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Abstract

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease and the leading cause of
dementia globally. Most of the available drugs only transiently relieve symptoms, and novel therapies
have failed in clinical studies, except for the expensive monoclonal antibody Aducanumab (Villain et
al. 2022) not yet approved by European Medicines Agency. There is therefore a pressing need for the

development of innovative therapeutic strategies.

Proprotein Convertase Subtilisin-like Kexin type 9 (PCSK9), an enzyme that degrades low-density
lipoprotein receptor and regulates plasma cholesterol levels, is also expressed in central nervous
system (CNS). Clinical studies have shown increased levels of PCSK9 in the cerebrospinal fluid
(CSF) and the frontal cortex of AD patients (Zimetti et al. 2017, Picard et al. 2019). PCSK9 may play
arole in AD pathophysiology including cholesterol dyshomeostasis (Adorni et al. 2019). For instance,
recent findings demonstrated that PCSK9 alters cholesterol metabolism in astrocytes and neurons,
reducing the expression of apolipoprotein E-interacting receptors (APOERs) and leading to reduced
neuronal cholesterol intake. In addition, PCSK9 overexpression worsened amyloid beta (Af)-induced

neurotoxicity (Papotti et al. 2022).

The aim of this study was to test the possible protective effects of PCSK9 on AD-related
neurodegenerative processes in both in vitro and in vivo models. More specifically, we tested the pro-
inflammatory effects of PCSK9 by incubating U373 human astrocytoma cells with A fibrils and
human recombinant PCSK9 in vitro. Then, we assessed the pathophysiological consequences of

PCSK9 genetic ablation in 5XFAD mice, a well-established transgenic mouse model of AD.

In vitro, our results demonstrated that PCSK9 significantly increases interleukin-6, interleukin-1/ and
Tumor Necrosis Factor-oo mRNA levels and Monocyte Chemoattractant Protein-1 release in Af

fibrils-treated U373 cells without influencing inflammasome gene expression.

In vivo, PCSK9 ablation significantly improved hippocampal-dependent spatial memory and
ameliorated search strategy in SXFAD mice at the Morris Water Maze (MWM) test; in addition, a
reduction of cortico-hippocampal AP burden was observed, affecting neither plaque spatial/regional
distribution and composition nor global BACE1 expression. Furthermore, PCSKO loss attenuated the

inflammatory state in several brain regions of SXFAD mice decreasing microglial reactivity.

Ex vivo analysis showed an altered expression of lipid metabolism-related genes, proinflammatory
cytokines and total cholesterol levels in the brain of 5SXFAD mice, that was not significantly affected

by the loss of PCSK®9. Instead, PCSK9 deletion decreased total cholesterol levels in the serum of
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both 5SXFAD and control mice. Finally, knocking out PCSK9 had no significant impact on

hydroxysterol levels in any experimental group.

In a side project, several newly synthesized lipophilic small molecules (MR-compounds) were tested
on human hepatoma G2 cell line (HepG2) to evaluate their cytotoxicity and PCSK9 inhibition
efficacy. Among them, three compounds were selected for in vivo studies on C57BL/6J mice to

evaluate: tolerability with SHIRPA test and biodistribution in liver.

Overall, these data support an involvement of PCSK9 in AD pathophysiology, indicating that: 1)
PCSKO9 enhances AB-induced neuroinflammatory response in U373 cells; 2) PCSK9 deletion reduces
amyloidosis and neuroinflammation improving cognitive performance in SXFAD mice; 3) MR-
compounds inhibit PCSK9 and reverse PCSK9-mediated reduction of cholesterol uptake in neuronal

cells. The subacute application of selected MR compounds to C57BL/6J mice was well tolerated.

Present research point to PCSK9 as a promising pharmacological target in AD worth of further

investigation and therapeutic development.
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1. Introduction

1.1.  Lipid and neurodegenerative disorders

Lipids represent a major class of biomolecules crucial for the function and integrity of all living cells.
Lipids can be classified by their head group configuration, molecular weight, the nature and number
of carbon-to-carbon bonds and whole structure into five major groups as fatty acids,
glycerophospholipids, glycerolipids, sphingolipids and sterols. Besides phospholipids, cholesterol, is
a fundamental constituent of animal cells and is crucial in determining membrane structure,
modulating both fluidity and permeability of membrane. The brain represents the body’s second most
lipidated organ, and these organic compounds play a pivotal role in normal development and function
of CNS, such as neurogenesis, synaptic transmission, neural communication, modulation of gene
expression and energy balance. In fact, lipids are directly implicated in the formation of lipid bilayers
of cell membranes, including synapses and myelin sheaths, and are involved in regulation of
membrane fluidity. In addition, lipid composition forms a microenvironment in which proteins can
be included/excluded, thus influencing protein functionality and cell signalling. Lipid composition
and membrane fluidity influence which protein will be associated with lipids and regulate receptor
partitioning, directly participating and modulating signalling processing. In this view, lipids are not
only the building blocks for membranes; in fact, lipid composition, degree of unsaturation, and length
of fatty acyl tails can determine fluidity of membranes, lipid rafts, membrane microdomains, and
influence vesicles fusion and secretion (Mencarelli and Martinez-Martinez, 2013). Moreover, lipids
are also involved in the maintenance of membrane bilayer structure relevant for optimal activity of
ion channels, enzymes and receptors and its dysregulation is associated to changes in the ionic

homeostasis leading to oxidative stress, mitochondrial dysfunction, and neuronal death.

During physiological aging changes in the lipid composition have been reported in different human
brain regions (Rouser and Yamamoto, 1968). Also changes in lipidome profile have been described,
for example an increasing susceptibility of lipid to peroxidation and a reduction of polyunsaturated
fatty acids with antioxidant and anti-inflammatory activity was observed (Chen et al., 2017).
Moreover, the lipid composition in lipid rafts undergoes significant modifications during aging,
resulting in the alteration of several physiological functions (Diaz et al., 2018; Mesa-Herrera et al.,
2019). These findings evidenced that lipid dysfunctions contribute to pathological processes involved

in neurodegenerative diseases.

Genetic studies associated many genes involved in lipid metabolism to the increased risk to develop
Alzheimer's Disease (AD), Parkinson’s Disease (PD), and other neurodegenerative disorders. For

instance, in the Niemann-Pick disease type C (NPC), an autosomal recessive disorder characterized
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by prominent neurological manifestations, mutations in NPC1 or NPC?2 genes correlate with impaired
cholesterol trafficking, endosomal-lysosomal compartment cholesterol accumulation and

neurodegeneration (Schulze and Sandhoff 2011; Rebiai et al., 2021).

A growing number of causative genes and risk loci for PD have also been implicated in lipid function,
metabolism, and trafficking (Alecu and Bennett, 2019; Flores-Leon and Outeiro, 2023). Mutations in
leucine-rich repeat kinase 2 (LRRK?2) are the most common risk factor for inherited PD and its
polymorphisms are also associated with an increased risk of the PD sporadic form. Studies have
suggested that LRRK?2 may have a role in several lipid-regulated processes (Galper et al. 2022). The
glucosylceramidase-beta 1 (GBAI), which encodes for a lysosomal enzyme, has been classified as a
critical gene in ceramide metabolism and its mutation represents penetrant genetic risk factor for PD.
In addition, GBA-associated PD patients had significantly lower levels of total cholesterol (TC) and
low-density lipoproteins (LDLs) compared to LRRK2-associated PD patients and healthy controls
(Macias-Garcia et al., 2021). A modification in sphingolipid levels, such as a decrease in the
ganglioside GM1, has been observed in the brains of PD patients compared to healthy controls (Wu
etal., 2012). Moreover, it has been suggested that GM1 is involved in the maintenance of a-synuclein
helical conformation preventing its aggregation (Martinez et al., 2007). Other studies have
demonstrated that anomalies in sphingolipid metabolism may also be involved in PD pathological
progression. Sphingomyelinase activity has been found to increase in PD brains, leading to enhanced
ceramide synthesis and neuronal apoptosis in the substantia nigra through the induction of oxidative
stress in mitochondria (France-Lanord et al., 1997; Leeden et al., 2008). Additionally, GBA gene
variants represent a risk factor also for AD and dementia with Lewy bodies (Chia et al., 2021;
Bellenguez et al. 2022). In fact, the abnormal a-synuclein levels caused by lysosomal dysfunction

may promote amyloid formation.

Moreover, several genome wide association studies (GWAS), exome and whole genome sequencing
studies identify lipid metabolic genes associated with Amyotrophic Lateral Sclerosis (ALS) risk, such
as the gene encoding a cytochrome P450 oxidase family 27 subfamily A member 1 (CYP27A1),
commonly known as sterol 27-hydroxylase, involved in cholesterol metabolism (Diekstra et al. 2012).
Recently, the lipid metabolism impairment was also investigated in ALS and Multiple Sclerosis
(Bouscary et al., 2021; Podbielska et al., 2022). Specifically, ALS is frequently accompanied by
hypercholesterolemia. In fact, high LDLs levels and a high LDLs / high-density lipoproteins ratio are
associated with a higher risk of developing ALS (Mariosa et al., 2017). In addition, increased levels
of phosphatidylcholine and sphingomyelin have been detected both in CSF of ALS patients and in
the cortex (Ctx) of ALS mouse model expressing a G93A mutant form of human superoxide

dismutase I gene and correlate with the progression of the disease (Blasco et al., 2017).
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Finally, lipid dyshomeostasis has been implicated also in Huntington’s Disease (HD), in both humans
and mouse models; in fact, huntingtin regulates the expression of transcription factor containing the
sterol regulatory element (SRE) influencing the expression of cholesterol biosynthetic enzymes.
Moreover, the presence of mutant huntingtin is associated with the downregulation of cholesterol
related genes and decreased cholesterol levels (Valenza and Cattaneo, 2006; Di Pardo et al. 2020).
However, the exact mechanisms by which reduced brain cholesterol contributes to HD pathogenesis
remain to be elucidated. Recently, it has been suggested that membrane composition influences both
huntingtin aggregation and lipid interactions (Stonebraker et al. 2023) and that increased

sphingomyelin content favours huntingtin aggregation (Chaibva et al. 2018).

The &4 allele of the apolipoprotein E (APOEe4), coding for a main transporter of cholesterol between
cells in the brain, is considered the strongest genetic risk factor for the development of late-onset AD
and some forms of frontotemporal dementia (Wang et al., 2020). Moreover, other lipid metabolism-
related risk genes have been identified through GWAS, and recently reviewed by Chew et al. (2020),

involved in lipid biosynthesis, trafficking, and signal transduction.

Genetic studies have been supported by lipidomic data reinforcing the evidence that alterations in
lipid metabolism represent a common feature in neurodegenerative disorders. For example, lipidomic
analysis of tissue from AD patients and AD animal models has revealed alterations in the levels of
several lipids, such as fatty acids, glycerophospholipids, sphingolipids and cholesterol both in plasma
(Mesa-Herrera et al., 2019; Chew et al., 2020; Cunnane et al., 2012) and in the lipid rafts of the
entorhinal cortex and frontal cortex at early stage of AD (Martin et al., 2010; Filippov et al., 2012).

In AD, it was also observed that an altered lipidic membrane composition, particularly in lipid rafts,
promotes amyloid biogenesis. Several studies support the role of ceramide in promoting aggregation
of B-amyloid peptide (AP) associated with lipid rafts and spread of tau and AP via exosomes (Han et
al., 2002; Wang et al., 2008; Mielke et al., 2010, 2012; Czubowicz et al., 2019).

All these findings support the hypothesis that altered cholesterol metabolism and unbalanced

lipidome could influence the onset of neurodegenerative disorders.
1.2.  Alzheimer’s Disease

The World Health Organization recognizes dementia as a priority in public health. Currently, about
55 million people are affected by dementia, and AD accounts for approximately 60-70% of cases in
the elderly. AD represents a multifactorial neurodegenerative disorder, clinically defined by a gradual
cognitive decline and a deterioration of executive capabilities (Knopman et al., 2021). Memory

impairment develops gradually and represents the first symptom of the neurodegenerative process,
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primarily affecting brain regions involved in memory acquisition and retention such as the
hippocampus (Hip), entorhinal cortex, and the amygdala (Therriault et al., 2022). Furthermore,
various cellular changes are involved in this intricate pathophysiological process, which begins at
least 10-20 years prior to the manifestation of clinical symptoms. These changes include synaptic
damage, mitochondrial dysfunction, microRNA dysregulation, inflammation, which collectively
culminate in neurodegeneration and brain atrophy (Edwards, 2019; Oliver et al., 2019). Other
manifestations of AD include loss of concentration, aphasia, apathy, and mood changes progressively
accompanied by a decline in visuo-spatial functions, an inability to complete tasks, and a worsening
of episodic memory. Patients require ongoing assistance, and in the final stage, complications related

to advanced debilitation ultimately lead to death (Porsteinsson et al., 2021).

Aging is considered the major risk factor for the development of AD, and two primary forms are
identified based on the age of onset: the early-onset AD, which occurs between the ages of 30 and 65,
and the more common late-onset AD which occurs after the age of 65 (Qui et al., 2009).
Approximately, 70% of the risk for developing AD can be attributed to genetics. The early-onset AD
is associated with familial forms of the disease or familial AD (FAD) and is caused by genetic
alterations, including autosomal dominant mutations in genes that code for amyloid precursor protein
(APP), presenilin 1 (PS1), and presenilin 2 (PS2). The APOE gene represents the strongest genetic
risk factor for late-onset AD. Specifically, the presence of APOEeg4 isoform is linked to an increased

risk of developing AD, particularly in female carriers (Rabinovici, 2019).

Both forms of AD are characterized by the presence of two well-known hallmarks: the extracellular
accumulation of AP peptide and the intracellular neurofibrillary tangles. Evidence suggests that
women may have a higher risk for AD compared to men, with a twofold increase in risk due to life
expectancy differences and hormonal status (Pike, 2017). Additionally, women show greater regional
tau protein accumulation, faster hippocampal volume changes, and greater metabolic dysfunction
(Koran et al., 2017; Rahman et al., 2019; Buckley et al., 2020). Among genetic risk factors no studies
identified a sex-related difference in the distributions of the most common mutations linked to early-

onset AD (Altmann et al., 2014; Neu et al., 2017; Buckley et al., 2019).

In addition to non-modifiable risk factors such as age, genetics, and sex, exposure to environmental
neurotoxic agents (heavy metals, pesticides, and air pollutants), unhealthy lifestyle habits (obesity,
excessive alcohol consumption, and smoking), as well as the presence of cerebrovascular and
cardiovascular diseases, diabetes, dyslipidemia, and hypertension, have been associated with an
elevated risk of developing AD (Reitz and Mayeux, 2014). Despite understanding the clinical
characteristics and risk factors of AD, the exact etiology of the disease is still unknown, and this is

reflected in the absence of a specific target to revert AD pathology.
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The available treatments for AD are limited and can only provide temporary relief from the symptoms
(e.g., acetylcholinesterase inhibitors). The growing need for innovative strategies to prevent, reverse
or slow the progression of AD has spurred the exploration of several alternatives. However, most of
them have proven ineffective in clinical trials (Burns et al., 2022). Only the costly anti-AB human
monoclonal antibody Aducanumab (Villain et al. 2022) has been approved by the Food and Drug
Administration, but the safety and tolerability of the treatment are still being carefully evaluated by
the European Medicines Agency. Recently, attention has shifted to other contributors to the intricate
AD pathophysiology, such as changes in lipid metabolism (Yin, 2023) and neuroinflammation
(Kinney et al., 2018).

1.2.1. APP processing, Ap peptide and amyloid plaques

AP deposition and hyperphosphorylated tau protein in neurofibrillary tangles represent two
histological markers of AD (Spires-Jones et al., 2014). APP, the AP precursor, is a type I
transmembrane glycoprotein and three primary isoforms are encoded by a single gene located on

chromosome 21: APP695, which is mainly expressed in CNS neurons, APP751, and APP770.

The physiological function of APP is not completely understood, but it has been suggested to operate
as a receptor in various cellular signalling pathways and regulate synaptic development and neuronal
migration (Zhang et al., 2019). The long extracellular N-terminal domain of APP comprises two
segments, E1 and E2, connected by an acidic domain. Both segments contain a heparin-binding
domain (within a larger growth factor-like domain only present in E1 and a copper/zinc-binding
domain). The N-terminal APP domain has been demonstrated to mediate various functions, including
cell-cell adhesion (Pfundstein et al., 2022). The extracellular region of N-terminal APP domain
contains both the o- and PB-cleavage sites, whereas the y-cleavage site is found within the
transmembrane domain. APP is synthesized in the endoplasmic reticulum and then trafficked to the
Golgi complex to assume native structure and folding. Ultimately, it is transported to the plasma
membrane where it is processed. Once APP reaches the cell surface, it is rapidly internalized via
clathrin-mediated endocytosis and subsequently trafficked through endocytic and recycling

compartments back to the cell surface or degraded in the lysosome (Figure 1).

Two pathways mediate APP processing, the non-amyloidogenic pathway via a-secretase, that occurs
normally at cell surface, and the amyloidogenic pathway via B-secretase, that occurs mainly in the
trans-Golgi network and endosomes. In the plasma membrane, APP is first cleaved by a-secretase
within the Af region to release the soluble APP o fragment (sSAPPa). The remaining membrane-bound
a C-terminal fragment (aCTF or C83) is further cleaved by y-secretase. Among the proteins with a-

secretase activity, the disintegrin and metalloproteinase domain-containing protein 10 (ADAM10)
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(Khezri et al., 2023), are responsible for cleaving APP in the AP region at the plasma membrane level,
with a preference for more fluid non raft cholesterol-poor membrane regions (Yang et al., 2011),

preventing the formation of neurotoxic A peptide.
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Figure 1. APP intracellular trafficking and processing. A APP is synthesized in the ER (a) and trafficked via the TGN (b) to plasma
membrane (c). Once on the cell surface mature APP can be endocytosed (d) or processed by a-secretase (2) to release sAPPa in the
extracellular environment as well as generating C83 (or aCTF) that is also endocytosed and in the TGN or in the LE cleaved by y-
secretase releasing p3 (non-amyloidogenic pathway). In the EE full-length APP and SAPP might be recycled to the plasma membrane
via RE (4) or can be trafficked toward LE (5). In the LE, these fragments can subsequently be sorted toward the TGN (6), exocytosed
(7), or further trafficked to the lysosome for degradation (8). In the EE, full-length APP is cleaved by the B-secretase generating sAPPB
and C99 (or BCTF) (3). The C99 fragment is cleaved by y-secretase both in TGN and LE, releasing A via the secretory pathway or
via exocytosis (amyloidogenic pathway). The y-secretase activity release AICD that can translocate to the nucleus. B APP proteolytic
products (modified from van der Kant and Goldstein, 2015). Abbreviations: aCTF, a C-terminal fragment; BCTF, 3 C-terminal fragment
AICD, amyloid precursor protein intracellular domain; Ap, Amyloid peptide B; APP, amyloid precursor protein; EE, early endosome;
ER, endoplasmic reticulum; LE, late endosome; RE, recycling endosomes; sAPPa, soluble APP a fragment; SAPPJ, soluble APP 3
fragment; TNG, trans-Golgi network.

Released sAPPa appears to play a crucial role in neuronal plasticity, survival, and neuroprotection
against excitotoxicity (Zhang et al., 2011), along with aCTF. In vivo results demonstrated that

overexpression of ADAM10 ameliorates impaired long-term potentiation and cognitive deficits in a
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transgenic APP(V7171) mouse (Postina et al., 2004). Conditional knock-out (KO) of ADAMI10

dramatically reduces a-secretase cleavage products of APP in primary neurons (Jorissen et al., 2010).

The endocytic internalization of APP facilitates cleavage by the B-site APP cleaving enzyme 1
(BACELI) due to endosomes and Golgi acidic environment (Huse et al., 2002). The amyloidogenic
processing of APP occurs primarily in lipid rafts, which are dynamic structures enriched in cholesterol
and found preferentially in mature neurons (Malchiodi-Albedi et al. 2011). BACEI is in part located
in lipid rafts, where increased levels of cholesterol enhance its proteolytic activity (Choi et al., 2017,

Barret et al., 2012; Marquer et al., 2011; Tamboli et al., 2011).

The N-terminal APP domain is targeted by BACE1 and a B-APP soluble fragment (sAPPf) and 3 C-
terminal fragment (BCTF or C99) are released. SAPP is associated with neuronal death, as well as
BCTF (Nikolaev et al., 2009). aCTF and BCTF intermediates serve as substrates of y-secretase, which
is a complex comprised of PS1 and PS2, nicastrin, anterior pharynx-defective 1, and PS enhancer 2.
The activity of y-secretase results in the production of p3 (3kDa) and AP (4kDa), from aCTF and
BCTF respectively, and APP intracellular domain (AICD). AICD contains the YENPTY motif, which
mediates APP-dependent signalling by binding cytoplasmic adaptor proteins. In addition, released
AICD can subsequently translocate to the nucleus, where it may regulate gene expression, including
the induction of apoptotic genes. The biological properties of p3 peptide remain unclear; data from
literature reported both neuroprotective effects (Han et al., 2011) and cytotoxic activity (Jang et al.,
2010). As concerns AP, different studies reported its involvement in the regulation of synaptic
activity; specifically, at picomolar concentration it acts enhancing synaptic plasticity, learning and

memory by promoting long-term potentiation in the Hip (Morley et al., 2010; Puzzo et al., 2011).

The “amyloid cascade hypothesis” suggests that the accumulation of AP peptides, which are primary
products of neurons, into extracellular plaques in the brain leads to neurotoxicity and dementia. A3
encompasses a group of peptides ranging in size from 37 to 49 residues. The most abundant form of
AP produced is AP4o, but ABs2 is the major component of extracellular plaques in the parenchyma of
AD brains due to its hydrophobic structure and higher propensity to aggregate (Chen et al., 2017). A
pathological imbalance in the overall AR monomers production and clearance can result in the
formation of different types of aggregates, including neurotoxic AP oligomers (ABO), protofibrils and
fibrils (ABF). The insoluble ABF form, with a parallel B-sheet structure, can assemble into aggregated
plaques, while the ABO are soluble and may spread throughout the brain (Figure 2).

In the early phase of AD pathology, as well as in several transgenic mouse models of AD, including
5XFAD mice, an initial intracellular accumulation of AP (1Ap) precedes the formation of extracellular

AP (eAP) plaques. Early 1A accumulation is associated with axonopathy, synaptic loss, tissue
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inflammation, and neuronal death; thus, 1A has been proposed to be one of the earliest
pathophysiological events in both AD patients and rodent models (Daini et al., 2021; Welikovitch et
al., 2020).
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Figure 2. Amyloid aggregation state. The amyloidogenic pathway produces A monomers that can be intracellularly accumulated or
secreted from cell and spread throughout the brain. The instability of AB can result in soluble and neurotoxic ABO formation, that
convert first in ABF and finally in AP plaques (modified from Sampaio et al. 2022). Abbreviations: ABO, A oligomers; ABF, AP fibrils.

AP is an inherently unstable molecule whose conformation depends on the cellular lipidic
environment and, specifically, membrane composition crucially influences the formation of B-sheet
enriched protein, such as AP4> (Rudajev and Novotny, 2022). Among A species, APO exhibits the
greatest toxicity and can bind to many proteins in the extracellular space, including cell surface
receptors, plasma membranes, and lipid rafts, and is known to cause membrane perturbation, calcium
dyshomeostasis, reactive oxygen species production, mitochondrial and endosomal-lysosomal
dysfunction, and apoptosis (Ciudad et al., 2020; Oku et al., 2017). Overall, these pathological

processes disrupt cellular homeostasis thus impacting neuronal synapses and memory processes.
1.3.  Cholesterol homeostasis in the central nervous system

Cholesterol is the most important lipid component of mammalian cell membranes. All nucleated cells
are capable of synthesizing cholesterol in the endoplasmic reticulum. The liver is the primary site of
cholesterol synthesis, although the brain also produces significant quantities (Tracey et al., 2018).
The CNS is the second most lipid-rich organ and makes up about 25% of the total pool of unesterified
cholesterol in the human body. In the CNS, maintaining proper cholesterol homeostasis is critical for
normal cerebral functions. Cholesterol sustains membrane integrity and constitutes an essential
element of synapses and myelin sheath. The most growth and differentiation of the CNS occurs in
the first few weeks after birth and cholesterol is involved in various neuronal processes such as
neuronal development, synaptogenesis, neurite growth, membrane trafficking, and signal
transduction (Luo et al., 2020). Due to the presence of blood brain barrier (BBB), an autonomous
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system for de novo synthesis of cholesterol in the CNS is necessary. During the embryonic
development, neurons synthesize the highest levels of cholesterol through the so-called Bloch and
Kandutsch—Russell pathways (Zhang and Liu, 2015; Genaro-Mattos et al., 2019). On the contrary,
glial cells are characterized by very low or absent cholesterol biosynthesis rate. De novo cholesterol
biosynthesis, also occurs in oligodendrocytes, is higher after birth and in early childhood and is
required for myelin protein expression, wrapping the neuronal axon, and oligodendrocyte progenitor
cells migration (Nieweg et al., 2009). Microglia do not synthesize large amounts of cholesterol since
cholesterogenic enzymes in murine microglia exhibit a low transcription profile compared to other

glial cells (Berghoff et al., 2021).

