalized mouse aortic
VSMCs with MBD-cholesterol and evaluated hallmark characteristics of foam

cell transition.

Following cholesterol loading, VSMCs exhibited a pronounced increase in neutral
lipid accumulation, as evidenced by Oil Red O staining (Figure 28A). This
phenotype was further supported by a significant increase in Bodipy-cholesterol
incorporation from the media (Figure 28B), confirming enhanced uptake and

intracellular retention of cholesterol.
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Figure 28. MBD-cholesterol loading increases neutral lipid accumulation in VSMCs.
(A) Oil Red O staining of VSMCs under baseline conditions or following cholesterol
loading with MBD-cholesterol. (B) Confocal imaging of VSMC incubated with Bodipy-
cholesterol to VSMCs cultured under baseline or cholesterol loading conditions. Bodipy-
cholesterol (green) indicates cholesterol localization, Hoechst (blue) stains nuclei, and
CellMask (red) outlines the plasma membrane.
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Consistently, total cellular cholesterol content was markedly elevated following
MBD-cholesterol exposure (Figure 29A).

To determine whether cholesterol-loaded VSMCs undergo phenotypic changes
associated with foam cell transition, we analyzed the expression of key molecular
markers. MBD-cholesterol treatment significantly upregulated the mRNA
expression of Cd68, a macrophage-associated marker, while concurrently
diminishing the VSMC-specific canonical marker Tagln (Figures 29B and 29C).

Flow cytometry analysis further confirmed a significant increase in CD68
expression in MBD-cholesterol-treated VSMCs (Figure 29D), supporting the

induction of macrophage-like features during foam cell transformation.
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Figure 29. VSMCs exposed to MBD-cholesterol effectively mimic foam cell
transformation characteristics. VSMCs were cultured under baseline or cholesterol-
loading conditions, and treated with either vehicle or the LXR agonist T0901317. (A)
Quantification of cellular esterified and unesterified cholesterol by thin-layer
chromatography. (B, C) Relative mRNA expression of Tagln and Cd68, normalized to
Actin; baseline expression was set to 1 arbitrary unit. (D) CD68-associated fluorescence
intensity per cell measured by flow cytometry. Data are shown as mean + SD from 3 or 4
independent experiments per group.
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2.2.LXR agonist enhances cholesterol efflux in VSMCs in vitro, even

after foam cell-induced reduction

We next assessed the cholesterol efflux capacity of VSMCs and VSMC-derived
foam cells and how this process is modulated by LXR activation.

Cholesterol efflux assays using whole serum and APOB-depleted serum (enriched
in HDL, prep-HDL, albumin, and lipid transfer proteins) showed a robust efflux
capacity in VSMCs under baseline conditions. However, exposure to MBD-
cholesterol led to a marked reduction in cholesterol efflux to both acceptors,
consistent with foam-like transformation (Figures 30A and 30B).

Importantly, treatment with the LXR agonist T0901317 significantly enhanced
cholesterol efflux, not only in native VSMCs but also in cholesterol-loaded, foam-
like VSMC:s, although the effect was less prominent (Figures 30A and 30B).

To elucidate the mechanism underlying LXR-mediated efflux enhancement, we
assessed Abcal expression. Cholesterol loading increased Abcal mRNA, and this
was further upregulated by LXR agonist treatment (Figure 30C). In addition, the
functional relevance of ABCAL1 was confirmed using probucol, an ABCAL1-
specific inhibitor, which blunted LXR-stimulated cholesterol efflux to APOB-

depleted serum under baseline and cholesterol-loading conditions (Figure 30D).
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Figure 30. LXR agonist enhances cholesterol efflux in mouse VSMCs, including those
exposed to MBD-cholesterol. VSMCs were cultured under baseline or cholesterol-
loading conditions, and treated with either vehicle or the LXR agonist T0901317. (A, B)
Cholesterol efflux to whole serum and APOB-depleted serum. (C) Relative mRNA
expression of Abcal, normalized to Actin; baseline expression set to 1 arbitrary unit. (D)
Cholesterol efflux to APOB-depleted serum following preincubation with probucol. Data
are shown as mean + SD from 5 independent experiments per group.

2.3.LXR agonist treatment in mouse VSMCs is sufficient to

substantially promote RCT to feces in vivo

To determine whether activation of LXR influences VSMCs-to feces RCT in vivo,
[®H]cholesterol-labeled mouse VSMCs —either pre-loaded or not with MBD-
cholesterol, and pretreated with either vehicle or an LXR agonist— were injected
into wild-type mice maintained on a Western-type diet for 4 weeks. After 48
hours, the recovery of [*H]cholesterol was measured in serum, HDL, liver, and

feces.



RESULTS

MBD-cholesterol loading reduced the in vivo transfer of VSMC-derived
cholesterol to serum and HDL, which was accompanied by decreased
[®H]cholesterol recovery in the liver and feces (Figures 31A-D). Notably, LXR
agonist treatment of VSMCs prior to injection significantly increased
[BH]cholesterol levels across all compartments compared to vehicle-treated
control cells (Figures 31A-D). In MBD-cholesterol-loaded VSMCs, LXR agonist
treatment similarly enhanced RCT metrics, with increased [3H]cholesterol
detected in serum, HDL, and feces. However, [3H]cholesterol accumulation in the
liver showed only a modest, non-significant upward trend following LXR
treatment (Figures 31A-D).
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Figure 31. VSMC-to-feces RCT rate is promoted by cellular LXR agonist activation.
Eight-to ten-week-old mice were fed a Western-type diet for 4 weeks. RCT was assessed
using radiolabeled cholesterol-loaded VSMCs under baseline or cholesterol-loading
conditions, treated with either vehicle or the LXR agonist T0901317. (A, B)
[3H]cholesterol recovery in serum and HDL fractions. (C) [3H]cholesterol accumulation
in the liver. (D) [3*H]cholesterol and [3*H]bile acids recovered in feces over 48 hours. Values
are expressed as the mean =+ SD of 6 mice per group. Radioactivity is expressed as a
percentage of the injected [3H]tracer dose.
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2.4 ACAT inhibition normalizes the rate of RCT from VSMCs loaded

with MBD-cholesterol to feces in vivo

To further investigate the mechanism by which MBD-cholesterol reduces the
VSMC-to-feces RCT rate, we examined the bioavailability of radiolabeled
unesterified cholesterol within VSMCs and assessed whether ACAT inhibition

could restore cholesterol mobilization and transport.