With age, neurons gradually lose the capacity for cholesterol synthesis, thereby necessitating the
supply of cholesterol by astrocytes for the maintenance of physiological functions. In addition, it has
been demonstrated that the glial cholesterol synthesis and neuronal uptake increase after neuronal
cholesterol depletion in the mouse brain, supporting the dependence of adult neurons on astrocytes
(Flinfschilling et al., 2007). Briefly, cholesterol is synthesized from acetyl-coenzyme A in the
endoplasmic reticulum through approximately 30 consecutive reactions. The acetyl-coenzyme A is
converted into 3-hydroxyl-3-methylglutaryl-coenzyme A (HMG-CoA) via a reaction catalyzed by
HMG-coenzyme A-synthetase and then by HMG-coenzyme A-reductase (HMGCR) into mevalonate,
a rate-limiting step in the cholesterol biosynthesis. In the adult brain, astrocytes produce cholesterol
from desmosterol, a lanosterol derivate, through the Bloch pathway (Petrov et al., 2016) (Figure 3).
The HMGCR is transcriptionally regulated by a feedback inhibition via the sterol regulatory element
binding protein 2 (SREBP2).

Cholesterol is packaged into APOE particles, forming small high-density lipoprotein-like particles,
and 1s secreted by astrocytes through the adenosine triphosphate binding cassette transporter protein
subfamily A member 1 (ABCAL1), subfamily G member 1 (ABCG1) and member 4 (ABCG4).
Neurons can internalize the complex into clathrin-coated vesicles through APOE-binding receptors
(APOERSs) including LDL receptor (LDLR), low-density lipoprotein receptor-related protein 1
(LRP1), very-low-density lipoprotein receptor (VLDLR) and APOE receptor 2 (APOER2). After
endocytosis, APOERs are either recycled via endosomes or directed to lysosomes for degradation

(Vance and Hayashi, 2010) and cholesterol can be utilized by neurons (Figure 4).

Among neural cells, also microglia depend on astrocytes for cholesterol supplementation,
specifically, the triggering receptor expressed on myeloid cells 2 (TREM?2), toll like receptor 4
(TLR4) and the LDLRs are the mediators of APOE-particles internalization into these cells (Loving
and Bruce, 2020). Given the role in the neuronal cholesterol supply, in astrocytes the production of

cholesterol is closely regulated and the maintenance of the appropriate cholesterol levels in the
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endoplasmic reticulum is critical for its metabolism. When cholesterol levels decrease in the

endoplasmic reticulum, SREBP2 can move to the nucleus and triggers cholesterol production and

upregulation of related genes.
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Figure 3. Schematic representation of cholesterol synthesis pathways. The cholesterol biosynthesis begins with the formation of
mevalonate from acetyl-CoA catalyzed by HMG-CoA synthase and HMG-CoA reductase, mevalonate is then converted to lanosterol
by a series of enzymatic reactions, followed by complex oxidation, reduction, and demethylation processes. The synthesis from
lanosterol to cholesterol contains two alternative pathways. In the Kandutsch-Russell pathway, the lanosterol is first converted in 24,25-
dihydrolanosterol by DHCR24 and then other intermediates before cholesterol synthesis. While in the Bloch pathway, the lanosterol is
converted into desmosterol and then subjected to DHCR24 activity for cholesterol production (modified from Gao et al., 2023).
Abbreviations: acetyl-CoA, acetyl coenzyme A; CYP51Al, cytochrome P450 family 51 subfamily A member 1; DHCR7, 7-
dehydrocholesterol reductase; DHCR24, 24-dehydrocholesterol reductase; EBP, 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase;
FDPS, (2E,6E)-farnesyl diphosphate synthase; FDTI, farnesyl-diphosphate farnesyltransferase 1; HMG-CoA; 3-hydroxyl-3-
methylglutaryl-coenzyme A; HMGCR, HMG-coenzyme A-reductase; HSD17B7, 17-beta-estradiol 17-dehydrogenase; LSS, lanosterol
synthase; MSMO1, methylsterol monooxygenase 1; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase;
NSDHL, sterol-4alpha-carboxylate 3-dehydrogenase; PMVK, phosphomevalonate kinase; SCS5D, sterol-C5-desaturase; SQLE,
squalene epoxidase; TM7SF2, delta(14)-sterol reductase.
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On the other hand, high levels of cholesterol inhibit SREBP2, and the excess of cholesterol can be
esterified by acetyl-coenzyme A cholesterol acyltransferase-1 to form esterified cholesterol stored in
lipid droplets or converted to 24S-hydroxycholesterol (24-OHC) by cholesterol 24-hydroxylase (or
cytochrome P450 family 46 subfamily A member 1, CYP46A1), which is only expressed by neurons

in healthy conditions.
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Figure 4. The main mechanisms involved in cholesterol homeostasis in the brain. Abbreviations: a-EPOX, 5a,6a-epoxycholesterol;
B-EPOX, 5B,6B-epoxycholesterol; 24-OHC, 24-hydroxycholesterol; 25-OHC, 25-hydroxycholesterol; 27-OHC, 27-
hydroxycholesterol; 7a-OHC, 7a-hydroxycholesterol; 7B-OHC, 7B-hydroxycholesterol; 7Hoca, 7a-hydroxy-3-oxo-4-cholestenoic
acid; 7-KC, 7-ketocholesterol; ABC, adenosine triphosphate-binding cassette; acetyl-CoA, acetyl coenzyme A; ApoE, apolipoprotein
E; BBB, blood-brain barrier; Chol, cholesterol; CSF, cerebrospinal fluid; HDL, high density lipoprotein; HSD3B7, 3b-hydroxy-C27-
steroid dehydrogenase/isomerase; LDLR, low density lipoprotein receptor; LRP1, LDL receptor-like protein 1; LXR, liver X receptor;
and RXR, retinoid X receptor (Gamba et al., 2019).

The 24-OHC crosses the BBB through diffusion in the CSF and its concentration in the blood reflects
brain cholesterol turnover. Instead, the 27-hydroxycholesterol (27-OHC) mainly derived from
cholesterol oxidation in peripheral tissue by CYP27A1, is usually found in the CNS due to its ability
to diffuse through the BBB, but at lower concentration than in the plasma. The 27-OHC is rapidly

converted into the steroid acid by neuronal oxysterol 7a-hydroxylase and reintroduced into
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circulation. Moreover, the 25-hydroxycholesterol (25-OHC) is produced by a specific enzyme of the
endoplasmic reticulum, the cholesterol-25-hydroxylase. Low levels in physiological conditions are
produced by macrophages, especially microglial cells, and are increased during inflammatory
response (Odnoshivkina et al., 2022). Finally, all these brain oxysterols are metabolized by

hepatocytes (Luo et al., 2020; Olsen et al., 2012).
1.4.  Altered cholesterol metabolism and AD pathogenesis

The first evidence about a link between altered cholesterol metabolism and AD comes from a study
by Sparks and colleagues in 1990 reporting the presence of high amount of AP plaques in the brains
of non-demented individuals affected by coronary artery disease, a condition associated with
hypercholesterolemia (Sparks et al., 1990). Other clinical studies confirmed that individuals with
familial hypercholesterolemia, exposed to high cholesterol levels from early life, were more likely to
have abnormal cognitive function that met the criteria for mild cognitive impairment (Zambon et al.,
2010). It has been hypothesized that serum hypercholesterolemia may be an early risk factor for the
AD development.

Subsequently, in vivo studies demonstrated that chronic administration of 2% cholesterol diet to
rabbits progressively increased 1A deposition in the Hip and Ctx (Sparks et al., 1994). In addition, a
parallel increase in cerebral cholesterol levels and AP deposits, as well as a positive correlation
between plasma and CNS cholesterol and total AP levels have been demonstrated in PSAPP mice, a
transgenic mouse model of AD, subjected to a hypercholesterolemic diet (Refolo et al., 2000).
Furthermore, high levels of circulating cholesterol in rabbits induced an increased endothelial
inflammation and BBB damage (Sparks et al., 2000). Similarly, another study reported that the brains
of C57BL/6J mice after 16 months of high-fat diet treatment are characterized by an increase in
hippocampal fibrillar aggregates and AB-diffuse plaques, that correlate with neuroinflammatory
status and autophagy impairment (Busquets et al., 2017). In fact, it has been reported in literature that
high-fat diet administration in rodent models reproduce some features of sporadic AD (de Bem et al.,
2021), including amyloidogenesis, neuroinflammation and cognitive impairments, such as a decrease

in spatial and working memory (Ajayi et al. 2021; Wu et al., 2018).

Mouse models fed with either short- or long-term cholesterol-rich diets experienced a worsening of
AD pathology. After being on a high-fat diet for 10 weeks, male 13-month-old (mo) 5XFAD mice
display decreased learning abilities in the MWM test, elevated AB deposits in the walls of cerebral
blood vessels, increased levels of oxidative stress in the Hip, and decreased levels of Occludin, a
protein responsible for BBB function. However, these mice have not shown any differences in APao

and AP42 deposits in the Ctx and Hip compared to the control groups (Lin et al., 2016). Moreover,
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according to Fitz et al. (2010), a 16 weeks high-fat diet in a 9 mo mouse model of AD expressing
human APP isoform 751 containing the K670N, M671L FAD mutations (APP23) results in an

exacerbation of cognitive deficits and an increase in AP deposits in the cerebral parenchyma.

A recent study investigated the lipidomic profile of different brain areas in 5 mo AD model APP
(expressing human APP isoform 695 with KM670/671NL FAD mutations, APPSwe)/PSI gene
lacking exon 9 (APP/PS1) mice and showed an increase of ceramide levels in the Hip, cerebellum,
and amygdala of these mice (Ferré-Gonzalez et al., 2024). Alteration of ceramide metabolism was
previously associated with AP aggregation, tau hyperphosphorylation, neuroinflammation and cell
death. On the contrary, sterol lipid showed similar levels in all brain areas between AD mice and

controls.

Additionally, another recent study reported an increase in lipid droplets content in the subicular
microglial cells around AP burden of SXFAD mice compared to controls, leading to an impaired AP

clearance ability (Prakash et al., 2023).

In humans, studies over the years have often shown conflicting results regarding the relationship
between circulating cholesterol levels, brain cholesterol metabolism and AD. The causal role of high
cholesterol levels in AD or mild cognitive impairment has not been confirmed (McFarlane and
Kedziora-Kornatowska, 2020). In fact, a meta-analysis study in AD patients failed to find a significant
association between TC blood levels and any biomarkers of AD pathologies, such as A4 and
phospho (p)-tau, neurodegeneration, or clinical impairment diagnosis (Nilsson et al., 2021). On the
contrary, alternative systematic reviews have identified a robust connection between plasma lipids
and AD. Specifically, an increase in circulating LDL and TC serum levels were found in AD patients

(Agarwal and Khan, 2020; Xin et al., 2021).

In recent years, an increasing number of loci and genes involved in lipid metabolism have been
identified through Mendelian inheritance, GWASs, and transcriptomic studies. For example, variants
associated to gain or loss of function mutations are reported for the following genes: APOE and
clusterin, which are involved in extracellular cholesterol transport; bridging integrator-1, sortilin-
related receptor 1 and phosphatidylinositol binding clathrin assembly protein regulating cholesterol-
rich protein internalization; ABCAI, ABCGI and ABCA7 involved in active extracellular transport;
moreover TREM?2, and SREBP2 (de Rojas et al., 2021; De Roeck et al., 2019; Hollingworth et al.,
2011; Jones et al., 2010). Of note, these loci and gene variants are associated to various

neurodegenerative disorders, including AD, PD, HD, and ALS.

The most striking example is the evidence that APOFEe4 gene is one of the most powerful predictive
factors for late-onset AD onset (Liu et al., 2013). The APOE protein serves as the primary lipid carrier
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in the CNS, expressed mainly by astrocytes. It plays a physiological role in synapse formation and
tissue repair (Bu et al., 2009). Additionally, APOE is involved in different processes related to AP
pathology, and the lipidic composition of these particles affect AP seeding and clearance
(Koutsodendris et al., 2022; Raulin et al., 2022; Jiang et al. 2008). /n vivo studies demonstrated the
effect of APOE silencing on AD pathology. For example, APOE KO mice, originally developed to
study atherosclerosis, have also represented a tool to study the pathophysiology of neurodegenerative
disorders. Previous studies have found that APOE KO mice subjected to a high-fat diet, display
impaired spatial and working memory, increased hippocampal neuronal death, neuroinflammation in
the Hip, and disruption of BBB integrity. However, there was no evidence of A plaque deposition
in these mice (Evola et al., 2020; Rahman et al., 2005; Crisby et al., 2004; Methia et al., 2001; Shnerb
Ganor et al., 2018). Additionally, APOE KO in PDAPP mouse (expressing a human APP isoform 770
containing the V717F FAD mutation), showed a significant reduction in fibril formation and A}
deposition, accompanied with a decreased astrogliosis and microgliosis (Bales et al., 1999), without
improving cognitive function (Dodart et al. 2000). Contrarily, the peripheral administration of an anti-
APOE antibody reduces A deposition and improves cognitive deficits in APP/PS1 mice (Liao et al.,
2014).

Clinical studies demonstrated an increased risk to develop AD in APOEe4 carriers. In fact, healthy
carriers of APOEe4 allele have lower levels of ABs> in the CSF, the most neurotoxic form of AP,
accompanied with a higher level of fibrillar aggregate forms in the brain (Prince et al. 2004). In vivo
imaging results also demonstrated that APOEe4 isoform is associated with an enhanced rate of AP
aggregation and spread in the Ctx of AD patients (Toledo et al., 2019). Furthermore, total APOE
levels were found decreased in APOEeg4 carriers compared to non-carriers (Mahley, 2016). The
molecular mechanism through which APOEe4 influences AP production has been clarified in vitro.
For example, APOEe4 stimulates the endocytic recycling of APP (Ye et al., 2005), increases the
expression of BACE1 (Dafnis et al., 2018) and promotes de novo transcription of APP (Huang et al.,
2017; Koutsodendris et al 2022, Yamazaki et al 2019). The APOEg4-containing particles have less
cholesterol than those containing APOEe3 (Zhao et al., 2017). APOEe4 besides the lower lipidation
rate (Kanekiyo et al., 2014) is also associated with a reduced receptor binding ability, leading to a
compromised cholesterol trafficking capacity (Hatters et al., 2006). Furthermore, it has been reported
that in PDAPP mice expressing the human APOE isoforms €2, €3 or €4, those expressing the APOEe4
isoform showed a reduction in AP clearance and higher amyloid deposition (Castellano et al., 2011).
Finally, abnormal accumulation of cholesterol and APOE has been detected in cores of mature

plaques of postmortem AD brain and in the brain of 24 mo APPSwe mice (Mori et al., 2001). Higher
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levels of esterified cholesterol stored in lipid droplets were observed in both human and AD mouse

model brains (Farmer et al., 2020; Hamilton et al., 2015).

Multiple studies indicate that alterations in brain cholesterol levels significantly impact the
pathophysiology of AD. For example, the membrane cholesterol content contributes to AP
production, aggregation, and toxicity. While the non-amyloidogenic o-secretase pathway was
observed predominantly in non-rafts domains (Allinson et al., 2003; Yuan et al., 2017), the APP
amyloidogenic processing occurs in lipid rafts and is significantly regulated by the membrane lipid
environment. In fact, higher cholesterol levels in membrane bilayer promote - and y-secretases
stabilization, reducing their degradation and promoting their enzymatic activity leading to the

formation of Ap monomers (Rudajev and Novotny, 2022; Crivelli et al. 2020; Qui et al., 2009).

The protein aggregation process involves several steps, including the primary nucleation of
monomers into misfolded oligomers that convert into more ordered species which can then grow into
AP fibrils, and the secondary nucleation of monomers in a fibril-catalyzed manner (Knowles et al.,
2014; Michaels et al., 2020). In the lipid membrane the pro-aggregation activity of
phosphatidylcholine and phosphatidylethanolamine, is balanced by the anti-aggregation activity of
phosphatidylglycerol and phosphatidylserine (Sanguanini et al., 2020). In an altered lipid
environment with higher levels of cholesterol and gangliosides, and in the presence of enhanced levels
of AB, the primary nucleation of AB monomers was promoted. Lipid membranes, in turn, can be
affected by AP aggregation. Oligomers and protofibrils showed cytotoxic activity enhancing
membrane permeability to calcium ions. In a molecular dynamic model, AP have been shown to
oligomerize into calcium-permeable pores (Rudajev and Novotny, 2022; Fantini et al., 2014).
Additionally, the ability of toxic AP to penetrate the membrane was associated with oxidative stress,
lipid peroxidation, mitochondrial damage, and apoptosis (Campioni et al., 2010; Zampagni et al.,

2011).

If on the one hand, hypercholesterolemia significantly impacts AD pathology, several data report that
also hypocholesterolemia produces similar effects. In fact, depletion of cholesterol in neurons leads
to hyperphosphorylation of tau protein, alterations in A metabolism, and induction of oxidative
stress at the neuronal level, ultimately leading to neurodegeneration (Koudinov et al., 2009; Koudinov

et al., 2005).

As a result of cholesterol dyshomeostasis, also oxysterols concentration is affected in AD. The
functional role of 24-OHC in AD brain is inconsistent. Higher levels of 24-OHC were detected in the
CSF of individuals with AD when compared to healthy controls (Panza et al., 2006; Leoni et al.,
2003). Additionally, a reduction in 24-OHC was observed in the Ctx of postmortem human AD brains
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in late-stage of the disease compared to early-stage AD patients and control (Hascalovici et al., 2009;
Kao et al., 2020; Varma et al., 2021); similarly, these observations were also confirmed in aged
APPSwe mice (Haverin et al., 2004). This decrease in 24-OHC levels may potentially be due to

progressive neuronal loss.

Certain studies suggest that 24-OHC can exert a protective role against tau hyperphosphorylation and
AP production. Testa and colleagues demonstrated that 24-OHC up-regulates the synthesis of the
neuroprotective enzyme Sirtuin-1 in neuroblastoma SK-N-BE cells (Testa et al., 2018), and promotes
tau degradation by inducing its Sirtuin-1-dependent deacetylation (Min et al., 2010), also supported
by in vivo evidence (Testa et al., 2018). Moreover, 24-OHC favors APP processing via the non-
amyloidogenic pathway in SH-SYS5Y neuroblastoma cells by increasing a-secretase activity (Famer
et al., 2007; Prasanthi et al., 2009). In APP23 and APP/PS1 mice, in which the expression of 24-OHC
was increased by means of genetic manipulation, it has been reported a reduction in AP plaques

deposition followed by an improvement in spatial memory performance (Hudry et al., 2010).

Other investigations demonstrated 24-OHC potential role in promoting inflammatory and
amyloidogenic outcomes. In vitro studies reported that 24-OHC significantly enhances both
expression and synthesis of APP and BACE] in human primary neuronal cells (Alexandrov et al.,

2005) and elicits a pro-inflammatory response in mouse primary astrocytes (Staurenghi et al., 2021).

In contrast, increased levels of 27-OHC maybe due to dysfunction of BBB and blood-CSF barrier
(Leoni et al., 2006) promote neuroinflammation, elevated AP levels, oxidative stress, and cellular
death in vitro (Gamba et al., 2021). A study conducted in vivo demonstrated that subcutaneous
injection of 27-OHC promoted systemic inflammation and aggravated amyloidosis as well as
cognitive deficit in APP/PS1 mice (Wang et al., 2020). Additionally, an increased expression of APP
and BACE], and a decrease in LRP1 and ADAMI10 has been reported in the same mice (Zhang et al.,
2019).

1.5. Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) and cholesterol metabolism
Among the proteins involved in cholesterol metabolism, PCSK9 is a non-basic amino acid-specific
convertase belonging to the proteinase K subfamily of subtilases. Native PCSK9 is a glycoprotein
synthesized as a zymogen containing a signal peptide, a pro domain, a catalytic domain and a Cysteine
and Histidine-rich C-terminal domain. In the endoplasmic reticulum, PCSKO9 is rapidly self-cleaved
by the catalytic domain at the FAQ152/SIPK site to release a mature heterodimer consisting of pro-
domain segment masking the catalytic activity of PCSK9. This process and the presence of the C-
terminal domain are required for PCSKO9 secretion (Deng et al., 2020) (Figure 5).
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Figure 5. PCSKO9 structure. A The human PCSK9 gene is located on chromosome 1p32.3 and is translated into a ~82-kDa zymogen
in the ER. After removal of the SP (aa 1-30, light blue), human proPCSK9 is autocatalytically cleaved at position Q152 within the ER,
resulting in mature PCSK9 comprising the PRO (aa 31-152, green), CAT (aa 153—404, gray), HR (aa 405-454), and CHRD (aa 455—
692, yellow). PCSKO is secreted as a heterodimer protein with its ~17 kDa pro-domain still bound to its catalytic domain to inhibit its
catalytic activity. B Crystal structure of PCSK9 was visualized using MacPymol (Protein Data Bank ID code 2P4E). PCSK9 residues
(R194, D238, T377, and D374) interacting with LDLR are emphasized (inset). PCSK9 residue D374, highlighted in red, is the site of
D374Y gain of function mutation causing severe hypercholesterolemia (modified from Poirier and Mayer, 2013). Abbreviations: aa,
amino acid; CAT, catalytic domain; CHRD, cysteine and histidine-enrich C-terminal domain; ER, endoplasmic reticulum; HR, hinge
region; LDLR, low-density lipoprotein receptor; PRO, pro-domain segment; SP, signal peptide.

The most prominent role of PCSK9 is represented by the interaction with the LDLR in the liver.
Therefore, PCSKO9 has a significant role in peripheral cholesterol homeostasis by binding to LDLR,
promoting its degradation and in turn, preventing recycling of most receptors involved in cholesterol
uptake (Rashid et al., 2005). This ultimately reduces the LDL clearance, leading to increased LDL
containing cholesterol (LDL-C) concentrations in the plasma. Once secreted by hepatic cells, PCSK9
directly interacts via the C-terminal domain with the epidermal growth factor repeat A domain of the
LDLR at the cell surface, favouring the internalization of LDLR/PCSK9 complex into hepatocytes
by clathrin-dependent endocytosis (Zhang et al., 2007). The presence of PCSK9 on LDLR disrupts
its normal recycling and LDLR is directed to the lysosome compartment for degradation (Macchi et
al., 2020). Thus, by interfering with LDLR recycling and promoting its degradation, PCSK9 acts as
a regulator of the plasma LDL-C content (Tveten et al., 2012) (Figure 6). Notably, elevated plasma

concentration of LDL-C is a contributing factor to various cardiovascular diseases (Mortensen and
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Nordestgaard, 2020). Of note, mutations in the human PCSK9 gene, located on chromosome 1p32.3,

are associated with decreased or increased LDLR-degradating activity.
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Figure 6. PCSK9-mediated degradation of LDLR. PCSK9 is mainly secreted by hepatocytes into the blood stream and exists in the
plasma in an active and inactive form. The active form consists of a full-length heterodimer (~62 kDa) that is predominantly associated
with the LDL particle, which protects PCSK9 from being cleaved by furin into its inactive form. The inactive heterodimer (~55 kDa),
representing 15-40% of total circulating PCSKO9, circulates freely and has at least a twofold lower affinity to LDLR and a limited
ability to degrade it. A complex of LDL particle, LDLR, and PCSK9 is internalized into clathrin-coated pits and subsequently
undergoes lysosomal degradation (modified from Lambert et al., 2012). Abbreviations: LDL, low-density lipoprotein; LDL-R, low-
density lipoprotein receptor; PCSK9, pro-protein convertase subtilisina kekxin type 9; SREBP2, sterol-regulatory element-binding
protein 2.