Thin-layer chromatography analysis showed that over 94% of the radiolabeled
cholesterol was found in its unesterified form in control VSMCs. In contrast,
exposure to MBD-cholesterol led to a marked reduction in the proportion of
radiolabeled unesterified cholesterol, lowering it to 75% (Figure 32A). Notably,
treatment of MBD-cholesterol-loaded VSMCs with an ACAT inhibitor
effectively reversed this effect, restoring radiolabeled unesterified cholesterol
levels to those observed in control cells (Figure 32A). Functionally, ACAT
inhibition fully normalized cholesterol efflux from MBD-cholesterol-loaded
VSMCs to serum in vitro, and this effect was further enhanced by concomitant
treatment with the LXR agonist (Figure 32B).

In vivo, when MBD-cholesterol-loaded VSMCs treated with the ACAT inhibitor
were injected into wild-type mice, the levels of [®H]cholesterol recovered in both
serum and feces were similar to those observed following injection of unloaded,
untreated VSMCs. Moreover, pretreatment with the LXR agonist further
enhanced the overall transfer of [3H]cholesterol from MBD-cholesterol-loaded,
ACAT-inhibited VSMCs to serum and feces (Figures 32C and 32D).
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Figure 32. ACAT inhibition restores VSMC-derived cholesterol bioavailability and
promotes cholesterol efflux and RCT rates. VSMCs were radiolabeled under baseline
or cholesterol-loading conditions and treated with vehicle or the LXR agonist T0901317,
with or without an ACAT inhibitor. (A) Thin-layer chromatography analysis of cellular
[BH]unesterified and esterified cholesterol. Three independent experiments per group are
shown. (B) Cholesterol efflux from VSMCs to serum. Five independent experiments per
group are shown. (C, D) RCT was assessed in eight-to ten-week-old mice fed a Western-
type diet for 4 weeks using radiolabeled VSMCs. [3H]cholesterol recovery in serum and
feces. Six mice per group were used. Radioactivity is expressed as a percentage of the
injected [*H]tracer dose. Data are presented as mean + SD.
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3. RESULTS FROM WORK 3

The results presented in this section derive from our work published in

Publication 4 (see Annex).

3.1.CSF cholesterol and APO levels are similar in patients with AD and

control individuals

CSF AD biomarkers and CSF cholesterol and APO levels are shown in Table 3.

Table 3. Population characteristics and CSF parameters in control subjects (n=10)
and AD patients (n=10).

Control (n=10) AD (n=10) p-value
ﬁﬁﬁmﬁé) 8/2 4/6 i
Age (years) 68.6 +3.1 723+27 <0.05
APOE-¢4 carriers 0/10 7/10 <0.01
CSF parameters
AB, 4, (pg/mL) 1198.0 +330.2 479.1+£117.1 <0.001
AB, 4o (pg/mL) 11762.4 + 2730.6 11041.3 + 2615.8 0.55
AB,_,,/AB, 4, ratio 0.10+£0.01 0.04 +£0.01 <0.001
t-Tau (pg/mL) 258.5 +52.3 763.4 +429.82 <0.01
p-Tau (pg/mL) 36.3+6.7 121.15+62.8 <0.001
Total cholesterol (ng/mL) 3.23+0.71 321127 0.79
Free cholesterol (ng/mL) 1.63+0.35 1.67 +0.83 0.91
APOA1 (pg/mL) 0.60+1.01 0.34 £0.52 0.48
APOE (pg/mL) 17.3+9.2 165+7.2 0.83
APOJ (ng/mL) 10122 10.7+4.0 0.67
PCSK9 (ng/mL) 3.23+1.08 3.18 + 1.56 0.94

Data are presented as the mean + SD.
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As expected, AD patients displayed significantly higher CSF concentrations of t-
Tau and p-Tau, along with decreased levels of ABi4, and a lower APiaxAPi-40
ratio compared to control individuals (Table 3). Among AD patients, APOE-¢4
allele was more frequent, including individuals with APOE-¢4/e3 (n = 6) and
APOE-¢4/¢4 (n= 1) genotypes, whereas all control participants carried the APOE-
€3/e3 genotype (Table 3).

CSF concentrations of total cholesterol, free cholesterol, APOA1, APOE, APQJ,
and PCSK9 were similar between AD patients and cognitively healthy control
individuals (Table 3). Importantly, APOE levels did not differ significantly

between male and female AD patients (p=0.41).

3.2.Astrocyte cholesterol efflux to CSF is similar in patients with AD

and control individuals

To determine the cholesterol efflux capacity of CSF from AD patients and control
individuals, A172 human glioblastoma astrocytes were radiolabeled with
[®H]cholesterol and incubated with CSF samples. Under baseline conditions,
astrocytes showed low cholesterol efflux, whereas treatment with the LXR agonist
significantly increased cholesterol release to the media (Figure 33A, left panel).
Consistent with this response, astrocytes exposed to the LXR agonist showed
marked upregulation of ABCAL and ABCG1 gene expression (Figure 33B and
33C).