The gain of function mutations in PCSK9 cause hypercholesterolemia by reducing LDLR availability
on the cell surface, thus increasing circulating LDL-C in the plasma of many human populations. On
the other hand, loss of function variants results in the development of hypocholesterolemia, with low
LDL-C levels and a decrease in the cardiovascular events (Horton et al., 2009; Costet et al., 2008).
Although gain of function mutation is rare and occur in <0.1% of the general population, loss of
function variants in PCSK9 are present in 1% to 3% of adults. Blacks more commonly manifest
Y 142X and C679X nonsense PCSK9 loss of function variants, which are associated with larger
reductions in LDL-C than the missense R46L variant that is more common in whites. For example,
there is some evidence that the PCSK9 loss of function variants are associated with a lower prevalence

of peripheral arterial disease and a reduced risk of coronary heart disease (Choen et al., 2006).
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PCSKO role in the brain

Almost all plasma circulating PCSK9 is derived from the liver, but is also expressed in other tissues
including kidney, intestine, pancreas, and CNS. The exact role of PCSK9 in the brain, the most

cholesterol-rich organ in the body, is only partially clarified.

PCSKO9, firstly identified in primary cerebellar neurons as a mRNA upregulated during apoptosis,
was originally called as neural apoptosis-regulated convertase-1 (Seidah et al., 2003). In fact, several
studies suggested that PCSK9 promotes cell death through the extrinsic and intrinsic apoptotic
pathways and likely acts through the c-Jun NH2-terminal kinase (JNK) pathway in vitro (Bingham et
al., 2006). Interestingly, APOER2 has been shown to promote neuronal survival by inactivating the
JNK pathway; a pro-apoptotic activity of PCSK9 may, at least in part, be exerted through controlling
APOER?2 levels (Wu et al., 2014).

PCSKD9 is highly expressed in developing telencephalic neurons as well as in other cells with
proliferative ability including hepatocytes and kidney mesenchymal cells. As concerns CNS
development, PCSKD9 is detectable at the start of neurogenesis (three-somite stage, 10.33 hours (h)
post fertilization) in zebrafish and during telencephalon and cerebellum neurogenesis in mice
(embryonic day 12.5 and from embryonic day 17 to post-natal day 15, respectively). However, in the
adult brain, neuronal PCSK9 expression is restricted to specific areas, characterized by continued
neurogenesis like cortical, intracranial, and cerebellar granule neurons in zebrafish and the rostral

extension of the olfactory peduncle in rodents (Seidah et al., 2003).

PCSK9 promotes neurogenesis by driving neuronal differentiation, as its overexpression in mouse
embryonic neural progenitor cells resulted in an increase in the number of postmitotic neurons and a
PCSK9 mRNA knocking down induces defective neurogenesis resulting in impaired neuronal
development and premature embryonic death in zebrafish (Poirier et al., 2006). In contrast, the loss
of PCSK9 in mice does not affect survival or the proper development of CNS structures (Rashid et
al., 2005), and cognitive functions, such as motor learning and spatial memory abilities, are preserved

(Péirn et al, 2023).

Given its expression in the adult brain, it was suggested that PCSK9 may regulate cholesterol
metabolism in the CNS, containing almost 25% of the body’s total cholesterol, with distinct
cholesterol synthesis and regulation from peripheral tissues. Neither cholesterol nor PCSK9 are able
to cross the BBB under normal conditions. One mechanism regulating the uptake of cholesterol in
neuronal cells involves the degradation of APOERs by endogenous proteases such as PCSK9. These
receptors bind APOE, the principal cholesterol carrier in the brain, and transport APOE-bound
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cholesterol out of the pericellular fluid and into neurons, thus lowering cholesterol levels. The exact
mechanism through which PCSK9 in the brain targets LDLR, VLDLR, and APOER?2 for degradation
is still unknown. In various cell lines, Poirier and colleagues demonstrated that PCSK9 enhances the
degradation of VLDLR and APOER?2, either through its co-expression or cell-surface internalization,
in a catalytic-activity independent manner (Poirier et al., 2008). Conflicting data exist regarding the
effect of PSKC9 on LRP1. Benjannet’s research in 2004 found evidence of a degradation effect only
on LDLR (Benjannet et al., 2004), while Canuel’s later study demonstrated degradative activity in
vitro on LRP1 and at the same time the lower affinity for PCSK9 that could explain other experimental

results (Canuel et al., 2013).

In vivo studies conducted on PCSK9 KO or human PCSK9-overexpressing mice demonstrated
alterations in hepatic levels of LDLR without affecting brain LDLR, as well as VLDLR, and APOER2
levels (Liu et al., 2010). However, other studies demonstrated that LDLR expression is modulated by
PCSKO9 during brain development and after transient ischemic stroke (Rousselet et al., 2011). It is
possible that modification of PCSK9 activity may result in reduced cholesterol uptake by neurons,

thereby playing a role in the development of AD pathology (Koudinov and Koudinova, 2005).

These discrepancies, which may be due to cell- and tissue-specific functions of PCSKO9 or its lower
concentrations in the brain, underscore the need for further studies to unravel the role of PCSK9 in

brain cholesterol homeostasis.

PCSKO9 role in neuroinflammation

In the field of cardiovascular health, PCSK9 is known to be involved in the inflammatory pathway of
atherosclerosis (Momtazi-Borojeni et al., 2019). Previous studies have reported the pro-inflammatory
effect of PCSK9 in macrophages, which involves the TLR4/Nuclear factor kappa B (NFkB) pathway
(Jaén et al., 2022; Badimon et al., 2021; Ricci et al., 2018; Tang et al., 2017).

Recently, a potential role of PCSK9 in neuroinflammation has been proposed. Apaijai and colleagues
observed that the activation of glial cells was accompanied by an increase in levels of p-NFkB/NFkB
in a rat model of cardiac ischemic reperfusion injury. Peripheral inhibition of PCSK9 was able to
rescue the number and phenotype of the microglial and astrocytic cells (Apaijai et al., 2019),
indicating that modulating systemic inflammation by lowering serum PCSK9 was able to produce

central effects.

In addition, also APOE removal influences the inflammatory responses mediated by microglia and

astrocytes in the brains of APOE KO neonatal mice (Liu et al., 2015). It is possible that PCSK9,
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through its well-known degradative action on APOER, may be involved in neuroinflammatory
processes by regulating LDLR and APOE levels. In an in vitro study conducted on lipopolysaccharide
treated murine BV2 microglial cells and human THP-1 monocytes, it was found that APOE and
APOE mimics reduced the activation of neuroinflammatory processes, including p44/42 mitogen-
activated protein kinase (MAPK) and janus-activated kinase 2 (JAK2)/activator of transcription 3
(STAT3) pathways. Additionally, by interacting with LDLRs, APOE and APOE mimics reduced the
lipopolysaccharide-induced secretion of tumor necrosis factor o (TNFa) and interleukin-6 (IL-6).

This anti-inflammatory effect was prevented in the presence of PCSK9 (Wang et al., 2019).

However, due to the limited data available, further studies are necessary to investigate the

involvement of PCSK9 in the systemic and local control of inflammation and immunity in the brain.
1.5.1. PCSK9 and AD pathogenesis

There is mounting evidence indicating that altered brain cholesterol metabolism and trafficking play
a regulatory role in brain physiology leading to neurodegeneration (see above). Given the role of
PCSKD9 in apoptosis, lipoprotein receptor metabolism, and inflammation, PCSK9 might represent a
pathogenic factor for AD development (Turri et al., 2022; Zuin et al., 2021; Marchi et al., 2019).
Aging and cell death contribute to AD development; in vitro studies suggested a pro-apoptotic effect
of PCSK9 by degrading APOER2, which confers neuronal survival (Kysenius et al., 2012). In
addition, polymorphisms in the APOER?2 gene are associated with AD risk and adult APOER2 KO
mice had an accelerated loss of corticospinal neurons during normal aging (Ma et al., 2002).
Moreover, in a mouse model lacking APOE and fed with a high-fat diet, an increase in PCSK9 mRNA
was observed accompanied by neuronal apoptosis in the Hip of mice (Zhao et al., 2017); on the
contrary, PCSK?9 silencing mitigates neuronal apoptosis induced by cerebral ischemia, consequently

reducing brain damage in mice (Wang et al., 2018).

PCSK9 may also exert a protective role by reducing Ap production (Wu et al., 2014) and processing,
but the exact mechanism is still unknown. Several lines of evidence have suggested that BACEI, the
protease that produces toxic AP that accumulates in neuritic plaques of AD brains, might represent a
target for PCSK9 activity. In fact, overexpressing PCSK9 in human neuroglioma H4 cells reduced
levels of mature and immature forms of BACE1, while downregulating PCSK9 with short interfering
RNA increased expression of BACE1 in Chinese hamster ovary cells. Neocortex homogenate of
transgenic mice lacking PCSK9 exhibit increased BACE1, C99 and total AP compared to controls
(Jonas et al., 2008). On the other hand, pre-treatment with small molecule inhibiting PCSK9 resulted
in attenuated dendritic spine loss, reduced cerebral AP deposits and neuroinflammation in a rat model

of ischemia/reperfusion injury (Apaijai et al., 2019), suggesting a negative impact of PCSKO9.
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However, further studies did not indicate a direct regulation of BACE1 levels or APP processing by
PCSKD9 in the brains of mice (Liu et al., 2010; Fu et al., 2017).

The possible mechanisms underlying the involvement of PCSK9 in AD may be related to its ability
to degrade the neuronal APOERs, as occurs with LDLR in the liver (Canuel et al., 2013; Kysenius et
al., 2012; Poirier et al., 2008), thereby interfering with cholesterol uptake by neurons, the only process
that ensures the supply of cholesterol to adult neurons for the maintenance of physiological functions
(Mahley, 2016). Consistently, studies demonstrated that 3 mo LDLR KO mice exhibited impaired
learning and memory. These mice also showed reduced hippocampal neurogenesis, neuronal and
synaptic dysfunction, and increased hippocampal astrogliosis (de Oliveira et al., 2020a; Mulder et al.,
2007; Mulder et al., 2004). However, these changes were not associated with the overproduction of

endogenous Ap.

While a direct mechanistic link between PCSK9 levels and protein aggregation in AD is still
unknown, a growing number of studies supports the association between PCSK9 and AD (Adorni et
al., 2019). A significant positive correlation between PCSKO9 levels and p-181-tau and total tau levels
in the CSF of subjects at risk has been demonstrated. Additionally, the presence of PCSK?9 risk allele
154927193, associated with late-onset AD, affected both CSF biomarkers in a gender-specific manner

(Picard et al., 2019).

In addition, increased PCSK9 levels have been reported in the serum and the CSF of mild cognitive
impairment and AD patients compared to healthy controls, and correlated with A accumulation
(Kang et al., 2016; Courtemanche et al., 2018; Zimetti et al., 2017). Additionally, in AD groups,
increased levels of PCSK9 were positively correlated with APOEe4 levels; individuals carrying
APOE¢4 displayed the highest levels of PCSK9 in their CSF (Zimetti et al., 2017). Consistently, an
increased expression of PCSK9 was observed in the frontal cortex of AD patients, which is a brain

region affected by the pathology (Picard et al., 2019).

Recently, another study supporting the hypothesis of PCSK9 involvement in AD demonstrated an
interfering activity of PCSK9 on astrocytic cholesterol metabolism in vitro. Specifically, recombinant
PCSK?9 induced a reduction in intracellular cholesterol content in U373 astrocytoma cells, which was
worsened by co-incubation with A4 fibrils. At molecular level, this reduction was accompanied with
a decrease in LDLR and APOER2 expression, resulting in a reduced cholesterol uptake. Notably, AP
fibrils reduced the ABCA1-mediated cholesterol efflux, highlighting a direct relationship between
amyloidogenesis in AD and cholesterol metabolism. Moreover, regardless AP, PCSK9

overexpression in human neuroblastoma SH-SYS5Y cell line lead to lower cholesterol uptake by
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decreasing LDLR and APOER?2 expression, reducing intracellular cholesterol content (Papotti et al.,

2022).

Another mechanism may involve LRP1, an APOER, expressed in several brain cell types including
neurons and astrocytes. LRP1 is responsible for the transport and metabolism of cholesterol and
clearance of several ligands into the circulation at the BBB, including toxic proteins (Sagare et al.,
2012). Human studies revealed that AD patients have reduced AP clearance through the BBB, a
process mediated by LRP1 on the surface of astrocytes under normal conditions. The expression of
LRP1 decreases with aging in brain and that is even more severe in AD patients (Kang et al., 2000;
Silverberg et al., 2010). In addition, postmortem studies demonstrated that LRP1 levels are decreased
in neurons and increased in astrocytes surrounding AP plaques in human AD and PDAPP mouse
brains (Arélin et al., 2002; Donahue et al., 2006) thus suggesting a direct relation between cell specific
LRP1 expression and AP} complex. In addition, in a human astrocytoma cell line, AP clearance assay
showed that APOE can compete with AP for binding to LRP1, and the loss of LRP1 on the surface
impairs the AP clearance (Verghese et al., 2013).

To unveil this link, several studies conducted in in vitro BBB model demonstrated a reduced AB
transcytosis through the BBB due to PCSK9 degradation of LRP1 (Mazura et al., 2022); this process
potentially results in increased plaque deposition in the brain. Of note, in vivo evidence confirmed
that the inhibition of PCSK9 modulates LRP1 endothelial expression and promotes AP clearance
across the BBB. In addition, the specific deletion of LRP1 in brain endothelial cells resulted in an
increase of soluble brain AP, leading to worsened spatial learning and memory deficits in SXFAD

mouse model of AD (Storck et al., 2016).

Neuroinflammation, defined as activation of glial cells, such as microglia and astrocytes, has been
only recently identified as a substantial contributor to AD pathogenesis, given the elevated levels of
various inflammatory factors such as cytokines and chemokines surrounding senile plaques and
affected neurons in the brains, observed in AD patients (Heneka et al., 2015). It was hypothesized
that AP activates microglia through interaction with TLR4 leading to the activation of a pro-
inflammatory response via NFxB pathways, causing neurotoxicity and neurodegeneration (Balducci
et al., 2017; Walter et al., 2007). PCSK9 appears to induce a pro-inflammatory state in brain cells.
Specifically, PCSK9 enhances the cluster of differentiation 36 (CD36) receptor expression in
macrophages and microglial-like cells and their activation in the presence of AP and triggers the
release of pro-inflammatory cytokines (Badimon et al., 2021; Jaen et al., 2022; Ricci et al., 2018;
Tang et al.,, 2017). Moreover, it was found that PCSK9 may contribute to exacerbate neuro-
inflammation through enhancing TLR4, promoting NFkB activation (Tang et al., 2012; Stewart et al.,

2010).
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1.6.  Targeting cholesterol levels as a new therapeutic strategy for AD

Several recent reports have established a correlation between PCSK9 and the pathogenesis of AD,
providing evidence that lipid dysmetabolism raises the risk of developing AD (O' Connel et al., 2020;
Adorni etal., 2019; Ce et al., 2018). As a result, restoring normal levels of cholesterol and other lipids
has emerged as a promising therapeutic approach to decrease the development of amyloidogenic

aggregates and halt AD progression.

Since the identification of PCSK9, findings from in vivo studies have illustrated the pivotal role of
SREBP2 in the regulation of cholesterol metabolism. Activation of SREBP2 occurs in response to
low intracellular cholesterol levels, triggering LDLR gene expression. This, in turn, amplifies LDLR
concentration, facilitating the increased clearance of LDL from circulation. Simultaneously, SREBP2
stimulates the expression of PCSK9, which accelerates the degradation of LDLR. Consequently, the
coordinated interplay of SREBP2-mediated transcription of both LDLR and PCSK9 governs
circulating LDL levels (Horton et al., 2003; Horton et al., 2002). These revelations have spurred the
exploration and development of therapeutic agents aimed at reducing LDL levels by targeting PCSK9

activity.

PCSKO inhibitors (PCSK9is) primarily serve as alternative treatment option for patients who are
intolerant to HMGCR inhibitors, such as statins, experiencing statin-induced side effects, or have
developed statin resistance (Dubuc et al., 2004). These drugs are used to treat hyperlipidemia,
atherosclerosis, and related ischemic cardiovascular diseases, with remarkable efficacy (Liu et al.,
2022). Particularly, monoclonal antibodies Evolocumab and Alirocumab, are commonly used to
inhibit peripheral PCSK9 and increase the density of LDLRs on cell surfaces to treat
hypercholesterolemia by lowering plasma cholesterol levels (Chaudhary et al., 2017).

Some clinical trials have highlighted a potential association between treatment with PCSK9
monoclonal antibodies and cognitive changes, given the reports of such adverse events with statins
and intense LDL-C reduction (Robinson et al, 2015; Sabatine et al, 2015). However, FOURIER phase
3 clinical trials with larger sample sizes and longer follow-up periods indicated no significant
neurocognitive adverse events linked to the combination of the PCSK9i Evolocumab and statin
therapy (Gencer et al., 2020; Giugliano et al., 2017a; Sabatine et al., 2017). This finding was further
confirmed by a recent meta-analysis (Bajaj et al., 2018; Harvey et al., 2018).

However, the impact of PCSK9i monotherapy on neurocognitive function remains poorly

investigated.
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Schlunk and colleagues observed the development of atherosclerosis in an established mouse model
of familial dysbetalipoproteinemia (APOE*3Leiden.Cholesteryl Ester Transfer Protein or CETP
model), after 6 weeks of a western type diet containing 1.25% Cho. Additionally, they found that
treatment with the fully human anti-PCSK9 antibody CmAb]1, equivalent to Evolocumab, had no
impact on the learning, spatial or recognition memory abilities, or anxiety behavior of treated mice

compared to control (Schlunk et al., 2021).

Another group conducted a study to determine the effect of administering different doses of
Alirocumab subcutaneously to male rats with high-fat cholesterol diet-induced-AD-like conditions,
to assess cognitive abilities. They found that the inhibition of PCSK9 mitigates cognitive deficits in
a dose-dependent manner, which correlates with a decrease in hippocampal BACE1 and Apa.
Additionally, the improvement was accompanied by restoring cholesterol homeostasis, achieved by
increasing LRP1-expression levels, and by reducing the neuroinflammatory state in the Hip of the
treated groups (Abuelezz et al., 2021). However, the study was limited to males and did not examine
the effects of histological abnormalities, such as plaque deposition, which are typically observed in

areas affected by AD.

Although these antibodies have proven effective in decreasing circulating cholesterol levels, their use
in treating neurodegenerative diseases like AD reveals various limitations, including monoclonal
antibodies inability to penetrate the BBB. The BBB limits the access of PCSK9 (Rousselet et al.,
2011) and particularly, of monoclonal antibodies like Alirocumab or Evolocumab, to the CNS
(Mazura et al., 2022). Mazura's research shows that 6 mo female SXFAD mice without LRP1 do not
raise AP elimination from the brain post-treatment with monoclonal antibodies, which emphasizes
the significance of LRP1 presence in mediating peripheral drug action (Mazura et al., 2022).
However, this study does not explore the effect of PCSK9 inhibition on another typical marker of

pathology, such as neuroinflammation.

When the BBB is functioning properly, tight junctions prevent the transcellular diffusion of antibodies
across the capillary. Therefore, the penetration of antibodies into the brain is generally estimated to
be approximately 0.1% in humans and animals alike (Tabrizi et al., 2010). However, in certain
pathological conditions like diabetes or AD, the BBB may be compromised (Sousa et al., 2023; Rom
et al., 2019).

Additionally, there are several drawbacks associated with these treatments, including their high costs,
subcutaneous administration that can lead to poor adherence to indications, and potential
immunogenicity with prolonged use. Furthermore, Inclisiran, which is the most recently approved

short interfering RNA targeting liver PCSK9 synthesis, also has several downsides (Nishikido et al.,
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2019). Consequently, there is a significant interest in searching affordable, orally bioavailable small

molecules PCSK9is that can regulate directly or indirectly PCSK9 level (Kuzmich et al., 2022).

Over the past few years, numerous small molecules effective as direct inhibitors of PCSK9 have been
developed (Evison et al., 2020; Petrilli et al., 2020). Various analogues with the ability to inhibit
transcription of PCSK9 were developed from natural compounds such as barberine, which is a well-

known PCSK9i (Wu et al., 2019; Fan et al., 2021).

Although several small-molecule inhibitors have been patented and reported in the literature in recent

years, no candidates suitable for clinical phase trials have been identified to date.
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2. Aim of the work

Increasing evidence suggests that dysfunction in lipid metabolism and mutations in genes involved
in lipid metabolism are main risk factors of many neurodegenerative disorders. Including AD. Recent
findings indicate an involvement of PCSK9 in AD pathogenesis, due to its extrahepatic functions. In
fact, PCSKO9 is involved in neurodevelopment and apoptosis, and in adult healthy brain the expression

of PCSKO9 is restricted to certain areas.

The mechanisms underlying PCSK9 involvement in AD may relate to the ability to degrade the
neuronal APOERs, as occurs for the LDLR in the liver resulting in neuronal cholesterol depletion

(Papotti et al., 2022).

The causal role of PCSK9 in AD remains largely unknown and even genetic studies have not provided

robust and conclusive evidence of an association between PCSK9 variants and disease risk in humans.
This project aims to help fill knowledge gaps through two main objectives:

AIM1) elucidate the pathophysiological role of PCSK9 in AD in both in vitro and in vivo models; to
this purpose, the possible deleterious effect of PCSK9 on neuroinflammation has been firstly
investigated in vitro on AP fibrils-treated U373-MG human astrocytoma cell line. Subsequently, the
impact of PCSK9 genetic ablation in SXFAD mice, a severe AD mouse model, has been assessed

across multiple biochemical, histological, and behavioral parameters.

AIM?2) identify a new class of PCSK9i with the ability to cross the BBB and modulate cholesterol
metabolism; particularly, several newly synthesized small molecules (MR-compounds) derived from
2-pyridone have been preliminary tested in vifro on human HepG2. After identifying the safest and
most effective molecules for inhibiting PCSK9, the in vivo tolerability has been assessed in C57BL/6J

mice.
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3. Materials and methods
Aim 1
3.1. In vitro inflammation studies

The U373-MG human astrocytoma cell line, generously provided by Professor Bussolati from the
Department of Medicine and Surgery at the University of Parma (Italy), was used to study
inflammation in vitro. The authenticity of the cell line was confirmed through the Cell Line
Authentication service by Eurofins Genomic in Ebersberg, Germany, prior to use. Cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) high glucose, supplemented by 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin solution (10.000 U/mL and 10 mg/mL, respectively), 1%
200 mM L-glutamine and 1% non-essential amino acids 100X solution. All cell culture reagents were
acquired from EuroClone (Milan, Italy). Ap and recombinant human PCSK9 (hPCSK9) were
purchased from Bachem (cat. n. 4014447.1000) and Cayman Laboratories (cat. n. 20631),
respectively. To assess the impact of PCSK9 on inflammation, cells were exposed to recombinant
hPCSK9 (5 pg/ml) for 24 h, followed by a 24 h incubation with AP fibrils (1 uM) prepared from
monomers as previously described (Papotti et al., 2022). After the incubation period, total mRNA was
isolated with the iScriptTM RNA extraction kit from Bio-Rad and 1 pl of the total extract was
employed for one-step quantitative polymerase chain reaction (QPCR) (one-step qPCR SYBR mix
from A&A Biotechnology) using specific primer combinations as listed in Table 1. In each
experiment, 18S ribosomal RNA (18S) served as the loading control. Following the treatment, to
measure the secretion of monocyte chemoattractant protein-1 (MCP-1), the culture medium was
collected, and enzyme-linked immunosorbent assay (ELISA) was conducted using the human MCP-
1 ELISA kit from R&D Systems (cat. n. DCP00). The dose of recombinant hPCSK9 used for in vitro
studies was based on literature (Adorni et al., 2017; Papotti et al., 2022) and manufacturer's

recommendation, demonstrating its efficacy in reducing LDL uptake through LDLR degradation.

Data are presented as mean + standard deviation (SD), and statistical comparisons were performed
using one-way ANOVA followed by the Tukey's multiple comparison test. A value of p < 0.05 was

considered statistically significant.

40



Table 1: List of primers used for Real-Time PCR analyses.