When astrocytes were incubated with CSF from either control individuals or AD
patients, cholesterol efflux was similar between groups under baseline conditions
(Figure 33A, left panel). Furthermore, ABCAL/G1-dependent cholesterol
efflux—calculated as the net increase in efflux after LXR agonist treatment—did
not differ between CSF from AD and control individuals (Figure 33A, right

panel).
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Figure 33. Astrocyte cholesterol efflux to CSF remains similar in AD and control
groups. Human glioblastoma astrocytes were loaded with radiolabeled cholesterol and
treated with vehicle or the LXR agonist T0901317. (A) Cholesterol efflux was assessed
by incubating cells with serum-free medium containing CSF from control (n=10) or AD
individuals (n=10) for 4 hours. Left panel: Cholesterol efflux under baseline and LXR-
activated conditions. Right panel: ABCA1/G1-dependent efflux calculated by subtracting
baseline values from LXR-induced responses. (B, C) Relative mRNA expression of
ABCAL1 and ABCG1, normalized to GAPDH. Baseline expression set to 1 arbitrary unit.
Four independent experiments are shown. Data are expressed as the mean + SD.
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3.3. Cholesterol delivery to neurons is impaired in patients with AD

To evaluate the ability of CSF to mediate cholesterol delivery to neurons,
[®H]cholesterol was incorporated into HDL-like particles present in CSF samples,

and its uptake was assessed in differentiated SH-SY5Y human neurons.

We compared HDL-like-mediated cholesterol uptake from CSF samples acquired
from AD patients and control individuals. Within a 4-hour incubation period,
neurons exposed to CSF from AD patients exhibited a significantly lower uptake
of radiolabeled cholesterol compared to those incubated with CSF from control
individuals (Figure 34A).
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Figure 34. CSF HDL-like—mediated cholesterol delivery to neurons is impaired in
AD. Differentiated human neuroblastoma cells were incubated with radiolabeled CSF
HDL-like particles, with [*H]cholesterol, for 4 hours. (A) Cholesterol uptake from
radiolabeled CSF-derived HDL-like particles from control individuals (n=10) and patients
with AD (n=10). (B, C) Cholesterol uptake from radiolabeled control CSF HDL-like
particles in the presence of increasing concentrations of Tau (up to 1,000 pg/mL) or AB1-
42 (up to 1,500 pg/mL) added to the culture medium. Three independent experiments per
condition are shown. Data are presented as mean + SD.
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We then investigated whether Tau protein or A peptide could directly impact
cholesterol uptake from CSF in neurons. To test this, increasing concentrations of
purified t-Tau protein or APi-swere added to the conditioned media during the
cholesterol uptake assay. Under these conditions, neither t-Tau or Apia
significantly affected the percentage of radiolabeled cholesterol uptake by neurons
(Figure 34B and 34C). Consistent with these findings, correlation analyses
revealed no significant associations between impaired neuronal cholesterol uptake

and CSF levels of AD biomarkers or cholesterol-related parameters (Table 4).

Table 4. Association of cholesterol uptake with CSF biochemical parameters.

Pearson r p-value

AB, 4, (pg/mL) 0.4081 0.07
AB, ,,(pg/mL) 0.2206 0.35

AB, 4 APB1.40 ratio 0.4359 0.05
t-Tau (pg/mL) - 0.0145 0.95
p-Tau (pg/mL) - 0.0960 0.68
Total cholesterol (ng/mL) - 0.1300 0.59
Free cholesterol (ug/mL) 0.2029 0.39
APOA-I (ng/mL) 0.0601 0.80
APOE (pg/mL) -0.1484 0.53
APOJ (pg/mL) 0.1086 0.65
PCSKS9 (ng/mL) - 0.1105 0.64

Furthermore, cholesterol uptake was not associated with age in either control
subjects (Pearson r = 0.37, p = 0.29) or AD patients (Pearson r =-0.10, p = 0.66).
Additionally, within the AD group, where sex distribution was balanced, no
significant differences in cholesterol uptake were observed between males and
females (p = 0.70).
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3.4.APOE4-containing HDL displays reduced efficiency in delivering
cholesterol to neurons

To explore the impact of APOE isoforms on cholesterol transport, synthetic rHDL
nanoparticles were assembled using recombinant human APOE3 or APOE4,
phospholipids, and cholesterol. Both rHDL-APOE3 and rHDL-APOE4
nanoparticles exhibited similar electrophoretic migration patterns (Figure 35A).
Dynamic light scattering confirmed that particle sizes were similar between the
two nanoparticle types (Figure 35B and 35C). Additionally, the cholesterol-to-
APOE ratios were nearly identical (0.278 for rHDL-APOE3 and 0.287 for rHDL-
APOE4).
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Figure 35. rHDL-APOE nanoparticles exhibit similar electrophoretic mobility and
size distribution. (A) Native gel electrophoresis visualized by Coomassie Blue staining.
(B, C) Particle size distributions of rHDL-APOE3 and rHDL-APOE4 nanoparticles
analyzed by dynamic light scattering. Representative intensity-based size profiles are
shown, with corresponding images of nanoparticles displayed as insets.
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We next examined whether these rHDL nanoparticles could mediate cholesterol
efflux. Both rHDL-APOE3 and rHDL-APOE4 nanoparticles induced similar
levels of cholesterol efflux from astrocytes (Figure 36A).