Function Transcript NCBI Ref Seq Primer sequence (5'- 3")
Fw CAAGGTCATCCATGACAACTTTG
Gapdh NM_008084.3
Rv GGGCCATCCACAGTCTTCTG
Housekeeping Fw AGCATACAGGTCCTGGCATC
CypA NM_008907.2
genes Rv TTCACCTTCCCAAAGACCAC
Fw CCACCTAAACCTTTTCATTGCG
Rerl NM _026395.2
Rv TTTGTAGCTGCGTGCCAAAAT
Fw TGTGGGCCGTGCTGTTGGTC
ApoE NM 001305843.1
Rv GCCTGCTCCCAGGGTTGGTTG
Fw GGATGGACGGTAACGGGAAT
Lpl NM_008509.2
Rv GGCCACATCATTTCCCACCA
Fw AAGGATGACTGTGGAGAC
Lrpl NM_008512.2
Rv ACTACAGCCACCATTATTC
Lipid-related Fw CAGTGTGCCCCTCTATGACC
Lrp5 NM_008513.3
genes Rv CGAATGACGTAGGGCCTGTA
Fw GGAGCAACTGGTGGATGGTT
Cd36 NM_001159558.1
Rv TACGTGGCCCGGTTCTACTAA
Fw AACCTGGAGCGAATTATCCCA
Pcsk9 NM_153565.2
Rv TTGAAGTCGGTGATGGTGACC
Fw CACGACCTAATGAAGAATG
Hmgcr NM_001360165.1
Rv ATTGACCAACTGGATGAT
Fw AGGTGCTCCAGAAAGCCATC
Stmnl NM_019641.4
Rv TCCACGTGCTTGTCCTTCTC
Fw CATTGCTGTACACCGTCCTG
P2ryl2 NM_001357010.1
Rv AACTTGGCACACCAAGGTTC
Fw CCGTGAAGTCTAGGGATCGGA
Ifitm3 NM_025378.2
Microglial Rv GTGTGAAGGTTTTGAGCGTT
factors Fw TACCGTCTACTACCCATCTGGC
CdliB NM_001082960.1
Rv TTGGTGAGCGGGTTCTGG
Fw ACGGAGACAGTGGCGTTCAG
Cx3crl NM_009987.4
Rv CGGCCAGGCACTTCCTATAC
Fw CAGGAAGACCATGCATCACCA
Cst7 NM_009977.3
Rv ATAGAGTCCGCTTCAAGGCAG
Fw ATCTTTGAAGAAGAGCCCATCC
111B NM_008361.4
Rv TGTAGTGCAGTTGTCTAATGGG
Inflammatory Fw CCTCTCTGCAAGAGACTTCCATCCA
16 NM_031168.2
mediators Rv GGCCGTGGTTGTCACCAGCA
Fw TCTTCTGTCTACTGAACTTCGG
TnfA NM 013693.3
Rv AAGATGATCTGAGTGTGAGGG




Fw CATATGGAGCTGACACCCCG

Ccl3 NM 011337.2
Rv TCTTCCGGCTGTAGGAGAAGC
Fw CTGGCCTCATACAAGAAATGGA
Ccl6 NM_009139.3
Rv TTGGAGGGTTATAGCGACGAT
Human primers for in vitro analysis
Housekeeping Fw CGGCTACCACATCCACGGAA
18§ X03205.1
gene Rv CCTGAATTGTTATTTTTCGTCACTACC
Fw GTACTTCTCAGAAACCCTGCG
Pyrin NM 000243
Rv AGATGAGGTTGGGGTAAGCG
Fw TTCTACGTTGGCCACTTGGG
NLRPI NM 033004
Immune cell Rv GTGAAGGTACGGCTATGCGG
factors Fw AAGTGGGGTTCAGATAATGCACG
NLRP3 NM 001243133
B Rv CACTGGAATCTGCTTCTCACG
Fw CCTACAGAATCAACGGCTGC
NLRC4 NM 001199138
Rv TCAGGCCTTCAGCTAGTTTTATAGC
Fw ACTTTGGAGTGATCGGCC
TNFA NM_000594
Rv GCTTGAGGGTTTGCTACAAC
Inflammatory Fw GGTACATCCTCGACGGCATCT
L6 NM_ 000600
mediators B Rv GTGCCTCTTTGCTGCTTTCAC
Fw ATGCACCTGTACGATCACTG
ILIB NM_000576
Rv ACAAAGGACATGGAGAACACC

For each transcript analyzed in ex-vivo or in vitro experiments, forward (Fw) and reverse (Rv) primer sequences are

indicated alongside with general functional classification and NCBI reference.

3.2.  Transgenic mouse line generation and genotyping

A new transgenic mouse line was generated using a two-step approach. Progenitors with no
phosphodiesterase-6b  retinal degeneration (Pde6b™) allele were acquired from Jackson
Laboratories, Bar Harbor. First-generation littermates were obtained by crossing hemizygous SXFAD
mice (B6SJL-Tg (APPSwFlLon, PSENI*M146L*L286V) 6799Vas/Mmjax, mentioned as
S5XFADM¢Y) and PCSK97~ (B6;129S6-Pcsk9tm1Jdh/J, mentioned as PCSK9X) breeders. The SXFAD
mouse co-expresses two transgenes with a total of five FAD mutations: the human 4PP with three
mutations (Swedish: K670N, M671L; Florida: 1716V, London: V7171) and the human PS/ with two
mutations (M146L and L286V), both under the transcriptional control of the neuron-specific Thymus
cell antigen-1 (Thy-1) promoter. SXFAD"PCSK9"" mice were selected from the progeny and
crossed with PCSK 9% mice to obtain SXFAD"'PCSK9XC mice and their related controls (Wild type
(Wt)-PCSK9Ht and Wt-PCSK9XO, hereinafter referred to as Ctrls). Mice were housed in a controlled
environment with stable temperature (22 °C £ 2), humidity (55% + 10) and 12/12 h light/dark cycle;
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food and water were available ad libitum. All animal procedures were approved by the Committee on
Animal Health and Care of the University of Modena and Reggio Emilia (protocol number: n°
511/2019-PR) and conducted in accordance with National Institutes of Health guidelines. Mouse

genotyping was performed on DNA samples extracted from ear tissue biopsies as described below.

The ear tissue (4 mm diameter, obtained using an ear punch) was incubated with 19 pL of lysis buffer
(50 mM Tris-HCI, pH 8.0; 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8; 20 mM NaCl; 1%
Sodium Dodecyl Sulfate (SDS); milliQ H»0 + diethylpyrocarbonate (DEPC)) and 1 pL of Proteinase-
K solution (20 mg/mL; Sigma) at 56°C for 120 minutes (min). After digestion, 180 pl of milliQ water

was added, and the reaction was halted by incubating at 100°C for 10 min.

The progeny required to obtain the four experimental groups (Wt-PCSKO9"; Wt-PCSK9K©;
SXFADHPCSK 9, SXFADM'PCSK9X?) was selected through polymerase chain reaction (PCR)
using G2 GoTaq polymerase (Promega) and specific primers purchased from Sigma-Aldrich,

following the protocols provided by Jackson Laboratories.

5XFAD cycling parameters: 94°C 3 min - (94°C 30 sec - 60°C 1 min - 72°C 1 min) x 30 cycles -
72°C 2 min and 4°C hold. Three different primers were used: mutant (product code: 27367):
CGGGCCTCTTCGCTATTAC; common (product code: 37598): ACCCCCATGTCAGAGTTCCT;
wt (product code: 37599): TATACAACCTTGGGGGATGG.

PCSKO9 cycling parameters: 94°C 3 min - (94°C 30 sec - 60°C 1 min - 72°C 1 min) x 28 cycles - 72°C

2 min and 4°C hold. Three different primers were used:

- mutant (product code: 0IMR5170): GATTGGGAAGACAATAGCAGGCATGC;
- common (product code: oIMR5171): ATTGTTGGAGGGAGAAGTACAGGGGT;
- wt (product code: 0IMR5172): GGGCGAGCATCAGCTCTTCATAATCT.

Finally, gel electrophoresis was performed using 1.5% agarose (Thermo Scientific) in TAE (tris-
acetate EDTA) buffer (0,04 M Tris-HCI; 0,02 M CH3COOH; 0.01 M Na,EDTA, pH 8.0) stained with
0.1% ethidium bromide. For SXFAD: a 129 basepair (bp) band identifies the mutant allele while a
216 bp product the wt one. For PCSK9: ~320 bp mutant, 653 bp and ~320 bp heterozygote, 653 bp

wit.
3.3. Behavioral tests

To assess the impact of PCSK9 loss in vivo, 10 mo male and female mice from the four experimental
groups underwent a battery of behavioral tests. All animal behavior evaluations were conducted in a
sound-proof room and recorded using the ANY-maze video tracking system (Stoelting) for automated

analysis. To minimize bias, all tests were carried out by an operator unaware of the treatment. All
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experimental mice were transferred to the behavior testing room 30 min prior to the trial to minimize
stress. The behavioral apparatus was thoroughly cleaned with a 70% Ethanol (EtOH) solution after

each animal's session to prevent any olfactory cue.
Elevated plus maze test

The elevated plus maze test is commonly used to measure anxiety in rodents (Locchi et al., 2008) and
is based on the conflict between their aversion to open space and their natural inclination to explore
new environments (Walf et al., 2007). Mice were tested in a plus-shaped apparatus with two opposing
opened (40 x 9 cm) and two opposing closed (40 x 9 x 15 cm) arms separated by a central area (9 x
9 cm). The apparatus was elevated 70 cm above the floor level. The animal was placed in the central
part with its head facing one closed arm and let free to explore the apparatus for 5 min. If the animal
fell from the apparatus, the test was stopped, and the mice excluded from the analysis. Total distance
travelled during test session, the number of entries (line-crossing) and time spent in the open and
closed arms, were measured. The percentage of time spent in open arms was considered an anxiety

index.
Morris water maze test

The MWM test was used to evaluate spatial learning and memory in mice (Runfola et al. 2021).
Animals were placed in a circular black pool with a diameter of 120 cm filled with 22+ 1°C water
mixed with a white non-toxic paint, with nose facing the wall. Mice were allowed to swim for 90
seconds (sec) or until they found the location of a hidden circular platform with 11 cm diameter;
during this learning phase mice were trained with 4 trials per day (starting from a different quadrant
with different visual cues at each trial) for 7 days with a 30 min inter-trial interval. For each trial, the
time to reach the platform, located in the South (S) quadrant of the pool was recorded (learning curve
Dayl-Day7, D1-D7). On the 8" day the platform was moved to the East (E) quadrant and two cues
were removed; mice underwent a second learning phase consisting in 4 trials per day with a 60 min
inter-trial interval between D8-D13. To assess memory retention, the platform was removed on D14
and the animals were allowed to swim for 60 sec (probe test), and the latency to reach the platform
area, total entries in the platform area and the % of time spent in target quadrant (E) were evaluated.
The analysis of target search strategy was carried out according to current literature (Vorhees and
Williams, 2006). Briefly, spatial accurate strategy and non-spatial strategy were distinguished
considering individual swim paths during probe test and manually scored by two operators unaware

of the treatment.
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Fear conditioning test

To assess associative fear learning and memory, contextual and cued fear conditioning (FC) test was
performed as described previously (Bianchi et al. 2010). For the purpose, the Ugo Basile any-maze
controlled Fear conditioning System (Gemonio, VA, Italy), consisting of a plexiglass cage (21 x 24
x 30 cm) with an electrified grid floor (conditioning chamber), inside a soundproof cubicle with a
light and a speaker, was used. Mice were exposed to a white noise throughout the task. The FC
protocol took place in two consecutive days. On the first day (training phase), mice were placed in
the conditioning chamber for a 2-min-acclimation period without any cue. Afterwards, animals were
exposed to two 15 sec acoustic stimuli (80 dB, 2000 Hz-conditioned stimulus, CS) paired, during the
last 2 sec, with an electric foot-shock (1.5 mA). This procedure was repeated, and mice were removed
from the chamber 30 sec later. Before the start of each session, the grid floor of the apparatus was
cleaned with 70% EtOH. On the second day, mice were returned to the same chambers in which
training occurred (contextual session) for 5 min. Approximately 3 h later, mice were placed in a
modified chamber (altered session) and after 5 min recording the CS was presented for 3 min (cued
session) without shock. The new environment consisted of a grey smooth floor and walls with
alternating black and white stripes. For each trial, every 10 sec, the blind operator manually recorded
the presence or the absence of freezing behavior. Freezing was defined as the absence of body

activities except for respiratory-related movements lasting longer than 1 sec.
3.3.1. Statistical analysis

All data, shown as mean + standard error of the mean (SEM), were analysed with one-way ANOVA,
two-way repeated measure ANOVA or chi square test, as appropriate, using the statistical package
SPSS (version 26). Due to the unequal distribution of male and female mice in the experimental
groups, and the documented impact of sex on behaviour and other AD related parameters (Forner et
al., 2021; Oblak et al., 2021), the possible effect of sex on experimental parameters was preliminarily
tested and, when a statistically significant difference was observed, sex was used as a covariate in the
subsequent statistical analysis. p < 0.05 was considered as the level for a significant difference and

0.10 > p>0.05 as trend for a significant difference.
34. Immunohistochemical analysis

At 10 mo of age mice were anesthetized with isoflurane and sacrificed for histological analysis
according to established protocols (Daini et al., 2021; Rigillo et al., 2018). Briefly, after intracardial
infusion of 50 ml of 0.9% NaCl (saline solution), a 7 min-long perfusion was performed with cold
4% paraformaldehyde (PFA) (speed: 10 mL/min), brain was dissected out and postfixed in the same
solution for 24 h, rinsed in a cryoprotective solution of 20% sucrose-phosphate buffered saline (PBS)-
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(Sigma) for approximately 48 h and then in a 30% sucrose-PBS for 72 h. Brains were frozen using
dry ice and stored at -80°C. Coronal 20 um thick section series were cut at a cryostat (Leica CM1520),
washed in cold PBS and stored at -20°C in a 50% glycerol-PBS solution until use. Brain sections
were processed according to established protocols to investigate specific AD-linked alterations at
synaptic and cellular level using specific antibodies (Abs, Table 2) through immunohistochemical
(IHC) analysis. A pre-treatment with formic acid was performed for anti-Ap Abs. Vectastain ABC-
Horseradish Peroxidase (HRP) (cat. n. PK-4002; cat. n. PK-4001) kits were used for peroxidase 3,3'-
diaminobenzidine (DAB) stainings; slices were placed on gelatinized glass slides, dehydrated, and
mounted with Eukitt® mounting medium. Thioflavin-S (ThS, Sigma, cat. n. 1892) and Congo Red

(Sigma, cat. n. 6277) stainings were performed according to established protocols (Daini et al., 2021).

Table 2: List of primary and secondary antibodies used for different applications.

Primary antibodies Host Dilution Source Cat. N°
anti-human AB/APP 6E10 (epitope human AB1-16) mouse 1:500 Signet n. 9300-10
anti-human AB;;;KZPIEZZ s;/::)letlc peptide of mouse 1:500 Tecan n. 10379
anti-ionized calcium-binding adapter molecule 1 ]
(BAD) rabbit 1:1000 Wako n. 019-19741
anti-glial fibrillary acidic protein (GFAP) rabbit 1:2000 Dako n. Z0334
anti-synaptophysin (SYN) mouse 1:1000 SYSY n. 101111
anti-beta-site APP-cleaving enzyme 1 (BACEI) rabbit 1:1000 Cell Signaling n. 5606
anti-B tubulin (Tub) rabbit 1:2000 Cell Signaling n. 21468
Secondary antibodies
anti-rabbit [gG HRP goat 1:200 Cell Signaling 7074S
anti-mouse IgG HRP goat 1:200 Abcam AB97245

3.4.1. Image and statistical analyses

All experimental procedures were performed blind on coded slides, by a minimum of two
experimenters, to avoid biases. Immunolabeled brain slices were observed and captured using a Nikon
Eclipse CiL microscope (with 10x and 40x Nikon plan fluor objectives) with a Nikon DS-Fi3 camera,
maintaining consistent light conditions. Shading correction was applied prior to image acquisition to

address microscope field illumination irregularities.

Assessing AP pathology, ThS- or AB-immunoreactive plaque analysis was performed on 10x images.
Amyloidosis was evaluated within the neocortex (Nctx), and Hip (Bregma between -1.46 and -1.58
mm) and olfactory tubercle (OT) (Bregma between 0.7 and 0.2 mm from (Paxinos and Franklin,

2019)) through Nikon NIS-Elements D software (5.21.00v) or ImagelJ Fiji software (1.53tv). Thanks
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to specific tools, following manual selection, the acquisition of morphometric parameters of the
plaques, including both the overall number and individual areas, was performed. Amyloid plaques in
the considered regions of SXFAD mice brain were classified according to their size into four ranges

(<200, 200 — 500, 500 - 1000, and >1000 um?).

For SYN and BACE1 immunoreactivity (ir) analysis, three slices per mouse of somatosensory cortex
(sCtx) (exclusively for BACE1) and cornu Ammonis 3 (CA3) field of Hip (Bregma between -1.46
and -1.58 mm from Paxinos and Franklin, 2019) were captured using a 10x objective. Subsequently,
counterstaining with Nissl stain (only for SYN) was performed to enhance the delineation of Hip
subregion boundaries. First, images underwent manual editing to eliminate edge artifacts, folds, and
blood vessels. Then, thresholding was applied following a previously described method (Zoli et al.,
1990b). The semi-quantitative densitometric and morphometric analyses, involving measurements of
area, length, and thickness, were performed on CA3 region following established protocols (Zoli et
al., 1990a; Zoli et al., 1992) using routines from Nikon NIS-Elements D and ImageJ Fiji softwares.
For densitometric analysis, acquired images were converted to 32-bit grayscale and specific optical
density (OD) values were obtained by subtracting the OD of the sampled region from the OD of non-
specific staining (i.e., pyramidal layer for CA3 analysis). Moreover, BACE1-labelled brain slices
were co-labelled with Congo Red stain and the number of double positive Congo Red"-BACE1"

plaques in sCtx were manually counted.

For glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (IBA1)
analysis, at least three slices/mouse from corpus callosum-cingulate cortex (CC-Cg) (Bregma
between -0.5 and -0.9) (only for GFAP), Ctx (only for IBA1) and Hip (Bregma between -1.46 and -
1.58 mm from Paxinos and Franklin, 2019) were acquired with 10x objective. Images were converted
to 32-bit grayscale and binarized using the following thresholds: for GFAP staining -35, -20, -40, -5
grayscale units from the peak mean grey value for hippocampal CA1 field, CA3 field, dentate gyrus
(DG) hilus and CC-Cg; for IBA1 staining -10 grayscale units for Ctx and DG hilus. The percentage
of area occupied by positive cells, i.e., the area covered by pixels with gray value above the threshold,
was analyzed using the “analyse particle” function of ImageJ. For microglia analysis, the count of

IBA1" cells was performed manually within the area of interest using a 10x objective.

Values are shown as mean=+SEM or 95% confidence interval as appropriate. Group differences
among different brain regions were analysed by means of two-way repeated measure ANOVA or two-
way ANOVA. When a main effect of AD genotype was demonstrated, the main effect of PCSK9
expression in AD mice was tested by means of one- or two-way ANOVA as appropriate. Proportions

were analysed by means of the Chi square test. Statistical analyses were performed through SPSS
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software, with p <0.05 as the level for a significant difference and 0.10 > p>0.05 as trend for a

significant difference.
3.5. Total cholesterol quantification in mouse brain and serum

A separate group of mice was quickly sacrificed by decapitation under isoflurane anaesthesia and
peripheral blood was collected into BD VACUTAINER plastic blood collection tube with serum clot
activator and after 1 h incubation at room temperature (RT), serum was isolated by centrifugation at
2500 revolutions per minute for 10 min; then the fluorometric Amplex® Red Cholesterol assay
(Thermo Fisher Scientific, MA, USA) was used to quantify TC following the manufacturer's
instructions. Moreover, the right cerebral hemisphere of each mouse was weighted and mechanically
homogenized. The homogenates underwent lipid extraction with the Folch’s Solution (Chloroform:
Methanol (MeOH) [2:1] v/v) for 24h. The lipophilic phase was then evaporated under nitrogen stream
and re-suspended in reaction buffer (0.5 M K3PO4, 0.25 M NacCl, 25 mM cholic acid and 0.5% Triton
X-100). The fluorometric Amplex® Red Cholesterol assay was used to quantify cholesterol content

in lipids extracted from brain following the manufacturer's instructions.

All data are shown as mean £ SEM. Statistical comparisons between the four genotypes were
performed using the two-way ANOVA considering p <0.05 as statistically significant and 0.10 >
p>0.05 as a trend for a significant difference. Statistical comparisons between wild type B6SJL and

5XFAD mice were performed by one-way ANOVA, considering p < 0.05 as statistically significant.
3.6. Hydroxysterols quantification in mouse brain and serum

The three main hydroxysterols (24-OHC, 27-OHC and 25-OHC) quantification in mouse brain and
sera was performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Borah et al.,
2020; Del Puppo et al., 1998). Specifically, the lipophilic phase extracted through the Folch’s solution
from the left cerebral hemisphere, as well as from 0.2 ml of serum, were supplemented with
Butylhydroxytoluene (BHT, 0.1 pg/ul) and underwent alkaline hydrolysis in 1 ml of 1 M NaOH in
90% EtOH for 2 h at 60°C. One ml of saline was then added and sterols were extracted with 2 ml of
Petroleum Ether 40°-60°C. Dried lipid extracts were then resuspended in 2 ml of deionized H2O
supplemented with 5% v/v of MeOH and oxysterols were separated by Solid Phase Extraction
Cartridges C18 (Waters, MA, USA), as previously described.

LC-MS/MS analysis was then carried out by adding to each dried sample 100 pl of MeOH enriched
with 1 pg/ul of 24-, 25- and 27-deuterated OHC (Avanti Polar Lipids, AL, USA), used as internal
standards. Samples were subsequently eluted through a C18 Synergi Hydro-RP column (150 mm x
3mm, 80A, 4 um particles; Phenomenex, CA, USA), equipped with a C18 pre-filtering column. The
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mobile phase was made of MeOH: acetonitrile: H,O [14:1:0.6], added with 0.1% v/v formic acid.
The elution was isocratic at a flow rate of 200 pl/min for 50 min, the injection volume was 20 pl and
each sample was injected in duplicate. The analysis was carried out using an Agilent HP 1200
chromatographic system (Agilent Technologies, CA, USA), with a 100-vial capacity sample tray and
coupled with a QTRAP 4000 triple quadrupole mass spectrophotometer (ABSCIEX, CA, USA),
equipped with a pneumatically assisted ESI interface. Nitrogen (99.99% of purity) was used as a
sheath gas and the auxiliary gas was delivered at flow rates of 45 and 5 arbitrary units, respectively.
Optimized conditions of the interface were set as follows: ESI voltage 5.5 kV; declustering potential
35V, entrance potential 10V; collision exit potential 10V and capillary temperature 350°C.
Experiments were performed under positive ion-selected reaction monitoring conditions, using
nitrogen as a collision gas (pressure of 2.1 x 10-3 mbar). The analytical method performed was
initially set up by using 24-, 25- and 27-OHC spiked with 1 pg/ul of the respective deuterated internal

standard.

All data are shown as mean + SEM and statistical comparisons were performed with one or two-way

ANOVA as appropriate.
3.7.  Total RNA extraction, reverse transcription, and real time polymerase chain reaction

A separate group of mice was sacrificed after deep anaesthesia, through intracardiac 50 ml injection
of PBS, the brain was isolated, and the dissected Ctx was lysed by mechanical disruption in 1 ml of
Trizol reagent (Qiagen), homogenized following the procedure provided by the manufacturer
(RNeasy Plus Mini Kit, Qiagen) and processed for qPCR as described (Villacampa et al., 2015).
Isolated mRNA was quantified with Thermo Scientific NanoDrop™ 1000 Spectrophotometer and
reverse transcribed to cDNA using random hexamers and M-MLV Reverse Transcriptase (Promega
Corporation) following the instructions provided by the manufacturer. Samples were heated at 70 °C
for 5 min to eliminate any secondary structures, then incubated at 23 °C for 10 min, 1 h at 37 °C, and
5 min at 95 °C before being chilled at 4 °C using a thermocycler T Gradient (SimpliAmp, Applied
Biosystem). The amount of cDNA was quantified with iTaq Universal SYBR Green Supermix (Bio-
Rad) using a Bio-Rad RT-PCR iCycler. Each PCR reaction was performed in triplicate using 300 nM
of each primer (Table 1), 10 uL of iTaq Universal SYBR Green Supermix (Bio-Rad), cDNA and
nuclease-free water with the following cycling parameters: 2 min at 95 °C and 40 cycles of 5 min at

95 °C and 30 sec at 60 °C, followed by 5 sec at 95 °C and 65° to 95 °C melting curve analysis.

For gene expression analysis, mRNA levels of each experimental gene target were normalized to the
average of three housekeeping genes. Glyceraldehydes-3-phosphate dehydrogenase (Gapdh),

retention in endoplasmic reticulum sorting receptor 1 (Rerl) and cyclophilin A (CypA) reference
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genes were used as endogenous controls. For quantitative evaluation of changes, the comparative
AACt method was performed, using as calibrator the average levels of expression of Wt-PCSK9"! or
B6SJL mice. Statistical comparisons were performed using one- or two-way ANOVA as appropriate,
considering a value of p<0.05 as statistically significant and 0.10 > p>0.05 as a trend for a

significant difference.
3.8. Protein extraction and western blotting analysis

The dissected Hip was mechanically homogenized in RIPA lysis buffer containing 100 mM Tris-
HCL, pH 7.5, 150 mM NaCl, 1.0 mM EDTA, 1% sodium deoxycholate, 1% TritonX100, 0.01% SDS,
along with protease and phosphatase inhibitor cocktails. The standard Pierce bicinconic acid assay
(BCA) was used to quantify the total protein extracted, as previously described (Almoda et al. 2015).
After quantification, 5 pg of proteins from each sample were denatured, separated with
electrophoresis, and transferred onto polyvinylidene difluoride (PVDF) membranes. The blots were
subsequently blocked in 5% non-fat dried milk in tris-buffered saline (TBS) containing 0.1% of tween
20 at RT and incubated overnight at 4°C in the blocking buffer containing the primary antibodies
(Table 2): mouse anti-synaptophysin (SYN, 1:1000, SYSY) and rabbit anti-B tubulin (Tub, 1:2000,
Cell Sign). On the following day, the membranes were incubated with specific secondary anti-rabbit
or anti-mouse IgG-HRP-linked antibodies for 1 h at RT. The membranes were analyzed using the
enhanced chemiluminescence system following the manufacturer's protocol (Pierce). Protein signals
were quantified using GelPro analyzer and expressed as relative OD normalized to Tub. All data are
presented as mean + SEM. Values were subjected to two-way ANOVA analysis using SPSS, with sex

as a covariate. Differences were considered statistically significant at p < 0.05.
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Aim 11

3.9. In vivo preliminary screening of novel anti-PCSK9 agents
MR compounds

The MR compounds were synthesized from 2-pyridone derivates with the published method
(Giannessi et al., 2023). The cytotoxicity of MR compounds was preliminary in vitro evaluated on
human HepG2 cells. Finally, tested for its PCSK9 inhibitory activity. The most promising compounds

were selected for in vivo toxicity evaluation.

For in vivo preliminary screening, three putative PCSK9i (MR3, MR532 and MR533; molecular
weight 440.39, 402.36 and 444.40 respectively) provided in a powder form by Marco Radi from the
Department of Food and Drug Sciences, University of Parma (Italy) were tested. The SBC-115076
(Sigma, cat. n. SML1712) was used as a positive control due to its known inhibitory activity on
PCSK9 (WIPO international publication number: WO 2014/150326 A1, Abdel-Meguid et al., 2014).
All compounds were diluted in Super Refined™ Diethylene Glycol Monoethyl Ether (DEGEE)-LQ-

(MH), CRODA (also known as Transcutol), also used as vehicle in control group.
Animals treatment and toxicity evaluation

Experimental mice were kept in a conventional animal facility with controlled temperature (20 - 24
°C) and humidity (60%) on a light/dark cycle of 12 h. Food and water were available ad libitum. A
total of 24 healthy male 3 mo C57BL/6J mice (26 — 30g) were trained for three days in an open field
(OF) apparatus (50 x 50 x 40 cm), in order to evaluate general motor activity. After basal acquisition
phase the mice were randomly divided into five experimental groups: vehicle-treated group n = 4,
SBC-115076-treated group n = 5 and MR-treated groups n = 5). From the third day of habituation in
OF, each group of mice received a daily subcutaneous injection (SQ inj) for 7 consecutive days of 50
ul of Transcutol (vehicle) or PCSK9i corresponding to a dosage of 4mg/Kg and 40mg/Kg for the
positive control SBC-115076 and MR compounds (MR3, MR532 and MR533), respectively.

To assess any potential signs of toxicity induced by the MR compounds, a modified SHIRPA test was
used to monitor general health status including locomotion, appearance, behavior, and reflex
reactions. Briefly, three days before the first SQ inj and throughout the entire experimental period,
body weights were measured; then, mice behavior was evaluated in a cylinder filled with bedding
material and scored as follow: activity status (inactive, active, hyperactive), tremor (existing, not
existing), eyelid opening, fur appearance (neat, ragged, dull fur), epiphora (existing, not existing),
vibrissae movement (existing, not existing), defecation (existing, not existing). Later, the mouse was
placed in the OF in order to evaluate motor activity. During a 10 min lasting observation, the analysis
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was performed according to following parameters: total distance travelled, mean speed, time spent in

the corners and in the center, immediate locomotion after transfer, stereotypies.

All behavioural tests were conducted in a sound-proof room and recorded by ANY-maze video

tracking system.
3.10.1 Sacrifice and tissue collection

At the end of the experiment session, 6 h after the last injections, mice were deeply anesthetized with
Isoflurane and tissue, including brain and peripheral organs such as gut, kidney, spleen, and part of
the liver were dissected out and immediately frozen in liquid nitrogen; the remain portion of the liver

was postfixed in 4% PFA for further analysis.
3.10. Ex vivo analysis

For the evaluation of MR compounds activity on Pcsk9 expression, an ex vivo analysis was
performed. The liver was processed for qPCR as described (Villacampa et al., 2015), total RNA was
extracted, and reverse transcribed in cDNA following Promega provided instructions. The amount of
cDNA was quantified with iTaq Universal SYBR Green Supermix (Bio-Rad) using a Bio-Rad RT-
PCR iCycler. Each PCR reaction was performed in triplicate using 300 nM of each primer (see
primers sequence in Tablel), 10 pL of iTaq Universal SYBR Green Supermix (Bio-Rad), cDNA and
nuclease-free water with the following cycling parameters: 2 min at 95 °C and 40 cycles of 5 min at

95 °C and 30 sec at 60 °C, followed by 5 sec at 95°C and 65° to 95° melting curve analysis.

For gene expression analysis, mRNA level of experimental gene target Pcsk9 was normalized to the
housekeeping gene, Gapdh. For quantitative evaluation of changes, the comparative AACt method
was performed, using as calibrator the average levels of expression of vehicle mice. Statistical
comparisons were performed using the one-way ANOVA, considering a p-value < 0.05 as statistically

significant and # 0.10 > p > 0.05 as a trend for a significant difference.
3.11. Histological analysis

After post fixation in 4% PFA, liver samples were incubated overnight at +4°C in 20% sucrose/PBS
sterile solution and embedded in Tissue-Tek OCT (Kaltek, Padua, Italy). Samples were processed for
optical microscopy by collecting 7 um thickness sections using a cryostat. Sections were furtherly
fixed with 10% Neutral Buffered Formalin, extensively washed in PBS and then subjected to
hematoxylin/eosin staining. Slides were mounted with Eukitt® Quick-hardening mounting medium
(Sigma-Aldrich, St. Louis, MO, USA), and coverslips were sealed. Images were acquired with a

ZEISS AXIOVERT 200 microscope and visually examined by two different operators.
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3.12. Statistical analysis

All data, shown as mean =+ standard error of the mean (SEM). Differences between treatment groups
were evaluated by one-way ANOVA. A probability value of p < 0.05 was considered statistically
significant, using the statistical package SPSS (version 26).
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4. Results
Aim I

4.1. Invitro PCSK9-mediated neuroinflammatory effects
The impact of PCSK9 on AB-mediated inflammatory response was first tested in vitro, in U373
human astrocytoma cell line. As shown in Figure 7 A, the incubation of U373 cells with AP fibrils
[1 uM] induces an AD-like condition via the upregulation of /L-6 and /L-1 mRNA expression.
However, there was no significant change in 7NFa. Additionally, similar results were obtained by
incubating U373 cells with human recombinant PCSK9 [5 pg/ml]. Furthermore, it was shown that
under co-incubation conditions recombinant PCSK9 potentiated the pro-inflammatory A fibril

effects by significantly increasing /L6, IL-1f and TNFo. (Figure 7 A).

Since AP also stimulates chemokine release from astrocytes in vitro (Smits et al., 2002), the release
of MCP-1 into the conditioned media was quantified by ELISA assay. The analysis demonstrated that
U373 incubation with AP fibrils significantly increased the release of MCP-1, and this effect was
further enhanced by 24 h pre-incubation with PCSK9 (Figure 7 B).

Data from literature reported that the pro-inflammatory response to A in astrocytes is reliant on the
overexpression of the scavenger receptor CD36 (Jones et al., 2013). In addition, the interaction
between AP and CD36 triggers the assembly of a heterotrimeric complex along with TLR4 and TLR6
leading to downstream signaling inducing cytokines release and ROS production. Furthermore, CD36
activates the nucleotide-binding domain, leucine-rich—containing family, pyrin domain—containing-3
(NLRP3), a component of the complex known as the inflammasome, an intermediate step required
for the IL-1P maturation process (Sheddy et al., 2013). All these processes influence microglia

activation, neuroinflammation and neurodegeneration (Shmuel-Galia et al., 2017).

Based on these premises and the pro-inflammatory effect of PCSK9 described in macrophages (Ding
et al., 2018) and astrocytes (Figure 7), we evaluated the expression of CD36 in our experimental
conditions. Results demonstrated that CD36 expression was not changed compared to basal

conditions (not shown).

Finally, the expression levels of inflammasome-related genes were analysed by qPCR. Results
revealed that NLRPI and NLRP3 as well as the nucleotide-binding domain leucine-rich repeat-
containing protein family caspase activation and recruitment domain-containing protein 4 (NLRC4)
are significantly upregulated by A treatment, whereas incubation with PCSK9 had no significant
effect. Of note, the co-incubation with PCSK9 had an additive effect on mRNA levels of Pyrin,
NLRPI and NLRP3, and NLRC4, although it was statistically significant only for NLRC4 (Figure 7
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C). Nevertheless, these findings provide additional support for the role of PCSK9 in promoting the

inflammatory response in AP fibril exposed-U373 astrocytoma cell line.
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Figure 7. Effects of PCSK9 on Ap-induced inflammation in U373 astrocytoma cell line. A /L-6, /L1 and TNF-a mRNA expression,
with 18S ribosomal RNA (18S) as endogenous control, were measured by qPCR under different experimental conditions: basal, after
treatment with AP fibrils (1 uM), after treatment with human recombinant PCSK9 (5 pg/ml) and after consecutive incubation of PCSK9
and AP fibrils. B MCP-1 secretion in conditioned media from U373 cells was measured by ELISA assay under different experimental
conditions. C Inflammasome-related genes expression, with 18S as endogenous control, were measured by qPCR under different

experimental conditions. Experimental conditions were tested in triplicate and data are expressed as mean + SD. Statistical analyses
were performed using the one-way ANOVA with a Tukey’s multiple comparison test (see Table 3 for statistical supplementary
information). * p <0.05; ** p < 0.01; *** p <0.001; **** p <0.0001.

Table 3: Supplementary statistical report of in vitro analyses (Figure 7).

L6 Hokok F(3,8)=24.05, p=0.0002
Cytokine " — —
mRNA (A) ILIB F(3,8)=7.34, p=0.011 one-way ANOVA
TNFA ** F(3,8)=10.52, p=0.003
Fie.7 MCP-1 (B) MCP-1 *% F(3,4)=27.4, p=0.004 one-way ANOVA
ig.
& Pyrin * F(3,8)=5.53, p=0.023
NLRPI ns F(3,8)=2.75, p=0.112
Inflammasome (3.8) p one-way ANOVA
mRNA (C) NLRP3 Hkok F(3,8)=17.61, p=0.0007
NLRP4 *% F(3,8)=14.15, p=0.0015
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4.2.  Invivo and ex vivo effects of PCSK9 genetic ablation in SXFAD mice
4.2.1. Impact of PCSK9 loss on SXFAD mouse behavior and cognitive functions

Elevated Plus Maze (EPM)

The EPM was used to assess exploratory and anxiety-like behavior in 10 mo Wt-PCSK9!¢ Wt-
PCSKO9X® (hereinafter mentioned as controls, Ctrls), SXFAD-PCSK9" and 5XFAD-PCSK9X©
mice. The motor abilities as well as the innate/spontaneous exploratory behavior were assessed by
measuring the distance travelled and total arm entries during test duration; results demonstrated no

significant differences between groups (Figure 8 A, B).
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Figure 8. Effect of PCSK9 genetic ablation on motor abilities, exploratory and anxiety-like behavior in EPM. A,B The analysis
of distance travelled, as an index of locomotor activity A, and total entries in the arms of EPM, as an index of exploratory behavior B
during test were similar in all experimental groups. C Occupancy plot showing the position occupied by experimental groups during
test. The color scale represents the average time spent in the different zones of the EPM. D The percentage of time spent in open arms
of the EPM was significantly higher in AD mice without any effect of PCSK9 deletion. Data are shown as mean = SEM (Panels A, B,
D) and analyzed by two-way ANOVA with 5XFAD and PCSK9 expression as factors, and sex as covariate (see Table 4 for statistical
details). Experimental groups: Wt-PCSK9"®, n = 13; Wt-PCSK9XO, n = 9; 5XFAD-PCSK9"®, n = 12; 5XFAD-PCSK9XO, n = 11.

Furthermore, as previously observed by others (Jawhar et al., 2012; Forner et al., 2021), 10 mo
5XFAD mice spent more time in the open arms, an index of decreased anxiety-like behavior (Figure

8 C, D, see Table 4 for statistical information). Additionally, a significantly higher ratio of open arm
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entries to total arm entries was observed in SXFAD mice (data not shown) compared to Ctrls.
However, no effect due to PCSK9 loss was found. Detailed statistical report is summarized in Table

4.
Morris Water Maze

To unveil the impact of PCSK9 loss in cognitive decline due to AD-like pathology, the MWM task
was used. Preliminary data have shown that the spatial learning abilities and memory are significantly

impaired in 10 mo 5XFAD mice compared to Wt B6SJL (Figure 9 A, B).

Subsequently, the MWM test was conducted to compare the performance of 10 mo Ctrls, 5XFAD-
PCSK9"' and SXFAD-PCSK9%° mice. Swimming motor ability was preserved in these mice; in fact,
the mean swimming speed was not different between all tested groups throughout the entire
experiment (not shown). The time needed to find the platform (escape latency) was averaged for each
day (4 trials/day) to obtain the learning curve of each experimental group. Repeated measure two-
way ANOVA analysis demonstrated that the learning curves of the groups were significantly different

with a main effect of the SXFAD factor (see Table 4 for statistical details).
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Figure 9: Learning and memory are impaired in 10 mo 5XFAD mice. A Analysis of MWM learning curve. The time needed to find
the platform (escape latency) was averaged for each day (4 trials/day) and analyzed by two-way repeated measures ANOVA with
training day and genotype as factors, * p < 0.05 (see Table 4 for supplementary statistical information). B An increased time to reach
the platform in the trained target quadrant (east (E) quadrant) during the probe test in SXFAD mice was recorded. Statistical analysis
according to one-way ANOVA, ** p <0.01 (see Table 4 for supplementary statistical information). Data are shown as mean + SEM.
Experimental groups: B6SJL, n=12; 5XFAD, n=11.

Particularly, 5XFAD-PCSK9%? mice exhibited a significantly reduced escape latency and achieved
a level of performance comparable to that of Ctrls (Figure 10 A). However, during the reversal test
on day 8, when the platform position was changed, the statistical analysis showed a main effect of
the SXFAD factor showing that 5XFAD mouse groups required more time to reach the platform in
the new position (see Table 4 for statistical details). After a 24 h rest period from the last learning

session, the four experimental groups were given a 60 sec swim in the pool without the platform for

57



testing long term memory in the probe test. The percentage of time spent in the E quadrant, the target
location, was then recorded. The analysis of the probe test revealed that SXFAD mice spent

significantly less time in the E quadrant, regardless of PCSK9 deficiency (Figure 10 B).
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Figure 10. Effect of PCSKO loss on learning abilities and memory in MWM task. A Analysis of MWM learning curve. The time
needed to find the platform (escape latency) was averaged for each day (4 trials/day) and analyzed by two-way repeated measures
ANOVA with training day and genotype as factors and sex as covariate. The comparison between SXFAD groups was performed by
two-way repeated measures ANOVA (Table 4 for statistical report): * p < 0.05. B % of time spent in the target quadrant during 60 sec
of probe test was analyzed by a two-way ANOVA with SXFAD and PCSK9 expression as factors, and sex as covariate (see Table 4 for
supplementary statistical information). C Occupancy plots for grouped data. The colour scale represents the average search time during
probe test. D Analysis of search strategy. Data are analyzed by chi-square test (see Table 4): * vs Wt-PCSK9"t; o vs Wt-PCSK9X0; §
5XFAD-PCSK9XO, o § p < 0.05; *** p < 0.0001. Data are shown as mean = SEM (Panels A-B). Experimental groups: Wt-PCSK9Het,
n = 14; Wt-PCSK9XO, n = 10; SXFAD-PCSKO9"et n = 15; SXFAD-PCSKO9XO, n = 12. Abbreviations: E, east; N: north; S, south; W,
west.

The development of a quadrant and platform position specific preference is shown in Figure 10 C by
occupancy plots of grouped data. Although no difference was observed in the probe test between the
5XFAD mice, heat maps showed less focused sampling of the maze and reduced dwell time in the
target quadrant in the SXFAD-PCSK9" group. To evaluate learning quality in the MWM task, we
measured the accuracy of swim trajectories displayed by mice to locate the platform during the probe
9KO

session. Our analysis of search strategies revealed that SXFAD-PCSK9*" mice exhibited a significant

increase in directed strategies and a decrease in non-targeted search approaches (random and non-
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cognitive) compared to SXFAD-PCSK9" mice (chi-square test p = 0.0437, see Table 4) (Figure 10
D).

Altogether, these findings demonstrated that the absence of PCSK9 in 5XFAD mice results in
enhanced performance in learning and memory tasks, along with an improved search strategy for

locating the platform position.
Fear Conditioning

To investigate associative and contextual fear-related memory and the effects of PCSKO loss in
5XFAD mice, our experimental mice were tested in the FC paradigm. Before testing, the mice were
given 2 min to habituate to the test chamber and their behaviour was recorded; obtained results
demonstrated that both Ctrls and 5SXFAD mice had comparable exploratory activity of the new
environment, measured by recording the distance travelled, and spontaneous freezing behavior that

amounted to less than 15% of the experimental time (not shown).

100+ 100+ TIV e o, ® N
= - T _l.:'_ el
X 804 X 804 [ ]
- = = v
58 T8 .
8§ 60 o 25 60 " W
82 v 23
£ 2 a0 o £ 2 a0 :
= L] o O N
” o v . 2
® 20 £ 204
~— —
o——————m 0
100~ " 100+ v o u
° " _— .“‘“ = l.
8\: 80— é 80— v 'q; ;"‘
" ® 1
B E 60 S 60+ v -
B e 33 v
g3 g3 )
< e 40+ g’ 404 ¥ " "
o o .
.?_ 20 g 20
0 0

Figure 11. Effect of PCSKO9 loss on contextual memory formation in 10 mo AD mice in a FC paradigm. A-D Manually recorded
freezing events, measured as the absence of movements except respiration, lasting at least 1 sec and counted every 10 sec during the
different session of FC test (data are represented as number of events / total possible events during session * 100). A Spontaneous
freezing event during 2 min habituation session prior conditioning. B Freezing events recorded after 24 h from conditioning (repeated
shock) in the same conditioning room during 5 min contextual session (no shock). C Freezing events recorded after 3 h from contextual
session in a modified environment during 5 min altered session (no shock). D Freezing events recorded in an altered environment
during 3 min cued session (acoustic tone, no shock). Data are shown as mean = SEM. Experimental groups: Wt-PCSK9Het n = 14;
Wt-PCSK9¥0, n = 10; SXFAD-PCSK9"® n = 12; 5XFAD-PCSK9XO, n = 12,
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In addition, no differences in the number of spontaneous freezing behavior were observed between
the experimental groups during pre-conditioning session (see Figure 11 A). Then, 24 h after the
conditioning, mice were re-exposed to Context A to test contextual memory retrieval; the number of
freezing events, measured during 5 min session (contextual), increased for all experimental groups
(Figure 11 B). These data suggest that contextual associative memory is preserved in SXFAD mice.
Subsequently, 3 h after the context test session, all groups were tested in the altered test session
(context B) and showed a global decrease in the number of freezing events compared to the contextual
test (Figure 11 C). However, an increased number of freezing events was observed in 5XFAD mice
without any influence of PCSK9 loss (see Table 4 for statistical information). Finally, mice were
subjected to a cued test session, in which the acoustic tone was administered without any foot shock
in context B; results demonstrated that all experimental groups displayed similar freezing behavior

indicating a fear memory association.

These data indicate that fear learning and associative memory were intact in 10 mo SXFAD mice
during contextual and cued session. However, the higher freezing behavior during altered session of
5XFAD mice suggests a possible reduced ability to discriminate and dissociate the novel environment
from the one where conditioning was assessed, compared to the Ctrls. Moreover, the absence of
PCSKO9 did not counteract the spatial discrimination impairment observed in SXFAD mice. See Table

4 for more statistical information.

Table 4: Statistical supplementary report of in vivo analyses (Figure 8-11).