To evaluate neuronal interaction with rHDL nanoparticles, Oregon Green—labeled
phospholipid was incorporated in their core and incubated with SH-SY5Y neurons
for 4 hours. No fluorescence was detected in control cells, whereas both rHDL-
APOE3 and rHDL-APOE4 delivered fluorescent phospholipids to neurons, as
visualized by confocal microscopy (Figures 36B). Flow cytometry analysis
revealed a trend toward reduced internalization of rHDL-APOE4-associated
phospholipids compared to rHDL-APOE3 (Figure 36C). Furthermore, when
assessing cholesterol uptake by SH-SY5Y neurons, rHDL-APOE4 particles
promoted significantly lower uptake of radiolabeled cholesterol than rHDL-
APOE3 (Figure 36D).
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Figure 36. APOE4-containing rHDL has a lower ability to deliver cholesterol to
neurons. (A) Cholesterol efflux from human astrocytes to rHDL-APOE3 or rHDL-
APOE4 under baseline conditions and following LXR agonist T0901317 treatment. Five
independent experiments are shown. (B) Confocal microscopy images of human neurons
under three conditions: untreated (control), incubated with rHDL-APOES3, and incubated
with rHDL-APOE4. Oregon Green—labeled phospholipids were used to assess
nanoparticle uptake. (C) Quantification of phospholipid internalization in neurons by flow
cytometry under the same conditions. Three independent experiments are shown. (D)
Neuronal cholesterol uptake mediated by rHDL-APOE3 and rHDL-APOE4 nanoparticles.
Five independent experiments are shown. Data are presented as the mean £ SD.
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DISCUSSION

DISCUSSION OF RESULTS FROM WORK 1

The identification of PCSK9 as a therapeutic target marked a turning point in
cholesterol-lowering strategies, offering a promising option for patients with FH
or those unresponsive to conventional lipid-lowering treatments. PCSK9-
neutralizing antibodies, such as evolocumab and alirocumab, have since emerged
as effective tools in clinical practice, helping to achieve LDL-cholesterol goals in
high-risk individuals.®*% In the present study, we evaluated 14 heterozygous FH
patients before and after treatment with evolocumab. As expected, the therapy
significantly reduced circulating LDL-cholesterol and APOB levels, confirming
its efficacy in this cohort.

Evolocumab treatment modulates the lipoprotein distribution of

macrophage-derived cholesterol efflux towards the HDL fraction

Previous studies have shown that plasma or HDL derived from untreated
heterozygous FH patients exhibits a reduced capacity to promote cholesterol
efflux from macrophages compared to normolipidemic controls.®® Intriguingly,
while HDL functions as the primary cholesterol efflux acceptor, LDL has been
identified as the major intermediate reservoir for unesterified cholesterol effluxed
from macrophages,®1% indicating a more relevant role of this lipoprotein in the
overall RCT pathway. PCSK9 inhibitors have been reported to cause modest
alterations in HDL particle number and size; however, findings across studies
have been inconsistent,’%41% and these changes do not appear to significantly
impact the overall cholesterol efflux capacity mediated by HDL.X%5-1% However,
the potential influence of PCSK9 inhibitors on the role of LDL as a macrophage-

derived cholesterol reservoir has remained unexplored.

Our data show that evolocumab therapy did not significantly alter the total
cholesterol efflux capacity of plasma from FH patients assessed ex vivo. However,
when analyzing the plasma lipoprotein fractions post-efflux, a redistribution of

radiolabeled macrophage-derived cholesterol was observed. Specifically, HDL-
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associated radiolabeled cholesterol was increased, while radiolabeled cholesterol
associated with LDL was significantly reduced in post-treatment samples. These
findings suggest that, although total efflux remained unchanged, evolocumab was
able to modulate the trafficking of macrophage-derived cholesterol between

lipoproteins, favoring its association with HDL over LDL.

Importantly, PCSK9 inhibition treatment did not affect the activities of CETP,
PLTP, or LCAT, which are key lipoprotein remodeling enzymes. These findings
indicate that the observed lipoprotein shifts occurred independently of major lipid
transfer or esterification processes. They also reveal that PCSK9 inhibition could

not restore the enzymatic activity alterations reported in FH patients.%®

In our experiments investigating the competitive dynamics between LDL and
HDL in cholesterol acceptance and trafficking, we observed that at high LDL
concentrations, this lipoprotein efficiently acquired macrophage-derived
radiolabeled cholesterol, acting as a transient reservoir. Conversely, as LDL
concentrations decreased, radiolabeled cholesterol was predominantly recovered
in the HDL fraction, indicating a shift in reservoir preference. Importantly, in
plasma from anti-PCSK9-treated FH patients, the transfer of cholesterol from
macrophages to LDL was markedly reduced, with unesterified cholesterol instead
accumulating within HDL particles. This redistribution suggests a PCSK9
inhibitor—induced shift in lipoprotein-mediated cholesterol trafficking of
macrophages, potentially influencing the efficiency of RCT. However, whether
this altered redistribution among lipoproteins translates into enhanced cholesterol

elimination in vivo required further investigation.

PCSKJ inhibition mimics lipoprotein redistribution of macrophage-derived

cholesterol and enhances macrophage-to-feces RCT in vivo

To address this point, we established a murine model of FH by crossbreeding
LDLR-deficient mice with human APOB100 transgenic mice, generating

heterozygous LDLR-deficient mice expressing human APOB100, which
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recapitulates key aspects of human FH pathology. In this model, treatment with
the PCSK9-mAD1 significantly reduced plasma APOB100 and LDL-cholesterol
levels induced by Western-type diet feeding.

When assessing the macrophage-specific RCT pathway in vivo, we found that
PCSK9 inhibition led to a reduced retention of macrophage-derived cholesterol in
the LDL fraction, accompanied by a corresponding increase in radioactivity
within the HDL fraction. This lipoprotein redistribution closely mirrored the
pattern observed in FH patient plasma following PCSK9 inhibitor therapy.
Consistently, PCSK9-mAb1 therapy did not alter the PLTP and LCAT activities
in FH mice, supporting that lipoprotein redistribution occurred independently of

the main lipoprotein remodeling factors also in mice.

Notably, mice treated with PCSK9-mAb1l exhibited increased recovery of
radiolabeled cholesterol in feces, indicating enhanced cholesterol elimination.
These findings suggest that by preventing the sequestration of macrophage-
derived cholesterol in LDL, PCSK9 inhibitors may also facilitate its transfer to

HDL, thereby promoting the overall efficiency of the RCT pathway.

It is important to emphasize that cholesterol efflux from macrophages is a key
protective mechanism against atherosclerosis.'® While the peritoneal cavity does
not fully replicate the arterial intima, where LDL particles are predominantly
retained within the extracellular matrix via proteoglycan binding and subsequently
modified and taken up by macrophages,''® it does share relevant physiological
features. Specifically, HDL particles exit both environments through the
lymphatic circulation, which constitutes a central route in the RCT pathway.!!!
Therefore, the observed increase in radiolabeled HDL-cholesterol derived from
macrophages, including in FH subjects, likely reflects enhanced mobilization and

clearance of macrophage-derived cholesterol from the body.

141



142

CHAPTER V

LDL-cholesterol clearance is potentiated by PCSK9 antibody treatment

We next aimed to determine whether the enhanced RCT observed in LDLR+/-
hAPOB100 mice following PCSK9 inhibition was attributable to increased
clearance of LDL- or HDL-associated cholesterol. Previous studies have
demonstrated that functional LDLR is essential for sustaining CETP-independent
RCT in vivo by mediating the hepatic uptake and subsequent fecal excretion of
macrophage-derived cholesterol transported in LDL particles.* In contrast, HDL-
cholesterol is primarily taken up by the liver via SR-BI and to a lesser extent
through ABCA1-mediated pathways.?2

Following the injection of [*H]LDL-cholesterol ester, mice treated with PCSKO9-
mADb1 exhibited a more rapid clearance of [3H]cholesterol from plasma,
accompanied by a reduced hepatic accumulation and increased fecal excretion.
These findings indicate that PCSK9 inhibition enhances the removal of LDL-
associated cholesterol in LDLR+/- hAPOB100 mice. In contrast, PCSK9-mAb1l
treatment had no effect on the clearance of [BH]JHDL-cholesterol ester, suggesting

that the treatment mainly enhances the catabolism of LDL-derived cholesterol.

Notably, hepatic cholesterol is ultimately secreted into bile and the intestinal
lumen as unesterified cholesterol via the ABCG5 and ABCG8 transporters.'!2
Although the expression of these transporters was not directly modulated by anti-
PCSKO treatment, their levels are known to be upregulated by dietary cholesterol
such as that provided by a Western-type diet.!*® Therefore, the marked
upregulation of functional LDLR in PCSK9 antibody-treated LDLR+/-
hAPOB100 mice, in conjunction with the sustained high expression of ABCG5
and ABCGS, supports the hypothesis that the hepatobiliary route of LDL-
cholesterol elimination plays a central role in mediating the enhanced fecal
cholesterol excretion observed in this model. Taken together, our data indicate
that PCSKQ9 inhibition promotes an efficient pathway for LDL-derived cholesterol

clearance, thereby contributing to improved RCT.
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Altogether, our work demonstrates that treatment with evolocumab in FH patients,
and with a PCSK9 monoclonal antibody in a humanized FH mouse model,
promotes a redistribution of macrophage-derived cholesterol from LDL to HDL,
without altering total efflux capacity or the activity of key remodeling enzymes.
This shift was accompanied by increased fecal cholesterol excretion in
heterozygous LDLR-deficient mice expressing human APOB100, driven
specifically by enhanced clearance of LDL-associated cholesterol via upregulated
LDLR (Figure 37). These findings highlight a mechanistic pathway through
which PCSKQ9 inhibitors increase RCT, contributing to atheroprotection beyond

their LDL-lowering effects alone.
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Figure 37. Proposed model for work 1. PCSK9 inhibition promotes the redistribution
of macrophage-derived cholesterol from LDL to HDL and enhances macrophages-to-
feces RCT pathway by accelerating hepatic clearance of LDL particles. UC: unesterified
cholesterol. Created with Biorender.com
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DISCUSSION OF RESULTS FROM WORK 2

The present work builds on the increasing recognition of VSMCs as a substantial
source of foam cells within atherosclerotic plaques. While foam cells were
traditionally considered to originate predominantly from macrophages, recent
studies have demonstrated that VSMC may account for 30-70% of foam cell
population in human atherosclerotic lesions.®14118 This paradigm shift has
changed our understanding of plaque development and progression, emphasizing
the phenotypic plasticity of VSMCs and their active involvement in lipid
accumulation. Despite these insights, the molecular and cellular mechanisms
governing cholesterol handling in lipid-loaded VSMCs remain poorly understood.
In particular, the capacity of VSMC-derived foam cells to participate in RCT, and

whether this process can be modulated by LXR activation has yet to be assessed.

Cholesterol loading drives phenotypic switching and dysfunctional
cholesterol efflux in VSMCs

To begin addressing this, we first evaluated whether immortalized mouse aortic
VSMC:s are capable of undergoing a foam cell-like transformation characterized
by intracellular lipid accumulation and phenotypic plasticity. The cholesterol-
loading model using MBD-cholesterol effectively induced lipid accumulation in
VSMCs, demonstrating their ability to uptake and store cholesterol. In parallel,
the observed changes in gene expression, including increased CD68 and decreased
TAGLN, further corroborate a phenotypic switch toward a macrophage-like state,
as previously reported.*® These findings reinforce the evolving understanding that
VSMCs actively contribute to foam cell populations within atherosclerotic

plaques, in addition to their traditional structural role.

Initially, we confirmed that both whole serum and APOB-depleted serum, rich in
HDL and lipid transfer proteins, effectively promoted cholesterol efflux from
immortalized mouse aortic VSMCs. In contrast, cholesterol efflux capacity was

significantly impaired following MBD-cholesterol loading, reflecting features
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commonly associated with macrophage-derived foam cells. This dysfunction
underscores a substantial disruption in cholesterol handling in foam-like VSMCs,

further supporting their active role in plaque lipid accumulation.