Global analysis:
distance Sex F(1,44)=0.055, p=0.816; PCSK9 KO F(1,44)=0.020,
travelled (A) s p=0.889; SXFAD F(1,44)=4.403, p=0.129, PCSK9*5XFAD
F(1,44)=0.514, p=0.477
Global analysis:
Fig.8 EPM total arms ns Sex F(1,44)=3.225, p=0.080; PCSK9 KO F(1,44)=0.031, two-way

entries (B) p=0.861; SXFAD F(1,44)=0.123, p=0.728, PCSK9*5XFAD ANOVA
F(1,44)=1.402, p=0.243
Global analysis:
Sex F(1,44)=4.387, p=0.043; PCSK9 KO F(1,44)=0.193,

p=0.663; SXFAD F(1,44)=11.059, p=0.002, PCSK9*5XFAD

% time spent
in open arms | ns

(D) F(1,44)=0.970, p=0.331
Sex F(1,20)=0.225, p=0.640; two-way
daily escape % SXFAD F(1,21)=4.587, p=0.044; days of training repeated
latency (A) F(12,252)=6.665, p<0.001; Genotype*days of training measure
Fig9 | MWM F(12,252)=0,9138, p=0.534 ANOVA
latency to
reach the - Sex F(1,20)=1.418, p=0.248 one-way
platform area 5XFAD F(1,22)=8.393, p=0.009 ANOVA
(B)
Global analysis:
Sex F(1,42)=8.378, p=0.005; two-way
Fig. 10 | MWM daily escape % PCSK9 F(1,42)=1.018, p=0.319; SXFAD F(1,42)=15.003, repeated
’ latency (A) p<0.001; days of training F(1,42)=7.203, p<0.001; days of measure
training*SXFAD*PCSKO9 F(1,42)=1.057, p=0.394; ANOVA

5SXFAD*PCSKO F(1,42)=4.629, p=0.037
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Analysis in SXFAD mice:
Sex F(1,21)=4.976, p=0.037;
* PCSK9 F(1,21)=4.737, p=0.041; days of training
F(11,21)=3.654, p<0.001; days of training*PCSK9
F(12,21)=1.271, p=0.236

Days of training (1,43)=38.208, p<0.001; genotype
(1,43)=9.456, p<0.001
Bonferroni post-hoc analysis:

D8-DI13 of Wt-PCSK 9"t vs Wt-PCSK9KO, p=1.000; Wt-PCSK9Me! vs One'vzag
learning 5SXFAD-PCSK9"¢, p<0.001; Wt-PCSK9"* vs SXFAD- Zegeoa\f A
PCSK9KO, p=0.265; Wt-PCSK9KC vs SXFAD-PCSK9Het,
p=0.003; Wt-PCSK9XC vs SXFAD-PCSK9XC, p=1.000;
5XFAD-PCSK9" vs SXFAD-PCSK9X©, p=0.087
Global analysis:
Sex F(1,46)=2.208, p=0.145; PCSK9 KO F(1,46)=1.901, two-way

D8 of learning | ns |\ 175 SXFAD F(1,46)=7.138, p=0.011, PCSK9*5XFAD | ANOVA

F(1,46)=2.654, p=0.111

Global analysis:

Sex F(1,42)=3.353, p=0.074; PCSK9 KO F(1,42)=0.068, two-way
p=0.794; SXFAD F(1,42)=5.454, p=0.024, PCSK9*5XFAD ANOVA
F(1,42)=2.216, p=0.144

% time spent
in the target ns
quadrant (B)

Wt-PCSK9Het vs Wt-PCSK9XO, p=0.6307; Wt-PCSK9H! vs
5XFAD-PCSK9!t p=0.0005; Wt-PCSK9¥C vs 5XFAD-

% strategies PCSK9Het, p=0.0241: Wt-PCSK9KO vs SXFAD-PCSKOK0, | ohi square
(D) p=0.5261; SXFAD-PCSK9"! vs 5XFAD-PCSK9KO, test
p=0.0437
Global analysis:
freezing Sex F(1,47)=0.229, p=0.635; PCSK9 KO F(1,47)=0.229,
events (Hab) | > | p=0.634; 5XFAD F(1,47)=0.205, p=0.653, PCSK9*5XFAD
F(1,47)=0.363, p=0.550
freezing Global analysis:
A o | Sex F(1,47)=0.123, p=0.727; PCSK9 KO F(1,47)=2.407,
p=0.128; 5XFAD F(1,47)=1.559, p=0.219, PCSK9*5XFAD
(Contextual) _ _
Fig. 11 FC F(1,47)=0.001, p—-0.978 two-way
freezing Global analysis: ANOVA
A o | Sex F(1,47)=3.273, p=0.077; PCSK9 KO F(1,47)=0.017,
(Altored) p=0.895; SXFAD F(1,47)=10.497, p=0.002, PCSK9*5XFAD
F(1,47)=1.185, p=0.282
Global analysis:
freezing Sex F(1,47)=0.321, p=0.574; PCSK9 KO F(1,47)=0.063,

ns

events (Cued) p=0.804; SXFAD F(1,47)=2.539, p=0.118, PCSK9*5XFAD

F(1,47)=2.295, p=0.137

4.2.2. Ap pathology

In order to correlate improved cognitive performance with histological markers of AD, the effects of
PCSK®9 ablation in modulating brain amyloidosis were assessed in SXFAD mice. Brain sections from
10 mo 5XFAD-PCSK9"' and 5XFAD-PCSK9¥° mice were processed by means of IHC; different
plaque types were visualized by using different antibodies against AB and APP (anti-6E10 Ab) or
AP42 neurotoxic oligomers (anti-11A1 Ab) and standard ThS staining for B-sheet structures, a marker
for fibrillar and compact AP. After images capture, quantitative analysis was conducted by measuring
the number and size (expressed in area units, um?) of AB* plaques. The absence of plaque pathology

was confirmed throughout the entire brain in Ctrls mice (not shown).
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Figure 12. Plaque deposition is reduced in 5XFAD mice in absence of PCSK9. A-B, E-F Representative images showing ThS*
plaque in DG (A-B) and Nctx (E-F) of 10 mo 5XFAD-PCSK9"t and 5XFAD-PCSK9¥® mice. Scale bar = 200 pm. C-D, G-H
Quantitative analysis of plaque count (C,G) and area (D,H) in DG and Nctx of SXFADPCSK9"t and 5XFAD-PCSK9X© mice. Data
are shown as mean + SEM. Statistical analysis according to two-way ANOVA: * p < 0.05, ** p < 0.01; sex was used as covariate as
appropriate (See Table 5 for statistical details). Experimental groups: 5SXFAD-PCSK9"e! n = 9; 5XFAD-PCSK9X0, n = 5.

ThS" aggregates were selectively present in both DG (Figure 12 A, B) and Nctx of 5XFAD mice
(Figure 12 E, F). The quantitative analysis demonstrated a substantial 40 % decrease in the number
(Figure 12 C, G) as well as in the area (Figure 12 D, H) of ThS" plaques in both DG and Nctx of
5XFAD-PCSK9X® mice compared to SXFAD-PCSK9M mice, clearly demonstrating that PCSK9

loss reduces amyloidosis in SXFAD mice (detailed statistical report is available in Table 5).

Subsequently, in the same brain regions AP composition was further characterized by using mouse
anti-human AB/APP 6E10 and mouse anti-human AP 11A1 antibodies. A significant reduction in the
number of 6E10" and 11A1" amyloid plaques was observed in both DG and Nctx (DG: -35% and -
28%, respectively and Netx: -40% and -36%, respectively) of SXFAD-PCSK9*® mice as compared
to SXFAD-PCSK9" mice. In addition, a considerable decrease in the size of 6E10" plaques in both
examined regions was observed in SXFAD-PCSK9¥ mice, whereas the absence of PCSK9 did not
affect 11A1" plaque size. The global analysis of plaque distribution indicated that in 5XFAD-
PCSK9" mice, the number and area of ThS* and 11A1* plaques were similar and smaller than those
of 6E10" plaques (Figure 13 I-L). Additionally, in SXFAD-PCSK9%° mice, despite a global and
significant decrease of amyloidosis was observed, the ratio between differently stained plaques
remained unaffected (Figure 13 I-L). Finally, given the larger amyloidosis in the Nctx compared to

the Hip of SXFAD mice, the ratio between hippocampal and cortical plaque load was evaluated.
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Figure 13. Spatial distribution and quantitative characterization of differently stained plaques within cortical and hippocampal
regions. A-H Representative images showing 6E10* and 11A17 plaque in DG and Nctx of 10 mo 5XFAD-PCSK9!¢t (A-B; E-F) and
5XFAD-PCSK9XO (C-G; G-H) mice, respectively. Scale bar = 200 um. I-L ThS*, 6E10" and 11A1* amyloid plaque distribution in DG
and Nctx of 5XFAD-PCSK9H¢! (black bars) and SXFAD-PCSK9%C (red bars) mice. Data are shown as mean + SEM. Statistical
analysis according to chi-square test (see Table 5): *** p < 0.001, **** p <(0.0001. M % of DG/Nctx AB* plaques in 5XFAD-PCSK9Het
(black bars) and 5XFAD-PCSK9XO (red bars) mice. Data are shown as mean + SEM. Statistical analysis according to two-way
repeated measure ANOVA or two-way ANOVA as appropriate (see Table 5 for statistical information). Experimental group: SXFAD-
PCSK9'et n = 9: 5XFAD-PCSK9¥0, n = 5.

PCSKO9 loss did not alter the DG/Nctx ratio for the number of AB-stained plaques, that was about 10
% for both ThS* and 11A1" and 15 % for 6E10" plaques (Figure 13 M).

These results suggest that the spatial and regional distribution of A plaques was maintained even in
the absence of PCSK9. Additionally, the amyloid plaque size distribution was evaluated. For this
purpose, AB" plaques were stratified according to their size into four ranges: < 200, > 200 = 500, >
500 = 1000, and > 1000 um?; results demonstrated a significant reduction in the number of 5XFAD-
PCSK9¥C mice with respect to SXFAD-PCSK9"*' mice in both DG and Nctx, confirming previous
analysis (Figure 14 A-F). Globally, the absence of PCSK9 did not alter the proportion between
different AB" size ranges, except for a trend towards a significant effect of PCSK9 loss on the size
distribution of ThS* plaques in the Nctx. Finally, we also evaluated the plaque compaction by
measuring the diffuseness index ((Area 6E10 — Area ThS) / Area 6E10) (not shown). Our results
showed no impact of PCSK9 loss on this parameter in both Nctx and Hip (see statistical report in

Table 5).
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Figure 14. Size distribution of ThS*, 6E10* and 11A1* amyloid plaques in the hippocampal dentate gyrus (A,C,E) and neocortex
(B,D,F) of SXFAD-PCSK9"¢t (black bars) and SXFAD-PCSK9X? (red bars) mice. Data are shown as mean + SEM. Statistical
analysis according to chi-square test (for statistical details see in Table 5). Experimental group: 5XFAD-PCSK9H¢t, n = 9; 5XFAD-

PCSK9KO, n =35,
Taken together, these data suggest that the decreased plaque area especially observed in the Nctx
(Figure 13) is not due to an increased amyloid compaction, but rather a potential delay in

development of amyloidosis.

Furthermore, as in the adult mouse brain PCSK9 exhibited higher expression in RE-OP (Seidah et
al., 2003), quantitative analysis of amyloidosis was also conducted in the OT area (Figure 15). The
results showed a significant reduction in the number of 6E10" and 11A1" plaques in 5XFAD-
PCSK9X° mice compared to SXFAD-PCSK9" mice (Figure 15 E) accompanied by a decrease in
size (Figure 15 F). However, PCSK9 expression did not affect the proportion of plaques in different
size ranges consistent with previous analysis (Figure 15 G, H). The detailed statistics report is

summarized in Table 5.
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Figure 15. Plaque deposition in OT is reduced in 5XFAD mice in absence of PCSK9. A-D Representative images showing 6E10"
and 11A17 plaque in OT of 10 mo 5XFAD-PCSK9"¢ (A, B) and SXFAD-PCSK9X? (C, D) mice. Scale bar = 200 pm. Quantitative
analysis of plaque count (E), area (F) and size distribution (G,H) in OT of 10 mo 5XFAD-PCSK9"¢ and 5XFAD-PCSK9X® mice. Data
are shown as mean + SEM. Statistical analysis according to two-way ANOVA: ** p <0.01; sex was used as covariate as appropriate
(See Table 5 for statistical details). Experimental groups: SXFAD-PCSK9H¢t, n = 9; 5SXFAD-PCSK9%°, n =5,

Altogether, these data demonstrate that the lack of PCSKO significantly reduces the amyloidosis,

without affecting its regional distribution or maturation.
4.2.3. PB-site APP cleaving enzyme 1 immunoreactivity

The BACE1 enzyme is chiefly located in the brain and is abundantly expressed by neurons. Among
its functions, BACE] acts as a rate-limiting enzyme for Ap formation and has been displayed to be
greatly elevated in the human AD brains and in 9 - 12 mo 5XFAD mice (Zhao et al., 2007).
Furthermore, an intense ir was detected in the stratum lucidum (SL) of the CA3 region, which is the

terminal field of the mossy fiber pathway (Laird et al., 2005).

To test whether the expression of BACEI was affected by PCSK9 ablation in 5XFAD mice, a [HC
analysis has been conducted. Densitometric analysis did not reveal any significant differences in the
ir area in the SL of CA3 between the experimental groups (Figure 16 E). Moreover, also
morphometric parameter, such as BACEI1 ir thickness in SL, showed no significant difference
between the experimental groups (Figure 16 F). In addition, we also found increased BACEI ir in
presynaptic dystrophic neurites surrounding A plaques, confirming previous reports (Sadleir et al.,
2015; Kandalepas et al., 2013). In fact, as shown in higher magnification images, we found BACE1
ir (represented by DAB™ spots, brown) close to Congo Red” plaques (red) in 5XFAD mice (Figure
16 A-D).
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Figure 16. Representative photomicrographs of CA3 field of hippocampus of 10 mo Wt-PCSK9Het (light srey hars), Wt-
PCSK9XO (dark grey bars), SXFAD-PCSK9"¢ (black bars) and SXFAD-PCSK9X? (red bars) mice showing immunoreactivity
for BACE1 and Congo Red-stained amyloid plaques (A-D). Scale bar = 200 um. E-F Densitometric analysis of BACEI ir in
hippocampal SL of CA3 field by analyzing specific optical area (E) and BACEI ir thickness (F). Data are shown as mean + SEM and
compared by two-way ANOVA test (Table 5). G % of co-stained Congo Red - BACE1" plaques in Nctx of SXFAD-PCSK9M¢t (black
bars) and 5XFAD-PCSK9¥O (red bars). Data are shown as mean = SEM and compared by chi square test (Table 5). Experimental
groups: Wt-PCSK9Het, n = 8; Wt-PCSK9X©, n = 8; 5XFAD-PCSK9", n = 10; 5XFAD-PCSK9X0, n = 5. Abbreviations: DG, dentate
gyrus; CA3, cornu Ammonis 3; CA1, cornu Ammonis 1; SR, Stratum Radiatum; SL, Stratum Lucidum; SO, Stratum Oriens.

Subsequently, consistent with a global reduction in AP pathology, we also observed a significant
decrease in the number of BACE1" plaques in Nctx (not shown) of SXFAD-PCSK9%C mice. Then,
BACE]1-labelled brain slices were counterstained with Congo Red solution and the number of double
positive BACE1"/ Congo Red " plaques was manually counted; our results demonstrated that the ratio
between the number of double positive Congo Red” - BACE1" plaques / total number of Congo Red”
plaques in SXFAD-PCSK9X® mice was comparable to that of SXFAD-PCSK9 ¢ mice (Figure 16 G)
thus suggesting that BACE1 expression is not influenced by PCSK9 loss. Statistical information is
available in Table 5.
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4.2.4. Glial fibrillary acidic protein immunoreactivity

Astrocytes are highly specialized glial cells responsible for maintaining neuronal homeostasis and
providing trophic and metabolic support to neurons in the CNS. This includes supplementing
cholesterol to adult neurons in physiological conditions. However, in pathological conditions, such
as AD, astrocytes undergo astrogliosis, a dynamic process characterized by morphological, molecular,
and functional changes. Astrocyte activation is indicated by elevated GFAP expression and linked
with increased production and release of paracrine factors that may have either beneficial or
detrimental effects on surrounding cells. Astrocytes exhibit close interaction with AP plaques and
even extend processes into the plaque core, possibly serving as a protective barrier for neurons
(Osborn et al., 2016). Nevertheless, these cells can also contribute to neuronal damage through

various mechanisms, such as enhancing pro-inflammatory cytokine production.

We, and others, have previously reported a significant increase in astrogliosis in the Ctx of 10 mo
5XFAD mice (Daini et al., 2021; Yoo et al., 2023) and the effects of PCSK9 loss on astrocyte

reactivity was here investigated.

In Figure 17 A-H, representative images from CC-Cg, DG hilus, CA1 and CA3 fields of the Hip of
each experimental group are reported. The semiquantitative analysis revealed a notable increase in
GFAP ir in 10 mo SXFAD mice compared to Ctrls, and PCSKO9 loss resulted in a significant reduction
only in CC-Cg (p = 0.045) (Figure 17 I). See Table 5 for detailed statistical report.

4.2.5. TIonized calcium-binding adapter molecule 1 immunoreactivity

Microglial cells are resident immune cells of the CNS responsible for tight regulation of the brain
microenvironment. During brain injury in AD, microglial cells are responsible for phagocytosis and
clearance of AP and apoptotic cell debris, contributing to their clearance. In addition, activated
microglia secrete many soluble factors, including chemoattractants and cytokines, which contribute
to various aspects of the immune response to AP. Despite the early beneficial effect of their activation,
prolonged stimulation induces a chronic inflammatory state that can lead to exacerbation of AP

deposition and neurodegeneration contributing to disease progression (Miao et al., 2023).

To assess whether the reduced plaque deposition observed in SXFAD-PCSK9XC mice is also
associated with a decrease in neuroinflammation, we studied the reactivity of IBA1" microglia. In
Figure 18 A-H, representative images of the hilus of Hip and the sCtx of experimental mice are
shown. The quantitative analysis demonstrated that the increased IBA1" ir in 5XFAD mice is
significantly counteracted by PCSKO9 loss in both analysed brain areas (p = 0.001 and p = 0.003,

respectively) (Figure 18 I). Furthermore, a significant decrease in the number of microglial cells was

67



observed in the same brain regions (not shown) (p = 0.001 and p = 0.007, for Hilus

respectively). See Table 5 for more statistical details.
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Figure 17. Astrocyte reactivity in AD mice is influenced by PCSK9 loss. A-H Representative photomicrographs of DG (A, C, E,

G) and CA1 (B, D, F, H) fields of hippocampus of 10 mo Wt-PCSK9H¢t (A-B and

), Wt-PCSK9¥O (C-D and dark grey

bars), 5SXFAD-PCSK9" (E-F and black bars) and 5XFAD-PCSK9X? (G-H and red bars) mice showing GFAP ir. Scale bar = 200
um. I Quantitative analysis of GFAP ir in CC-Cg, Hil, CA1, CA3 fields of Hip of 10 mo mice. Data are shown as mean + SEM; GFAP
ir in different brain areas was compared by two-way repeated measure ANOVA (Table 5 for statistical information). The analysis in
5XFAD mice was performed by one-way ANOVA (Table 5): * p < 0.05; Experimental groups: Wt-PCSK9H¢t, n = 5-6; Wt-PCSK9K©,
n = 5-7; 5XFAD-PCSK9" n = 9; 5XFAD-PCSK9XO, n = 5). Abbreviations: DG = dentate gyrus; LMol = stratum lacunosum-
moleculare; Hil, hilus; CC-Cg,corpus callosum-cingulate cortex; CAl, cornu Ammonis 1; SR, Stratum Radiatum; SL, Stratum

Lucidum; SO, Stratum Oriens.
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Figure 18. The loss of PCSKD9 significantly reduced hippocampal and cortical microgliosis in AD mice. A-H Representative
images of brain slices showing IBA1" microglial cells in the hilus of DG (A,C,E,G) and Ctx (B,D,F,H) of Ctrls (A-D) and 5XFAD (E-
H) mice. Scale bar =200 pum. I-J Quantitative analysis of microgliosis in Ctx and hilar region of Hip. Data are shown as mean + SEM.
Statistical analysis according to two-way repeated measure ANOVA. The analysis was performed in SXFAD mice by one-way ANOVA
(Table 5): *** p <0.001. Experimental groups: Wt-PCSK9"¢t n = 6; Wt-PCSK9X0, n = 6; SXFADPCSK9"®, n = 5; SXFAD-PCSK9XO,
n =5). Abbreviations: DG, dentate gyrus; LMol, stratum lacunosum-moleculare; Hil, hilus; Ctx, cerebral cortex.
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4.2.6. Synaptophysin immunoreactivity

Loss of synapses at a fine structural level and reduction in synaptic markers have been well
documented in the early and late stages of AD, as well as in AD mouse models; these changes have
been shown to correlate with the extent of cognitive deficits (Wu et al., 2021). As specifically
concerns SXFAD mice, a significant reduction of synapses has been observed in 9 and 12 mo mouse

brains (Oakley et al., 2006).

Tub ----l

Radiatum Lucidum Oriens

Figure 19. Panels A-D: Representative images of CA3 field of hippocampus of 10 mo Wt-PCSK9!¢t (A) Wt-PCSK9X? (B),
5XFAD-PCSK9"¢t (C) and SXFAD-PCSK9%? (D) mice showing immunoreactivity for SYN. Scale bar = 200 um. Panels E-F:
Densitometric analysis of SYN™ ir in hippocampal stratum radiatum, stratum lucidum (dashed yellow line) and stratum oriens of CA3
field by analyzing specific optical density (E) and total area (F). Data are shown as mean = SEM and compared by two-way repeated
measures ANOVA test (specific optical density) and by two-way ANOVA test (CA3-related parameters) (Table 5 for statistical data).
Panel G: Representative immunoblots showing hippocampal protein levels of SYN and Tub and relative SYN protein quantification
by western blot analysis in hippocampal lysates of Wt-PCSK9He!, Wt-PCSK9¥0, 5XFAD-PCSK9"¢t and 5XFAD-PCSK9XO. Ab-specific
optical density (OD) was normalized over f-Tubulin (Tub) signal. Data are shown as mean + SEM and were analyzed according to
two-way ANOVA (n = 6 for each experimental group). Abbreviations: DG, dentate gyrus; CA3, cornu Ammonis 3; CAl, cornu
Ammonis 1; SR, Stratum Radiatum, SL, Stratum Lucidum, SO, Stratum Oriens.
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To assess whether the improved cognitive abilities, reduced amyloidosis and neuroinflammation in
5XFAD-PCSK9XC mice are accompanied by changes at the synaptic level, we studied SYN ir as an
index of synaptic integrity in the CA3 field of the Hip (Figure 19 A-D). In all experimental groups,
SYN ir was primarily observed in neuropil with dense labelling in dendrites. Densitometric analysis
demonstrated a significant effect of PCSK9 factor, responsible for an increased SYN ir intensity (p =
0.042) in stratum lucidum (SL), but not in the stratum oriens (SO) or in the stratum radiatum (SR)
(Figure 19 E). No significant changes in any quantitative morphometric parameter analyzed in SL,
such as area (Figure 19 F), SYN ir length and thickness, area / thickness ratio, area / CA3 length
ratio, SYN™ CA3 / SYN ir SL thickness, were detected despite the presence of AB deposits (not
shown). In addition, protein quantification by western blotting analysis confirmed that SYN

expression was unaffected in the Hip of experimental mice (Figure 19 G).

Overall, our data suggest that the absence of PCSK9 may influence synaptic structure, as suggested

by SYN™ ir changes, irrespectively of the presence of AD pathology.
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Table 5: Statistical supplementary details for histological analyses (Figure 12-19).