Interestingly, we observed that ABCAL expression was upregulated in VSMCs
exposed to MBD-cholesterol. This finding contrasts with reports showing reduced
ABCAL1 expression in human intimal and rat intimal-like VSMCs.511% However,
it aligns with other studies demonstrating increased expression in cholesterol-
loaded mouse VSMCs.%8114115 Although we did not evaluate ABCAL protein
expression in our work, discrepancies in mRNA Abcal expression suggest that
ABCAI1 regulation in VSMCs may differ depending on the context, and may be
influenced by species or the nature of cholesterol loading. The observed ABCA1
upregulation may represent a compensatory response aimed at limiting
intracellular lipid accumulation. Nevertheless, this response is not sufficient to
prevent foam cell transformation under hypercholesterolemic conditions,
featuring a functional disconnect between ABCAL expression and effective
cholesterol efflux in VSMCs.

LXR activation enhances cholesterol efflux in VSMCs, but foam cell

transformation limits its efficacy

The activation of LXRs has been well established as a potent enhancer of
macrophage-specific cholesterol efflux and RCT in vivo,*?°-122 and thus represents
a promising strategy for attenuating atherosclerosis. In this context, elucidating
the role of LXR signaling in regulating the entire VSMC-specific RCT pathway,
under both baseline conditions and following foam-cell like transformation, is of

particular interest.

Consistent with its known effects in macrophages, treatment with the LXR agonist
T0901317 significantly enhanced cholesterol efflux from VSMCs. This supports
the concept that LXR-mediated upregulation of ABCAL is an effective

mechanism to facilitate lipid removal from VSMCs.
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Differently, the cholesterol efflux response to LXR activation was markedly
attenuated in MBD-cholesterol-loaded VSMCs. While LXR stimulation still
promoted efflux in these lipid-laden cells, the extent of this response was
substantially reduced compared to non-lipid-laden VSMCs, even though ABCA1
expression was more strongly induced. This reveals intrinsic limitations in the
ability of foam cells to mobilize intracellular cholesterol effectively, likely due to
altered cellular architecture, impaired transporter trafficking, or reduced

interaction with cholesterol acceptors following phenotypic transformation.

The critical role of ABCAL in mediating this process was further confirmed by
the complete abrogation of LXR-stimulated cholesterol efflux in the presence of
probucol, an ABCAL1 specific inhibitor that specifically blocks APOAL binding

without affecting passive lipid exchange mechanisms.

In contrast to our findings, previous studies have reported a complete failure of
LXR-mediated cholesterol efflux in intimal-like VSMCs derived from Wistar-
Kyoto rat arteries, possibly as a result of the absence of key membrane or
cytoskeletal component required for APOA1 interaction.!’® Together, these
findings manifest species-specific differences in cholesterol efflux regulation in
VSMCs and emphasize the need for further investigation into the molecular
mechanisms and structural factors that modulate this pathway across different

experimental models.

Targeted LXR activation restores in vivo RCT from cholesterol-loaded
VSMCs

In line with our in vitro findings, the in vivo RCT assay revealed a markedly
impaired cholesterol clearance from MBD-cholesterol-loaded VSMCs.
Radiolabeled cholesterol recovery in serum, HDL, liver, and feces was
significantly reduced compared to non-lipid-laden VSMCs, reflecting the

physiological limitations of cholesterol mobilization from foam cell-like VSMCs.



DISCUSSION

This impairment underscores the pathological relevance of VSMC-derived foam

cells as inefficient contributors to RCT in the atherosclerotic context.

Importantly, pre-treatment of both native and lipid-loaded VSMCs with the LXR
agonist T0901317 significantly enhanced RCT efficiency. Increased radiolabeled
cholesterol levels were detected in serum, HDL fraction, and feces, demonstrating
that LXR activation boosts the mobilization and excretion of cholesterol from
VSMCs in vivo, even under foam cell-like conditions. These results confirm that
pharmacological activation of LXR restores, at least partially, the efflux and

transport defects inherent to cholesterol-laden VSMCs.

Crucially, these findings support cell-specific activation of LXR in VSMCs as a
more desirable therapeutic strategy over systemic activation. While systemic LXR
stimulation is effective in promoting RCT,*?? it has also been reported to induce
lipogenesis and hepatic lipid accumulation, raising concerns over potential
adverse effects such as hepatic steatosis.!?® By contrast, targeted modulation of
LXR activity within the vascular wall, particularly in VSMCs, could facilitate
cholesterol removal from plagues while minimizing hepatic side effects, offering

a safer and more focused approach to atherosclerosis treatment.

ACAT inhibition and LXR activation synergistically enhance cholesterol

mobilization from VSMC-derived foam cells

Given that ACAT is the key enzyme catalyzing the esterification of free
cholesterol into cholesteryl esters for storage within lipid droplets, we sought to
determine whether its inhibition could enhance cholesterol mobilization in foam
cell-like VSMCs. Selective pharmacological inhibition of ACAT restored the
pool of bioavailable, unesterified radiolabeled cholesterol in cholesterol-loaded
VSMCs. This increase in free cholesterol coincided with a significant recovery of
cholesterol efflux and RCT rates, reaching levels similar to those observed in non-

lipid-laden control cells. These findings support the notion that blocking
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cholesterol esterification facilitates the redistribution of intracellular cholesterol

toward transport pathways rather than storage compartments.

Notably, ACAT inhibition has previously been shown to reduce cholesterol
accumulation and promote cholesterol efflux in human macrophages,?+1%
highlighting its role as a modulator of intracellular cholesterol homeostasis.
Nonetheless, the therapeutic potential of ACAT inhibitors has been questioned
due to cytotoxic effects observed in foam cells derived from mouse macrophages,
where pharmacological inactivation of ACAT led to cholesterol-induced cell
toxicity and death.'?”128 |n contrast, both human and rat aortic VSMCs appear to
be more resilient to cholesterol accumulation and ACAT inhibition. These cells
demonstrate an ability to reduce foam cell formation in response to ACAT
inhibition without triggering cytotoxic responses.'?® These results emphasize the
sensitivity of different cell types and species to cholesterol ester accumulation and
mobilization, and reinforce the selective inhibition of ACAT in VSMCs as a

feasible targeted therapeutic strategy.

Building on this, our experiments demonstrated that the combined application of
an LXR agonist and an ACAT inhibitor synergistically enhanced cholesterol
efflux and markedly promoted in vivo RCT from VSMC-derived foam cells. This
combinatorial approach appeared to overcome the intrinsic limitations of
cholesterol mobilization in heavily lipid-laden VSMCs, where either treatment
alone achieved only partial restoration. By simultaneously increasing the
bioavailability of unesterified cholesterol (via ACAT inhibition) and upregulating
efflux transporters (via LXR activation), this strategy effectively reestablished

cholesterol trafficking.

Overall, our study highlights the active and pathological role of VSMC-derived
foam cells in atherosclerosis. Cholesterol loading induced a phenotypic switching
and functional dysfunction in VSMCs, resulting in defective cholesterol efflux.

While LXR activation enhanced cholesterol efflux in baseline conditions, its
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efficacy was diminished in lipid-loaded cells, revealing intrinsic limitations in
cholesterol mobilization. Importantly, the combination of LXR activation and
ACAT inhibition synergistically restored cholesterol efflux and significantly
improved in vivo RCT (Figure 38). These findings underscore the therapeutic
potential of targeting VSMC-specific mechanisms to mobilize cholesterol and
reduce plaque lipid burden, offering a novel and more precise approach to
atherosclerosis treatment beyond macrophage-centered strategies.
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Figure 38. Proposed model for work 2. Cholesterol loading of VSMCs impairs
cholesterol efflux and RCT. These defects are restored by LXR activation or ACAT
inhibition, with a synergistic enhancement observed when both strategies are combined.
Created with Biorender.com
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DISCUSSION OF RESULTS FROM WORK 3

Growing evidence has increasingly highlighted the role of lipid dysregulation in
AD pathogenesis. It is noteworthy that APOE-e4 is the most well-established
genetic risk factor for the disease.®> However, the specific impact of this isoform
on brain cholesterol transport is not yet fully understood. Given the essential role
of cholesterol in maintaining neuronal membrane integrity and supporting
synaptic function, we aimed to investigate how AD and APOE isoform status

influence cholesterol transport mediated by CSF HDL-like particles.

Increased APOE-¢4 prevalence in AD patients does not alter CSF HDL-like

lipid composition

The individuals included in this study were selected from the well-characterized
SPIN cohort. As expected, biochemical analysis of CSF confirmed hallmark
alterations associated with AD, including elevated levels of t-Tau and p-Tau,
along with decreased concentrations of AB1-42 peptide and a reduced AP1-
42/AB1-40 ratio. These findings are consistent with the established biomarker
profile of AD.'® Moreover, a higher prevalence of the APOE-c4 allele was
observed among AD patients, further supporting its strong genetic association

with the disease.

Significant differences in sex distribution and age were also noted between the
groups, with the AD cohort comprising a higher proportion of female patients and
older individuals. These observation align with epidemiological data and meta-
analyses that identify advanced age as the strongest risk factor for AD**!%2 and

report a higher prevalence of the disease among women.**

Regarding lipid-related CSF components, our analysis revealed no significant
differences in APOE concentrations between AD and control groups, which were
unaffected by sex distribution. Previous studies reported conflicting results on

APOE levels in AD patients,*1%-140 and suggested that its associated risk may be



DISCUSSION

more tightly linked to APOE isoform function than to overall protein abundance.
Similarly, levels of other key constituents of CSF HDL-like particles, including
APOAL, APOJ, and total cholesterol, were similar between groups. Notably,
although PCSK9 has been implicated in AD pathophysiology,'** with several
reports reporting elevated plasma and CSF levels in AD patients,**24 our data
did not show significant differences in CSF PCSK9 concentrations between the
two groups.

Taken together, our results indicate that despite the higher presence of the APOE-
€4 genotype in the AD group, the main lipid and protein components of CSF HDL-

like particles remain unaltered.

Astrocyte cholesterol efflux to CSF HDL-like particles is similar between AD

patients and control subjects

Astrocyte-mediated cholesterol efflux to CSF HDL-like lipoproteins, which
mainly contain APOE, occurs via both passive diffusion and active pathways
facilitated by the transporters ABCA1 and ABCG1.145146 We evaluated the ability
of human A172 glioblastoma astrocytes to mediate cholesterol efflux to CSF
under basal conditions and following activation of the ABCAL- and ABCG1-
dependent pathways.

In line with findings from rat astrocyte models,* we observed no significant
difference in cholesterol efflux to CSF between AD and control groups, regardless
of transporter pathway activation. However, this results contrast with a previous
report using human U373-MG astrocytoma cells, where CSF from AD patients
exhibited a reduced capacity to promote cholesterol efflux following
ABCA1/ABCG1 stimulation.**” Notably, that study reported elevated CSF APOE
levels in AD, which may have contributed to the impaired efflux, an effect

similarly described in macrophages.*
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CSF HDL-like-mediated cholesterol delivery to neurons is impaired in AD

patients

To investigate cholesterol delivery to neurons, we developed a sensitive isotopic
uptake assay that involved the incorporation of radiolabeled unesterified
cholesterol into the CSF HDL-like particles. This approach allowed us to evaluate
the ability of differentiated SH-SY5Y human neurons to acquire cholesterol
directly from the radiolabeled CSF HDL-like particles.

Our findings revealed a significant reduction in cholesterol uptake by neurons
when exposed to CSF from AD patients compared to control CSF. This suggests
a compromised efficiency of cholesterol delivery to neurons in the context of AD,
potentially contributing to impaired neuronal membrane synthesis, synaptic

function, and overall neurodegeneration.