F(2,22)=1.969, p=0.164

Global analysis: two-way
. Sex F(1,19)=6.626, p=0.028; PCSK9 KO repeated
All regions - countnumber | ** | ) 1111 513 520.007; plaque count F(1,10)=7.124, | measure
p=0.024; PCSK9*plaque count F(1,10)=10.337, p=0.009 | ANOVA
Sex F(1,10)=3.984, p=0.073;
DG count number (C) * PCSK9 KO F(1,10)=10.822, p=0.008 one-way
Sex F(1,10)=6.692, p=0.027; ANOVA
Netx count number (G) * PCSK9 KO F(1,10)=10.848, p=0.008
Fig.12 ThS Global analysis:
Sex F(1,10)=2.026, p=0.185; two-way
All regions - area ok PCSK9 KO F(1,11)=14.126, p=0.003; plaque area ANOVA
F(1,11)=2.868, p=0.118; PCSK9*plaque area
F(1,11)=0.051, p=0.825
Sex F(1,10)=0.062, p=0.807;
DG area (D) * PCSK9 KO F(1,11)=9.929, p=0.009 one-way
Sex F(1,10)=4.137, p=0.069; ANOVA
Netx area (H) i PCSK9 KO F(1,10)= 6.414, p=0.029
Global analysis: two-way
. Sex F(1,10)=4.827, p=0.053; PCSK9 KO repeated
All regions - count number | ** | p) 16713 360" 120,004; plaque count F(1,10)=13.307, | measure
p=0.004; PCSK9*plaque count F(1,10)=14.147, p=0.004 | ANOVA
Sex F(1,11)=5.389, p=0.041,
DG count number # PCSK9 KO F(1,11)=4.161, p=0.066 one-way
- Sex F(1,10)=4.301, p=0.065; ANOVA
GE10 Netx count number PCSK9 KO F(1,10)=14.061, p=0.004
Global analysis: two-way
Al regions - area « Sex F(1,10)=0.906, p=0.364; PCSK9 KO F(1,10)=5.267, | repeated
p=0.045; plaque count F(1,10)=0.953, p=0.352; measure
PCSK9*plaque count F(1,10)=0.001, p=0.975 ANOVA
DG area ns Sex F(1,11)=0.177, p=0.682;
PCSK9 KO F(1,11)=1.425, p=0.148 one-way
Netx area « Sex F(1,10)= 1.284, p=0.284 ANOVA
PCSK9 KO F(1,10)=5.580, p=0.040
Global analysis: two-way
All regions - count number " Sex F(1,11)=4.795, p=0.051; PCSK9 KO F(1,11)=6.637, repeated
p=0.026; plaque count F(1,11)=8.666, p=0.013; measure
PCSK9*plaque count F(1,11)=6.972, p=0.023 ANOVA
Sex F(1,11)=3.282, p=0.097,
DG count number # PCSK9 KO F(1,11)=3.986, p=0.071 one-way
Sex F(1,11)=4.862, p=0.050; ANOVA
Fio 13 AT Netx count number i PCSK9 KO F(1,11)=6.805, p=0.024
18- Global analysis: two-way
Al regions - area ns Sex F(1,11)=1.075, p=0.322; PCSK9 KO F(1,11)=0.030, | repeated
p=0.865; plaque count F(1,11)=0.168, p=0.690; measure
PCSK9*plaque count F(1,11)=0.128, p=0.728 ANOVA
DG area N Sex F(1,11)=1.748, p=0.213;
PCSK9 KO F(1,11)=0.006, p=0.938 one-way
Netx area ns Sex F(1,11)=0.007, p=0.933; ANOVA
PCSK9 KO F(1,11)=0.285, p=0.604
Sex F(1,10)=5.016, p=0.049; two-way
PCSK9 KO F(1,10)=6.549, p=0.028; plaque type ted
plaque count (I) | * | F(2,20)=0.322, p=0.728; sex*plaque type F(2,20)=1.678, | '°P<?
p=0.212; PCSK9 KO*plaque type F(2,20)=1.023, g‘gagl\’fz
DG p=0.378
Sex F(1,10)=0.309, p=0.591;
area () 4 PCSK9 KO F(1,11)=3.985, p=0.071; plaque type two-way
ThS F(2,22)=33.590, p<0.001; PCSK9 KO*plaque type ANOVA
GE10 F(2,22)=1.350, p=0.280
1AL Sex F(1,10)=6.515, p=0.029; two-way
PCSK9 KO F(1,10)=12.04, p=0.006; plaque type ted
plaque count (K) | ** | F(2,20)=1.136, p=0.341; sex*plaque type F(2,20)=0.151, | 'P&¢
p=0.861; PCSK9 KO*plaque type F(2,20)=1.727, zn;jgl\lfz
Netx p=0.205
Sex F(1,10)=2.569, p=0.140;
arca (L) . PCSK9 KO F(1,11)=12.241, p=0.005; plaque type two-way
F(2,22)=202.533, p<0.001; PCSK9 KO*plaque type ANOVA
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Sex F (0)=0.051, p=0.827;

PCSKO9 KO F(1,11)=1.200, p=0.297; plaque type two-way
0,
7 DG/Netx plaque count (M) | ns F(2,22)=21.508, p<0.001; PCSK9 KO*plaque type ANOVA
F(2,22)=0.330, p=0.722
DG count ns p=0.7666
Plaque size DG area ns p=0.0600
distribution
(I-L) Nctx count ns p=0.4927 chi
Nctx area ns p=0.2020 square
- test
DG/Netx ThS s p=0-850
plaque 6E10 ns p=0.422
tM 11A1
count (M) ns p=0218
DG (A) ns =0.7684
ThS P
Nctx (B) # p=0.0616
DG (C) ns p=0.7935 chi
6E10 square
Nctx (D) ns p=0.5201 test
DG (E ns =0.9449
11A1 ® P
Fig.14 Netx (F) ns p=0.3513
Global analysis:
Sex F(1,10)=0.172, p=0.687, two-wa
All regions ns PCSK9 KO F(1,11)=1.082, p=0.321; diffuseness index ANOVX
Diff F(1,11)=69.245, p<0.001; diffuseness index*PCSK9 KO
i 'Illl;:ness F(1,11)=0.677, p=0.428
mnaex Netx N Sex F(1,10)=0.883, p=0.370;
PCSK9 KO F(1,12)=0.346, p=0.568 one-way
DG ns Sex F(1,10)=0.025, p=0.876; ANOVA
PCSK9 KO F(1,12)=1.679, p=0.222
Sex F(1,11)=5.705, p=0.036; tWowa
PCSK9 KO F(1,11)=10.855, p=0.007; plaque type re eate(}i,
plaque count (E) ** 1 F(1,11)=0.012, p=0.913; sex*plaque type F(1,11)=0.331, mre)asure
p=0.577; PCSK9 KO*plaque type F(1,11)=0.378,
- ANOVA
6E10 p=0.551
. 11A1 Sex F(1,11)=7.452, p=0.031;
Fig15 TO PCSK9 KO F(1,11)=10.855, p=0.008; plaque type trvev"e::zg
area (F) ok F(1,11)=2.512, p=0.141; sex*plaque type mre)asure
F(1,11)=3.8511, p=0.075; PCSK9 KO*plaque type ANOVA
F(1,11)=7.040, p=0.022
6E10 size d‘(sg;b““"“ ns p=0.5117 chi
ize distribution sduare
11A1 size (SH) R I p=0.5743 test
Sex F (1,25)=1.899, p=0.180;
Optical density ns PCSK9 KO F(1,26)=0.008, p=0.932; 5XFAD
(E) F(1,26)=0.632, p=0.434; PCSK9 KO*5XFAD
SL F(1,26)=0.734, p=0.399 two-way
Sex F (1,26)=0.271, p=0.607, ANOVA
BACEI! ir ns PCSK9 KO F(1,30)=2.060, p=0.163; 5XFAD
thickness (F) F(1,30)=0.028, p=0.867; PCSK9 KO*5XFAD
F(1,30)=0.574, p=0.455
Global analysis:
. BACE1 Sex: F(1,11)=5.764, p=0.035; two-way
Fig.16 All plaque types - | s PCSK9 KO F(1,11)=15.717, p=0.002; plaque type repeated
Count F(2,22)=4.506, p=0.023; plaque type*sex F(2,22)=1.430, | measure
p=0.261; plaque type*PCSK9 KO F(2,22)=11.082, ANOVA
Netx p<0.001
% Congo Red" - chi
BACEI" plaques / _ )
Congo Red" ns p=0.8598 S(il:tre
plaques (G)
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Fig.17

GFAP

All
regions

% area

Global analysis:
Sex F(1,19)=0.627, p=0.438;
PCSK9 KO F(1,20)=0.638, p=0.434; SXFAD
F(1,20)=24.477, p<0.001; brain areas F(3,57)=120.043,
p<0.001; PCSK9 KO*5XFAD F(1,20)=3.590, p=0.073

two-way
repeated
measure
ANOVA

CC/Cg

CAl

CA3

Hilus

% area

Analysis in SXFAD mice:
Sex F(1,11)=0.007, p=0.934;
PCSK9 KO F(1,13)=5.034, p=0.045

ns

Sex F(1,11)=0.467, p=0.508;
PCSK9 KO F(1,13)=2.914, p=0.114

ns

Sex F(1,11)=1.059, p=0.326;
PCSK9 KO F(1,13)=1.047, p=0.326

ns

Sex F(1,11)=0.231, p=0.640;
PCSK9 KO F(1,13)=0.575, p=0.463

one-way
ANOVA

Fig.18

IBA1

Hilus and Sctx % area

skkok

Global analysis:
Sex F(1,17)=0.147, p=0.707;
PCSK9 KO F(1,18)=18.671, p<0.001; 5XFAD
F(1,18)=34.691, p<0.001; brain areas F(1,18)=137.061,
p<0.001; PCSK9 KO*5XFAD F(1,18)=19.209, p<0.001

two-way
repeated
measure
ANOVA

kk

sk

Analysis in SXFAD mice:
Hilus: Sex F(1,7)=0.001, p=0.970
PCSK9 KO F(1,8)=23.531, p=0.001

sCtx: Sex F(1,7)=0.109, p=0.751
PCSK9 KO F(1,8)=16.958, p=0.003

one-way
ANOVA

Hilus and Sctx count

skok

Global analysis:
Sex F(1,17)=0.010, p=0.923;
PCSKO9 KO F(1,18)=15.796, p<0.001; SXFAD
F(1,18)=19.484, p<0.001; brain areas F(1,18)=59.628,
p<0.001; PCSK9 KO*5XFAD F(1,18)=19.794, p<0.001

two-way
repeated
measure
ANOVA

ek

sk

Analysis in SXFAD mice:
Hilus: Sex F(1,7)=0.013, p=0.912
PCSK9 KO F(1,8)=22.729, p=0.001

sCtx: Sex F(1,7)=0.020, p=0.892
PCSK9 KO F(1,8)=12.871, p=0.007

one-way
ANOVA

Fig.19

SYN

Specific

optical

density
(OD)

All regions (SR,
SL, SO)

ns

Global analysis:
Sex F(1,18)=8.274, p=0.010;

PCSK9 KO F(1,18)=1.057, p=0.317; hippocampal fields
F(2,36)=48.007, p<0.001; 5XFAD F(1,18)=0.392,
p=0.539; hippocampal fields*sex F(2,36)=1.201,

p=0.313, PCSK9 KO*5XFAD F(1,18)=1.451, p=0.244

two-way
repeated
measure
ANOVA

SR

ns

Sex F(1,18)=6.921, p=0.017;

PCSK9 KO F(1,18)=0.005, p=0.945; SXFAD
F(1,18)=1.293, p=0.271

PCSK9 KO*5XFAD F(1,18)=1.967, p=0.178

SL

Sex F(1,18)=5.712, p=0.028;

PCSK9 KO F(1,18)=4.809, p=0.042; SXFAD

F(1,18)=0.010, p=0.920; PCSK9 KO*5XFAD
F(1,18)=0.572, p=0.459

SO

ns

Sex F(1,18)=8.253, p=0.010;
PCSK9 KO F(1,18)=0.061, p=0.807; SXFAD
F(1,18)=1.197, p=0.288; PCSK9 KO*5XFAD
F(1,18)=1.762, p=0.201

two-way
ANOVA

CA3

Area

ns

Sex F(1,18)=0.097, p=0.759;
PCSK9 KO F(1,19)=0.080, p=0.7804; 5XFAD
F(1,19)=0.318, p=0.5837; PCSK9*5XFAD
F(1,19)=0.3654, p=0.5527

Length

ns

Sex F(1,18)=0.089, p=0.769;
PCSK9 KO F(1,19)=0.864, p=0.364; SXFAD
F(1,19)=0.743, p=0.399; PCSK9*SXFAD F(1,19)=0.005,
p=0.947

area/thickness
ratio

ns

Sex F(1,18)=0.419, p=0.525;
PCSK9 KO F(1,19)=0.2293, p=0.637; 5XFAD
F(1,19)=0.066, p=0.4259, PCSK9*5XFAD
F(1,19)=0.9657, p=0.3381

area/CA3 length
ratio

ns

Sex F(1,18)=0.078, p=0.784;
PCSK9 KO F(1,19)=0.1577, p=0.6957; 5XFAD
F(1,19)=0.0027, p=0.9591; PCSK9*5XFAD
F(1,19)=0.8586, p=0.3658

two-way
ANOVA
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Sex F(1,18)=0.515, p=0.482;
SYN+CA3/SYN % PCSK9 KO F(1,19)=0.110, p=0.744; 5XFAD
ir SL thickness F(1,19)=2.193, p=0.1550; PCSK9*SXFAD
F(1,19)=4.770, p=0.042
Sex F(1,19)=5.608, p=0.029;
PCSK9 KO F(1,19)=1.486, p=0.238; SXFAD
F(1,19)=3.010, p=0.100; PCSK9*5XFAD F(1,19)=4.721,
p=0.043

Hip SYN OD *

4.2.7. Ex-vivo analysis of neuroinflammation and lipid metabolism gene expression

A preliminary quantification of lipidic / cholesterol metabolism-, microglia-, and cytokine-related
gene expressions in 10 mo B6SJL and SXFAD mice was performed. Obtained results indicated that
most of the genes linked to lipid metabolism (ApoE, Lpl, Lrp5), microglia (P2ryl2, Ifitm3, Cdll1b,
Cx3crl, Cst7), and inflammatory mediators (116, TnfA, I11B, Ccl3, Ccl6) were upregulated in SXFAD
mice with only few exceptions (Lrpl, Hmgcr, Cd36, Stmnl) (Figure 20). Notably, the Hmgcr
expression was increased in SXFAD mice compared to B6SJL, but the difference was not statistically

significant (Table 6 for statistical report).

1 2 3 4 5 6 >6

Fold change [ N
B6SJL
5XFAD

Mean Ct (B6SJL) I19.5 254 242 30.2 296 228 20.3 240 245 23.7 284 27.8 31.6 37.5 30.8 28.5 26.7|

*k Fkkk *k *k *k *k Fhkk *k |
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Figure 20. Expression of lipid/cholesterol metabolism-, microglial- and cytokines- related genes in SXFAD mice. Heatmap of
differential gene expression in B6SJL and SXFAD mice. Data are presented as fold change normalized over B6SJL group mean and
calibrated over GAPDH/RER 1/CYPA housekeeping genes. Fold changes are visualized through a chromatic scale ranging from

(<1) to blue (6) and dark blue (>6). The mean Ct of the group used as calibrator and the results of one-way ANOVA are indicated
beneath the heatmap. Data are shown as mean + SEM and analysed by one-way ANOVA (see Table 6); * p < 0.05; ** p <0.01, *¥***
p <0.0001, # 0.10 > p > 0.05 trend for a significant difference. Experimental groups: B6SJL, n = 4-5; 5XFAD, n = 4-6. Abbreviations:
ApoE, apolipoprotein E; Lpl, lipoprotein lipase; Lrp 1, low-density lipoprotein receptor—related protein 1; Lrp5, Low-density lipoprotein
receptor—related protein 5; Cd36, cluster of differentiation 36; Hmgcr, 3-hydroxyl-3-methylglutaryl-coenzyme A reductase; Stmnl,
Stathmin 1; P2ryl2, purinergic receptor P2Y; Ifim3, interferon induced transmembrane protein 3; CdI1b, cluster of differentiation
molecule 11b, Cx3cri, C-X3-C motif chemokine receptor 1; Cst7, Cystatin-F; //1B, interleukin-1 Beta, /16, interleukin-6; TnfA4, tumor
necrosis factor alpha; Ccl/3, chemokine (C-C motif) ligand; Ccl6, chemokine (C-C motif) ligand 6.
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Subsequently, the effect of PCSK9 absence on these genes in Nctx of both Ctrls and SXFAD mice
was investigated (see Figure 21 and Table 6 for statistical report). Regarding lipid metabolism, our
analysis revealed a significant increase in ApoFE, Lrp5, and Lpl expression, and a slight non-significant
decrease in Cd36 expression in the SXFAD mice with no impact due to the absence of PCSKO9.
Additionally, while the Lrpl expression remained unchanged, PCSK9 loss induced a trend towards a
significant reduction in Lrp5 expression in SXFAD mice (p = 0.0769). Finally, the expression of the
rate-limiting enzyme involved in cholesterol biosynthesis, Hmgcr, did not differ between

experimental groups.

1 2 3 4 5 6 >6
Fold change | i L T TN e
Wit-PCSKoMet e
| ]

Wt-PCSK9X®

5XFAD-PCSK9Het

5XFAD-PCSK9KC

Mean Ct (WT-PCSK9Het) |18.4 25.4 243 29.9 29.0 22.7 19.7 24.3 245 23.5 28.6 274 31.9 374 31.4 28.0 26.4

PCSK9 ns ns ns # NS NS NS NS NS NS NS NS NS NS NS NS ns

5XFAD *kk Fkkk ns Tkkk # ns ns *% kkkk  kkkk kkkk kkdk kdkkk *% *% kkkk  kkkk

Interaction ns ns ns # ns nNns nNns NS NS NS NS NS NS NS nNs ns ns

Y A DO d AN 0 ANA QO D 0
Q 07 & o AV N O A W N A0 N
VS FE ot i ¢ T e

vQO@

Figure 21. Effect of PCSKOY loss in the expression of lipidic/Cho metabolism-, microglial- and cytokine- related genes in SXFAD
mice. Heatmap of differential gene expression in Wt-PCSK9Het, Wt-PCSK9X0, 5XFAD-PCSK9"t and 5XFAD-PCSK9¥O mice. Data
are shown as fold change normalized over Wt-PCSK9" group mean and calibrated over GAPDH/RER1/CYPA housekeeping genes.
Fold changes are visualized through a chromatic scale ranging from (<1) to blue (6) and dark blue (>6). The mean Ct of the
group used as calibrator and the results of two-way ANOVA, with PCSK9 and 5XFAD factors and their interaction, are indicated
beneath the heatmap; ** p < 0.01, *** p < 0.001, **** p <0.0001, # 0.10 > p > 0.05 trend for a significant difference (see Table 6) n
= 6 for each experimental group. Abbreviations: ApoE, apolipoprotein E; Lpl, lipoprotein lipase; Lrpl, low-density lipoprotein
receptor—related protein 1; Lrp5, Low-density lipoprotein receptor—related protein 5; Cd36, cluster of differentiation 36; Hmgcr, 3-
hydroxyl-3-methylglutaryl-coenzyme A reductase; Stmnl, Stathmin 1; P2ryl2, purinergic receptor P2Y; Iftm3, interferon induced
transmembrane protein 3; Cd11b, cluster of differentiation molecule 11b, Cx3crl, C-X3-C motif chemokine receptor 1; Cst7, Cystatin-
F; 111 B, interleukin-1 Beta, //6, interleukin-6; TnfA4, tumor necrosis factor alpha; Cc/3, chemokine (C-C motif) ligand; Cc/6, chemokine
(C-C motif) ligand 6.

As concerns microglia-associated genes, the expression of P2ryl/2 (a marker of homeostatic
microglia), Cdl1b, and Cx3crl, along with [fitm3 and Cst7 (which indicate phagocytic/disease-

associated microglia), was upregulated in 5SXFAD mice, regardless of PCSK9 loss. Conversely, no
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changes in the expression of Stmnl were detected (Figure 21). Finally, also the expression of pro-
inflammatory 716, TnfA, Il1B, Ccl3, and Ccl6 genes was increased in SXFAD mice and unaffected by
PCSKO loss (Figure 21 and Table 6 for statistical details).

4.2.8. Brain cholesterol and oxysterols quantification

Finally, the effect of the absence of PCSK9 in 5XFAD mice on brain TC and oxysterol levels was
assessed. In a preliminary study, we found a 52% reduction in TC in 5XFAD mice compared to B6SJL
controls, thus indicating a significant alteration in cerebral cholesterol homeostasis in AD mice

(Figure 22 A). On the contrary, similar serum TC levels were detected in SXFAD and B6SJL mice
(Figure 22 C).

Brain
24-OHC 25-OHC 27-OHC
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Figure 22. Total cholesterol and hydroxysterol levels in brain (A-B) and sera (C-D) of 10 mo B6SJL and SXFAD mice. A-B
Brain cholesterol and OHC quantifications: A Brain total cholesterol levels are expressed as g Cho/mg of cerebral tissue. B Brain
OHC are expressed as ng OHC/mg cerebral tissue. Experimental groups: B6SJL n = 6-3; 5XFAD n = 10-4. C-D Serum cholesterol
and oxysterol quantifications: C Serum TC levels are expressed as pg Cho/ml. D Serum OHC are expressed as ng OHC/ml serum.
Experimental groups: B6SJL n =7-3; SXFAD n = 11-1. All data are shown as mean = SEM. Statistical analysis according to one-way
ANOVA when applicable is summarized in Table 6. A value of p < 0.05 was considered statistically significant. Abbreviations: n.d. =
non detectable.

Next, TC levels were measured in our experimental groups (Figure 23). In the brain, TC content in
5XFAD mice was markedly lower compared to Ctrls and slightly recovered upon PCSKO9 loss (Figure
23 A). Additionally, the analysis of serum TC indicated a significant impact of both SXFAD and
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PCSKO9 factors without interaction (Figure 23 C). Moreover, PCSK9 loss had a noteworthy effect in
5XFAD mice (p < 0.001) (Figure 23 C and Table 6 for statistical report).

Subsequently, the primary cholesterol-derived oxidative bioactive metabolites 24-, 25- and 27-OHC
were quantified in the cerebral tissue and serum of experimental mice. Globally, our analysis
demonstrated that only 24- and 27-OHC were detectable in the brain. Specifically, SXFAD mice
exhibited a 4-fold increase in 27-OHC levels when compared to B6SJL controls (Figure 22 B).
However, brain and serum 24-, 25- and 27-OHC levels were similar between Ctrls, SXFAD-PCSK9Het
and SXFAD-PCSK9X? mice (Figure 23 B, D). Statistical supplementary information is available in
Table 6.
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Figure 73. Effect of PCSK9 genetic ablation on total cholesterol and hydroxysterol levels in brain (A-B) and sera (C-D) of 10
mo Wt-PCSK9Het, Wt-PCSK9XC, S5XFAD-PCSK9Y¢t and SXFAD-PCSK9X? mice. A-B Brain cholesterol and OHC
quantifications: A Brain total cholesterol levels are expressed as pg cholesterol/mg of cerebral tissue. B Brain OHC are expressed as
ng OHC/mg cerebral tissue. Experimental groups: Wt-PCSK9Het n = 12-14; Wt-PCSK9%° n = 10; SXFAD-PCSK9"' n = 11-12;
5XFAD-PCSK9XO n = 11-12. C-D Serum cholesterol and OHC quantifications: C Serum TC levels are expressed as pg Cho/ml. D
Serum OHC are expressed as ng OHC/ml serum. Experimental groups: Wt-PCSK9Het n = 14-4; Wt-PCSK9XC n = 9-7; 5XFAD-
PCSK9Hetn = 12-7; 5XFAD-PCSK9X® n = 12-6. All data are shown as mean £ SEM. Statistical analysis according to two-way ANOVA
(sex as a covariate) is summarized in Table 6. A value of p < 0.05 was considered statistically significant. Abbreviations: n.d. = non
detectable.
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Table 6: Statistical supplementary details for ex vivo analyses (Figure 20-23).

ApoE ok F(1,10)=50.494; p<0.0001
Lpl * F(1,10)=8.796, p=0.016
Lpl ns F(1,10)=0.398, p=0.544
Lrp5 * F(1,10)=6.552, p=0.0310
Cd36 ns F(1,10)=0.073, p=0.793
Hmgcr ns F(1,11)=2.240, p=0.169
Stmnl ns F(1,7)=0.619, p=0.461
lipid/cholesterol P2ryl2 ok F(1,10)=28.560, p=0.0005
metabolism-, "y > =00, P70 one-wa
Fig.20 | microglial-and | Cix Ifitm3 # F(1,10)=4.268, p=0.069 ANa’(/Z
cytokines- related . _ o
mRNAs Cdllb F (1,10)=20.939; p=0.001
Cx3crl ko F(1,10)=163.171; p<0.0001
Cst7 ** F(1,7)=26.961; p=0.002
1l1B ** F(1,10)=19.061, p=0.002
16 *x F(1,10)=15.699, p=0.003
TnfA ** F(1,10)=19.965, p=0.002
Ccl3 ko F (1,7)=94.198; p<0.0001
Ccl6 ** F (1,7)=25.233; p=0.002
PCSK9 KO F(1,20)=0.1314, p=0.7208; 5XFAD
ApoE ns F(1,20)=15.44, p=0.0008; PCSK9*5XFAD
F(1,20)=0.2725, p=0.6074
PCSK9 KO F(1,20)=0.1618, p=0.6918; 5XFAD
Lpl ns F(1,20)=46.79, p<0.0001; PCSK9*5XFAD
F(1,20)=0.08013, p=0.7800
PCSK9 KO F(1,20)=0.9097, p=0.3516; 5XFAD
Lrpl ns F(1,20)=0.0042, p=0.9489; PCSK9*5XFAD
F(1,20)=0.1496, p=0.7030
PCSK9 KO F(1,20)=3.499, p=0.0761; SXFAD
Lrp5 # F(1,20)=37.22, p<0.0001; PCSK9*5XFAD
F(1,20)=3.478, p=0.0769
PCSK9 KO F(1,20)=0.797, p=0.3826; 5XFAD
Cd36 ns F(1,20)=3.782, p=0.0660; PCSK9*5XFAD
F(1,20)=0.1273, p=0.7249
PCSK9 KO F(1,23)=1.615, p=0.219; 5XFAD
Hmgcr ns F(1,23)=0.249, p=0.624; PCSK9*5XFAD
F(1,23)=0.700, p=0.413
lipid/cholesterol PCSK9 KO F(1,20)=0.4456, p=0.5121; 5XFAD two-wa
Fig.21 metabolism-, Nectx Stmnl ns F(1,20)=0.4138, p=0.5274; PCSK9*5XFAD ANOVZ
microglial- and F(1,20)=0.3537, p=0.5587
cytokines- related PCSK9 KO F(1,20)=3.689, p=0.0691; SXFAD
mRNAs P2ryl2 # F(1,20)=14.47, p=0.0011; PCSK9*5XFAD
F(1,20)=0.1869, p=0.6702
PCSK9 KO F(1,20)=0.1677, p=0.6865; 5XFAD
Ifitm3 ns F(1,20)=25.79, p=0.0001; PCSK9*5XFAD
F(1,20)=0.2726, p=0.6074
PCSK9 KO F(1,20)=0.3005, p=0.5897; 5XFAD
Cdlib ns F(1,20)=29.43, p<0.0001; PCSK9*5XFAD
F(1,20)=0.2737, p=0.6066
PCSK9 KO F(1,20)=0.2408, p=0.6290; 5XFAD
Cx3crl ns F(1,20)=41.67, p<0.0001; PCSK9*5XFAD
F(1,20)=0.0048, p=0.9454
PCSK9 KO F(1,20)=0.0351, p=0.8533; 5XFAD
Cst7 ns F(1,20)=33.84, p<0.001; PCSK9*5XFAD
F(1,20)=0.0459, p=0.8324
PCSK9 KO F(1,20)=1.408, p=0.2494; SXFAD
1l1B ns F(1,20)=40.18, p<0.0001; PCSK9*5XFAD