To determine whether hallmark pathological proteins of AD might influence this
transport deficit, we next examined the effect of AB and tau on cholesterol uptake.
The addition of these proteins to the assay system did not alter neuronal
cholesterol acquisition from CSF, indicating that their presence alone does not
account for the observed impairment in cholesterol delivery. This implies that the
reduced uptake is likely driven by intrinsic changes in the lipid or protein
composition of HDL-like particles in AD CSF, rather than by direct interference

from AP or tau.

These results highlight a previously underexplored aspect of lipid dysregulation
in AD and suggest that altered cholesterol transport dynamics—particularly
reduced delivery to neurons—may be an early and contributing factor in disease

progression.
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APOE4 in rHDL-like particles impairs cholesterol delivery to neurons

To explore whether the cholesterol transport alterations observed in AD could
stem from functional differences among APOE isoforms, we directly compared
the effects of rHDL nanoparticles containing either APOE3 or APOE4 on
cholesterol efflux and uptake.

Our results showed that cholesterol efflux from human A172 glioblastoma
astrocytes did not differ between rHDL-APOE3 and rHDL-APOE4, indicating
similar capacity to accept cholesterol from these cells. Previous studies have
reported conflicting results regarding the lipidation and cholesterol-handling
capacity of different APOE isoforms in astrocytes. Some findings suggest that
ABCA1-mediated cholesterol and phosphatidylcholine efflux to lipid-free APOE
does not significantly differ between isoforms,**® while others demonstrate that
APOE3 more efficiently facilitates cholesterol efflux than APOE4.1° This
difference aligns with findings showing that ABCA1 membrane trafficking is
impaired in the presence of APOE4, ultimately leading to reduced cholesterol
efflux from astrocytes.’! In line with this, transcriptomic and functional analyses
of human iPSC-derived astrocytes have shown that APOE4 alters cholesterol and
extracellular matrix pathway regulation® and diminishes neurotrophic support,

including impaired cholesterol transport capacity.!®2

In cholesterol uptake assays using differentiated SH-SY5Y neurons, radiolabeled
cholesterol delivered by rHDL-APOE4 was internalized significantly less
efficiently than that delivered by rHDL-APOE3, demonstrating a compromised
capacity of APOE4-containing rHDL particles to deliver cholesterol to neurons.
In this context, prior studies using rat hippocampal neurons also showed APOE
isoform-dependent differences in cholesterol uptake, with APOE4 displaying an
impaired lipid delivery.’ This reduced uptake may result from lower binding

affinity for neuronal APOE receptors or impaired receptor-mediated
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internalization and trafficking, such as LRP1 which has been shown to be critical

for lipid metabolism homeostasis in neurons.*%*

Collectively, our data show that despite the increased prevalence of APOE-¢4 and
the presence of hallmark AD biomarkers, the overall composition of CSF HDL-
like particles and their capacity to accept cholesterol from astrocytes remain
unchanged. Nevertheless, a significant impairment in neuronal cholesterol uptake
from AD CSF was observed, implicating a functional deficiency in cholesterol
delivery. This defect was recapitulated using reconstituted HDL particles, where
APOE4-containing particles exhibited reduced neuronal uptake compared to
APOE3 (Figure 39). These findings support a critical APOE isoform—dependent
mechanism by which cholesterol trafficking to neurons is compromised in AD,
potentially contributing to synaptic dysfunction and neurodegeneration. Targeting
APOE4-mediated cholesterol transport deficits may offer a novel therapeutic

approach to restoring neuronal lipid homeostasis in AD.
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Figure 39. Proposed model for work 3. While cholesterol efflux from astrocytes is
similar between control and AD patients, cholesterol uptake by neurons is significantly
reduced when mediated by CSF HDL-like particles from AD patients. This impairment is
primarily attributed to the presence of APOE4 isoform. Created with Biorender.com















CONCLUSIONS

Work 1: PCSKO9 Inhibition and Cholesterol Efflux in FH

Macrophage cholesterol efflux capacity remains unchanged following PCSK9
inhibitor treatment in FH patients.

PCSK9 inhibitor therapy induces a shift in the distribution of macrophage-
derived cholesterol to lipoproteins in FH plasma during the cholesterol efflux
process; this results in a reduction of LDL's capacity to act as a macrophage-
derived cholesterol reservoir and an increase in the acceptor function of HDL.
In a humanized FH mouse model, PCSK9 antibody treatment significantly
enhances the overall macrophage-to-feces RCT pathway, mainly via accelerated

hepatic clearance of LDL particles.

Work 2: Cholesterol Efflux from VSMCs in Atherogenesis

Cholesterol loading induces a phenotypic switch in VSMCs, accompanied by a
marked impairment in cholesterol efflux to HDL.

LXR activation enhances cholesterol efflux and promotes the VSMC-to-feces
RCT pathway in vivo, even after foam-cell like transformation.

ACAT inhibition restores the cholesterol efflux capacity in lipid-laden VSMCs
by increasing the bioavailability of unesterified cholesterol for transport.

The combination of LXR activation and ACAT inhibition synergistically
enhances cholesterol efflux from VSMC-derived foam cells, effectively

overcoming the limitations of each treatment alone.

Work 3: CSF-Mediated Cholesterol Transport in AD

Cholesterol efflux from astrocytes is similar between AD patients and control
individuals, both under baseline conditions and following ABCA1/ABCG1
transporter upregulation.

CSF HDL-like particles from AD patients exhibit defective cholesterol delivery
to neurons, resulting in reduced neuronal cholesterol uptake that is not influenced
by AP peptide or tau protein.

rHDL particles containing APOE4 show similar cholesterol efflux from
astrocytes and lower cholesterol delivery to neurons compared to rHDL-APOES3,
emphasizing the role of APOE4 in compromising neuronal cholesterol

homeostasis.
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