F(1,20)=1.34, p=0.2606
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16

ns

PCSK9 KO F(1,20)=0.0003, p=0.9868; 5XFAD
F(1,20)=10.58, p=0.0040; PCSK9*5XFAD
F(1,20)=0.3234, p=0.5759

TnfA

ns

PCSK9 KO F(1,20)=1.827, p=0.1915; 5XFAD
F(1,20)=14.18, p=0.0012; PCSK9*5XFAD
F(1,20)=1.518, p=0.2322

Ccl3

ns

PCSK9 KO F(1,20)=0.0108, p=0.9183; 5XFAD
F(1,20)=39.84, p<0.0001; PCSK9*5XFAD
F(1,20)=0.008, p=0.9284

Ccl6

ns

PCSK9 KO F(1,20)=0.1542, p=0.6987; 5XFAD
F(1,20)=54.68, p<0.0001; PCSK9*5XFAD
F(1,20)=0.1225, p=0.7300

Fig. 22

Total cholesterol

Brain (A)

dokok

Sex F(1,13)=2.077, p=0.173;
5XFAD F(1,13)=17.436, p<0.001

one-way
ANOVA

Serum (C)

ns

Sex F(1,15)=7.004, p=0.018
5XFAD F(1,15)=0.001, p=0.978

one-way
ANOVA

Hydroxysterols

Brain 24-OHC

ns

Sex F(1,4)=3.070, p=0.155;
5XFAD F(1,5)=0.404, p=0.553

one-way
ANOVA

(B) 27-OHC

Sex F(1,3)=0.006, p=0.941
5SXFAD F(1,4)=8.707, p=0.042

one-way
ANOVA

24-OHC

not applicable

Serum

25-OHC
(D)

not applicable

27-OHC

not applicable

Fig.23

Total cholesterol

Brain (A)

Sex F(1,38)=2.070, p=0.158;
PCSK9 KO F(1,38)=0.603, p=0.442; 5XFAD
F(1,38)=8.497, p=0.006; PCSK9*5XFAD
F(1,38)=4.056, p=0.051

two-way
ANOVA

Serum (C)

sekok

dokok

Sex F(1,38)=6.322, p=0.016;
PCSK9 KO F(1,38)=23.006, p<0.001; SXFAD
F(1,38)=3.343, p=0.075; PCSK9*5XFAD
F(1,38)=0.699, p=0.408

Analysis in SXFAD mice:
Sex F(1,19)=15.363, p<0.001;
PCSK9 KO F(1,19)=17.040, p<0.001

two-way
ANOVA

one-way
ANOVA

Hydroxysterols

24-OHC

Brain

ns

Sex F(1,43)=1.259, p=0.268;
PCSK9 KO F(1,44)=0.052, p=0.821; 5XFAD
F(1,44)=0.528, p=0.471, PCSK9*5XFAD
F(1,44)=1626, p=0.209

®)
27-OHC

ns

Sex F(1,41)=1.605, p=0.212;
PCSK9 KO F(1,42)=0.022, p=0.883; 5XFAD
F(1,42)=0.482, p=0.491, PCSK9*5XFAD
F(1,41)=0.122, p=0.729

two-way
ANOVA

24-OHC

ns

Sex F(1,20)=0.341, p=0.566;
PCSK9 KO F(1,21)=0.277, p=0.604; SXFAD
F(1,21)=0.209, p=0.653, PCSK9*5XFAD
F(1,21)=1.771, p=0.198

Serum

25-OHC
(D)

ns

Sex F(1,19)=0.187, p=0.671;
PCSK9 KO F(1,20)=0.890, p=0.357; 5XFAD
F(1,20)=0.661, p=0.426, PCSK9*5XFAD
F(1,20)=0.033, p=0.858

27-OHC

ns

Sex F(1,19)=0.597, p=0.44;
PCSK9 KO F(1,20)=0.203, p=0.657; 5XFAD
F(1,20)=0.287, p=0.598, PCSK9*5XFAD
F(1,20)=0.022, p=0.884

two-way
ANOVA
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Aim II
4.3.  Invivo effect of 2-pyridone derivative compounds

A synthetic procedure for obtaining 2-pyridone derivative molecules was recently published
(Giannessi et al. 2023). These molecules were preliminarily tested in vitro on human HepG2 cells to
assess their cytotoxicity and their effect on PCSK9 inhibition and LDLR expression (Giannessi et al.,
2023). The compound 5c (hereinafter referred to as MR compound 3, MR3) showed a significant
inhibitory effect on both proPCSK9 and mature PCSK9 expression. Furthermore, although the MR3
compound demonstrated only a moderate effect on its own, it showed an additive effect on LDLR
levels and a dose-dependent reduction of Pcsk9 mRNA levels when co-incubated with the positive
control Simvastatin (Giannessi et al. 2023). Although its mechanism of action is still unknown, it has

been hypothesized that MR3 could specifically interfere with PCSK9 transcription.

The newly synthesized class of PCSK9i, including MR3, MR532, and MR533, were selected for in

vivo tolerability evaluation due to the positive preliminary results in vitro.
4.3.1. In vivo analysis of selected MRs tollerability

MR3, MR532 and MR533 were administered to Wt C57BL/6J mice to preliminarily evaluate the in
vivo tolerability with respect of positive control SBC-115076, a commercially available PCSK9
modulator (Xu et al., 2019). The latter compound is known to inhibit the PCSK9-LDLR interaction
and was shown to be safe in 3 mo male C57Bl6/J mice at 4 mg/Kg dosage (WIPO international
publication number: WO 2014/150326 A1, Abdel-Meguid et al., 2014).

To evaluate the in vivo safety of selected compounds, each MR was SQ injected at dose of 40 mg/kg,
ten times the dosage of SBC-115076, for 7 consecutive days. Body weight was daily recorded
throughout the entire experimental period and weight variation was measured and compared to

vehicle-treated group.

The average daily weight variation from first observation day (Basal-D1) of each group reported in
Figure 24 A showed no significant alterations (see Table 7 for statistical information). A body weight
variation below 5% suggests the absence of critical suffering, according to the Federation of European
Laboratory Animal Science Associations (FELASA) guidelines that define a body-weight reduction

of 20% or more as severe suffering (Baumans et al., 1994).

The total distance travelled in OF by experimental mice was recorded in 10 min test daily; as shown
in Figure 24 B, no significant differences in average distance travelled were found between groups;
in addition, the global reduction in spontaneous exploration due to repeated exposure to OF arena

was not influenced by any treatment suggesting the absence of toxic effects due to PCSKOi.
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Moreover, no difference was detected on other locomotion parameters such as mean speed and %
time exploration of corners and arena center, representing indexes of anxiety (data not shown); no

other altered behaviors were observed during 10 min of free OF exploration.

Throughout the experimental period, mice were also subjected to a modified SHIRPA test (see
Material and Methods for details). All animals, regardless of treatment group, have shown a good
health status for whole observation period; mice were active and responsive to stimulations by
operator; no changes in urination and defecation, fur sheen, tremors and abnormal secretions were

detected.

Finally, after sacrifice, macroscopic alterations and weight of brain, spleen, liver, kidney, and gut
were evaluated. No abnormalities were observed in PCSK9i receiving mouse groups with respect to
vehicle-treated group. In particular, livers had normal morphology and no signs of hepatomegaly or

necrosis were reported (see representative images in Figure 24 C).

A B

110+ vehicle
SBC-115076 4mgkg
MR3 40mg/kg
MR532 40mg/kg

MR533 40mg/kg
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Figure 24. Effects of subacute iPCSK9 treatment in 3 mo male C56B16/J mice. A-B The analysis of body weight changes (A) and
spontaneous locomotor activity (B) in OF were similar in all experimental groups - vehicle ( ), SBC-115076 (black), MR3
(red line), MR532 (blue line) and MR533 ( ) - showing the absence of toxicity due to subacute injections of three
compounds. Data are shown as mean + SEM. Experimental groups: Vehicle, n = 5; SBC-115076, n = 6; MR3, n = 6; MR532, n = 6;
MRS533, n = 6. The analyses were performed by two-way repeated measure ANOVA (see Table 7 for statistical report). C
Representative images of vehicle and MR3 liver section. The histological analysis of hepatic tissues did not evidence any signs of
toxicity. Abbreviations: D, Day; dpi, day post injection.
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4.3.2. Ex vivo analysis

After in vivo safety evaluation, mice were sacrificed and Pcsk9 mRNA was quantified in liver of
treated mice. Analysis revealed no significant changes in the expression of hepatic Pcsk9 (Figure

25).

2.5+
2.0+
Q
(o)}
S 1.5
=t
o
T 1.0
(o)
L
0.5+
0.0- =
vehicle 115076 MR3 MR532 MR533
Figure 25. Pcsk9 expression in the liver of mice treated with vehicle ( ), SBC-115076 (black bar), MR3 (red bar), MR532
(blue bar) and MR533 ( ). Data are presented as fold change normalized over vehicle group mean and calibrated over

GAPDH housekeeping gene and are shown as mean + SEM. Experimental groups: Vehicle, n = 4; SBC-115076, n = 5; MR3, n = 5;
MRS532, n=5; MR533, n=15. Statistical comparisons were performed using one-way ANOVA (see Table 7 for statistical report).

Overall, these data suggest that the SQ inj of 40 mg/kg of newly synthetized MRs for 7 days did not
induce any sign of toxicity and was well tolerated by treated mice. However, the mechanism of action

of MRs in vivo is still under investigation.

Table 7: Statistical supplementary details of in vivo tolerability and ex vivo analyses (Figure 24-25).

. Treatment F(4,18)=1.095, p=0.389; weight
weight % .
A) ns (8,144)=3.752, p=0.069; treatment*weight one-way
F(32,18)=1.513, p=0.240
Fig.24 OF (32,18) » P repeated
measure
distance Treatment F(4,17)=0.320, p=0.861; distance ANOVA
travelled ns | (8,136)=34.719, p<0.001; treatment*distance
(B) F(32,17)=0.552, p=0.700
. _ one-way
Fig.25 Pcsk9 mRNA ns p=4116 ANOVA
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5. Discussion

Aim I

In addition to the well-known pathological hallmarks involving A and phospho-tau aggregation, AD
patients are characterized by neuroinflammation and metabolic abnormalities. A growing body of
evidence from genetic studies links lipid dyshomeostasis and AD. In fact, genes involved in
cholesterol metabolism have been identified as risk factors for disease onset and progression.
Furthermore, the presence of cerebrovascular and cardiovascular disorders, diabetes, dyslipidemia,
and hypertension has been associated with an increased risk of developing AD (Reitz et al., 2014).
The pathogenesis of AD is characterized by a complex network of dysregulated mechanisms. Altered
cholesterol homeostasis in the CNS can lead to oxidative stress, neuroinflammation, synaptic and

neuronal dysfunction, and ultimately cognitive decline (McFarlane and Kedziora-Kornatowska,

2020).

PCSKD9 is a well-known protein in the cardiovascular field that regulates the lifecycle of LDLR on
the surface of liver cells, leading to its lysosomal degradation. Abnormal PCSK9 levels can cause an
elevation of plasma circulating LDL-C levels, resulting in hypercholesterolemia. Recent studies have
highlighted several extrahepatic effects of PCSK9 that occur in various tissues, including the brain.
PCSKO9 was first characterized in the brain as a regulator of neurodevelopment and apoptosis (Wu et
al., 2014; Bingham et al., 2006; Seidah et al., 2003). Recently, PCSK9 has gained attention for its
potential involvement in several CNS diseases, including AD. However, the available genetic data
are limited and conflicting. For instance, Picard and colleagues observed that two specific variants of
PCSK9 were associated with higher levels of PCSK9 in the frontal cortex and were linked to an
increased risk of late-onset AD only in female subjects (Picard et al., 2019). More convincing data
came from human biological samples; recently higher levels of PCSK9 were found in CSF of AD
patients (Courtemanche et al., 2018; Zimetti et al., 2017), especially in those carrying the APOEe4
variant (Zimetti et al., 2017).

Available evidence supporting the beneficial effects of PCSK9 inhibition on AP pathology and
cognitive functions is restricted to animal models that only partially mimic the AD phenotype, such
as high-fat diet rats (Abuelezz and Hendawy, 2021; Arunsak et al., 2020), or the use of monoclonal
antibodies that only target peripheral PCSK9 due to their inability to cross the BBB (Mazura et al.,
2022). On the other hand, the potential detrimental effect of PCSK9 has been investigated in vitro.
The overexpression of PCSK9 in human neuroblastoma cells was found to exacerbate neurotoxicity

induced by AD-like conditions resulting from exposure to A fibrils (Papotti et al., 2022).
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Present study shows for the first time the role of PCSK9 in modulating the neuroinflammatory
response by upregulating several key inflammatory markers, such as proinflammatory cytokines and
secretion of the chemokine MCP-1, in human U373 astrocytoma cells after exposure to AP fibrils.
The impact of PCSK9 deletion on AD-like pathology in vivo and behavior was investigated in a
severe AD mouse model, the SXFAD mouse. In this study, SXFAD mice lacking PCSK9, generated
specifically for this purpose, were compared with SXFAD mice expressing PCSK9 and respective
Wt Ctrls. The new model was behaviorally characterized starting at 10 months of age, which is a
period of full plaque maturation in 5XFAD mice. No alterations in motor or spontaneous exploratory
behavior were observed in any SXFAD mouse group compared to Ctrls. As previously reported by
others, 5SXFAD mice displayed reduced anxiety-like behavior in the EPM task, an effect which was
maintained in the absence of PCSK9 (Jawhar et al., 2012; Forner et al., 2021).

Notably, complete ablation of PCSK9 in 10 mo 5XFAD mice resulted in several protective effects,
including improvements in spatial learning and memory as tested by the MWM task. Moreover, the
absence of PCSK9 impacted neuropathological outcomes as well as microglial density, distribution,
and morphology. Specifically, the impaired hippocampus-dependent performance of a spatial
memory task in 10 mo SXFAD mice was significantly improved by the absence of PCSK9. During
the initial cue-guided training period (D1-D7), all mice performed similarly and learned equally.
However, differences in performance began to emerge as the training period was extended and task
was made more difficult by changing the position of the platform and increasing the time between
trials. At D8, despite a similar task was required, the SXFAD groups regardless of the presence of
PCSK9, showed higher time to reach the platform in the new position with respect to the Ctrls.
However, in the second training period (D8-D13), only 5XFAD mice without PCSK9 were able to
efficiently locate the new position of the hidden platform using spatially directed strategies, similar
to the Ctrls. These findings are consistent with recent studies showing cognitive impairments in the
high-fat cholesterol diet rat model of AD-like condition, by Abuelezz and Hendawy (2021), and in 6
mo 5SXFAD mice by Mazura et al. (2022) after 10 weeks of systemic PCSK9 inhibition through
monoclonal anti-PCSK9 antibody injection.

Gephine and colleagues recently investigated spatial pattern separation processes, which allow the
creation of distinct episodic memories by encoding similar but different spatial information without
interference and found an altered discrimination ability in 6 mo SXFAD mice (Gephine et al., 2024).
Since the MWM reversal test has been proposed to probe spatial pattern separation (Garthe and
Kempermann 2013), present data confirm Gephine et al. study and suggest that PCSK9 may play a
role in spatial pattern separation functions, possibly involving an effect on hippocampal neurogenesis

(Clelland et al., 2009) as also reported in SXFAD mice (Moon et al., 2014).
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Our experimental model based on a global deletion of PCSK9 gene does not allow to determine
whether the beneficial effects of PCSK9 deletion derive from its inhibition in the CNS and/or in
peripheral tissues. Interestingly, recent data have revealed an increased expression of PCSK9 in AD
(Picard et al., 2019). Therefore, it can be speculated that the observed changes are a direct
consequence of PCSK9 loss in the CNS. However, it cannot be excluded that peripheral PCSK9 loss
may also have an indirect influence (Mazura et al., 2022).

Taken together, present behavioral data demonstrate that inhibiting PCSK9 preserves hippocampal-
dependent spatial learning abilities and memory in the SXFAD model of AD.

In agreement with the recent evidence on the involvement of PCSK9 in promoting the deposition of
AP (Abuelezz and Hendawy, 2021; Apaijai et al., 2019; Arunsak et al., 2020), our results show that
its absence significantly reduces AB-related pathology. In fact, the deletion of PCSK9 significantly
reduced the number and area of ThS™ and 6E10" plaques, as well as the number of 11A1" plaques in
the cortico-hippocampal regions of SXFAD mice, without affecting the regional distribution or the
size distribution of amyloid plaques. Also in the olfactory tubercle area, where PCSK9 expression
remains sustained in adult mice (Seidah et al., 2003), the analysis revealed a decrease in the count
and area of 6E10" and 11A1" plaques in 5SXFAD-PCSK9¥® mice compared to 5SXFAD-PCSK9!
mice. Overall, present evidence shows that the cognitive improvement observed in SXFAD mice
lacking PCSKO9 is accompanied by a significant reduction of amyloid pathology.

This effect is unlikely to depend on changes in global BACE1 expression or its accumulation in peri-
plaque dystrophic neurites. Although recent research has found that PCSK9 inhibition leads to a
decrease in hippocampal BACE expression in rats with high-fat cholesterol diet-induced AD-like
conditions (Abuelezz and Hendawy, 2021), the role of PCSK9 in modulating BACE] activity remains
controversial. Different experimental conditions have shown both an increase and a decrease in
BACEI activity (Liu et al., 2010). Despite the significant and expected reduction in BACE1 plaque-
associated dystrophic neurites in Nctx of SXFAD-PCSK9XO, consistent with the previously observed
reduction in amyloidosis, the percentage of Congo Red™-BACE1" plaques was comparable between

5XFAD mice with and without PCSK9.

In AD, AP can induce a neuroinflammatory response through a direct activation of microglia and the
release of cytokines, for instance, by activating the NFkB-mediated signaling pathway (Combs et al.,
2001). Previous in vivo data have demonstrated the role of PCSK9 in atherosclerotic plaque
inflammation, which may involve TLR4 signaling (Tang et al., 2017). Moreover, emerging evidence
has also implicated PCSK9 in neuroinflammation, namely through a role in coordinating the

induction of the NF«xB pathway and the activation of astrocytes and microglia (Abuelezz and
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Hendawy, 2021; Apaijai et al., 2019). Our in vitro data indicate that recombinant PCSK9 worsened
the AD-like condition induced by AP fibrils in the U373 astrocytoma cell line by increasing
proinflammatory cytokine expression. Similarly, the absence of PCSK9 in 5XFAD mice reduced
microglial reactivity, a key indicator of brain inflammation, in cortico-hippocampal regions to levels
comparable to those of Ctrls, in terms of global IBA1" ir and the number of microglial cells. These
findings tally well with recent studies indicating that in rats with brain ischemia-reperfusion injury,
pretreatment with PCSK9i reduced astrocytes and microglia activation (Apaijai et al., 2019). In
addition, PCSK?9 inhibition has been shown to reduce activation of human T cells induced by oxidized
LDL (Liu and Frostegard, 2018) and macrophage inflammatory response (Badimon et al., 2021).

Our ex vivo analysis, limited to transcripts, showed a significant increase in the expression of
homeostatic genes, such as P2ryl2, Cdl1b, and Cx3crl, as well as phagocytic/disease-associated
genes of microglia, such as Ifitm3 and Cst7, in the cortex of 10 mo SXFAD mice, consistent with
previous studies (Landel et al., 2014). However, the absence of PCSK9 did not modulate this effect.
Our analysis showed only a minor decrease in Cd36 expression in relation to AD-like pathology, but
not PCSK9 loss, which was also confirmed by our in vitro experiments in astrocytes. Since increased
Cd36 expression has been associated with increased APi-42 uptake in the brain and decreased A
plaque burden in the Hip of 5XFAD mice (Koronyo et al., 2015; Koronyo-Hamaoui et al., 2019;
Lucin et al., 2013), our data support the hypothesis that reduced amyloid plaque deposition in the
absence of PCSKD9 is not a consequence of accelerated AP phagocytosis. It should be noted that the
analysis of the effect of genetic ablation of PCSK9 on microglial gene expression was conducted on
the entire cerebral cortex, which is the brain region most affected by AP pathology in 5SXFAD mice,

and thus possible cell type and/or brain area specific alterations cannot be excluded.

The analysis of GFAP™ ir, a marker of astrogliosis, in 5XFAD mice did not show significant effects
of PCSKD9 loss, except for CC-Cg. It is important to note that GFAP ir does not label all astrocytic
populations, particularly in areas such as the cerebral cortex. Therefore, our data do not rule out the
possibility that PCSK9 loss may have protective effect on other astrocytic populations. In addition,
GFAP" astrocytes are known to contain subpopulations with different functional roles, including Al
neurotoxic astrocytes, which are the major astrocytic subtype that mediates astrocytic toxicity in AD
(Lau et al., 2021). Further studies using Al-specific markers may reveal alterations in astrocytic

subpopulations that were not identified in the present analysis.

As shown in mice lacking LRP1, lower neuronal cholesterol content is associated with neuronal loss
in specific brain regions (Liu et al., 2010). Accordingly, in vitro studies showed that PCSK9 reduced

cholesterol content and uptake in both astrocytes and neurons and potentiated Ap neurotoxicity. In
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particular, PCSK9 acts by degrading the APOERs at the synaptic level and impedes the correct supply
of cholesterol to neurons, possibly leading to neurodegeneration (Papotti et al., 2022).

Our in vivo studies support the proposal of the impact of PCSK9 on brain cholesterol metabolism.
Specifically, PCSK9 loss partially recovered the marked reduction of TC levels observed in 10 mo
SXFAD mice compared to Ctrls. Similarly, the quantification of serum TC levels demonstrated a
significant effect of PCSKO loss in SXFAD mice. However, the most relevant oxidative bioactive
metabolites of cholesterol did not show changes between the experimental groups. Therefore, present
data suggest that the improved cognitive performance, reduced amyloidosis, and neuroinflammation
caused by PCSK9 deletion in 5XFAD mice could only be partially explained by a restoration of lipid
homeostasis. Accordingly, also the expression of lipid-related genes was unaffected by PCSKO9 loss,
with minor exceptions. In fact, both ApoE and Lp/ were increased in SXFAD mice without any
interference by PCSK9 loss. Yet, cell-specific changes may occur in 5XFAD mice in the absence of
PCSKO9, as previously shown (Papotti et al., 2022). For these reasons, future studies investigating the
differential effect of PCSK9 loss on cholesterol content in primary astrocytes and neurons from

5XFAD mice would be of great interest.

In conclusion, based on present and previous data, the pharmacological inhibition of PCSK9 may be
an innovative strategy for AD treatment. Yet, the available data are few and most of published studies
have not been conducted on animal models, like obese rats, that are not specific for AD; in addition,
most of PCSK9i, such as monoclonal antibodies developed for hypercholesterolemia treatment, are
not able to cross the BBB and therefore only act peripherally (Arunsak et al., 2020; Mazura et al.,

2022). Preclinical studies, like the one presented here, are, therefore, highly warranted.
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Aim 11

To overcome the drawbacks of anti-PCSK9 biological drugs, a new class of small lipophilic
molecules for AD treatment are being developed. Here, three newly synthesized small lipophilic
compounds, MR3, MR532, and MR533, derivatives of 2-pyridone, were selected for their efficacy in
PCSKO9 inhibition and absence of cytotoxic effects in vitro on human HepG2 cells. In particular, MR3
exhibited potent inhibition activity on PCSK9 even at low doses (Giannessi et al., 2023).

All of these compounds demonstrated a good in vivo tolerability profile, showing no relevant effects
on indices of mouse wellness, such as body weight, locomotion, and exploration activity.
Additionally, there were no signs of suffering measured by the SHIRPA protocol. Moreover, no signs
of hepatic toxicity were noticed in comparison with vehicle-treated mice.

The ex vivo analysis revealed no significant change in Pcsk9 expression in the liver, as well as no
change in plasma TC level compared to the vehicle group (Giannessi et al., 2023). This lack of effect
may be due to an insufficient dosage, length of treatment, or poor biodistribution. Indeed, an effect
could be better detected in mice fed with high-fat diet.

Given the fact that compound MR3 has shown strong inhibition activity on PCSK9, a significant
additive effect with Simvastatin in inducing of LDLR expression in vitro, and a good tolerability in

vivo, dedicated experiments will be necessary to test the effectiveness of this anti-PCSK9 compound.
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