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ARTICLE INFO ABSTRACT
Keywords: Background: Increasing evidence highlights the importance of novel players in Alzheimer’s disease (AD) path-
PCSK9 ophysiology, including alterations of lipid metabolism and neuroinflammation. Indeed, a potential involvement

Alzheimer’s disease

Microgli of Proprotein convertase subtilisin/kexin type 9 (PCSK9) in AD has been recently postulated. Here, we first
icroglia

Amyloidosis investigated the effects of PCSK9 on neuroinflammation in vitro. Then, we examined the impact of a genetic

Cognitive dysfunction ablation of PCSK9 on cognitive performance in a severe mouse model of AD. Finally, in the same animals we

5XFAD mice evaluated the effect of PCSK9 loss on AB pathology, neuroinflammation, and brain lipids.
Methods: For in vitro studies, U373 human astrocytoma cells were treated with A fibrils and human recombinant
PCSK9. mRNA expression of the proinflammatory cytokines and inflammasome-related genes were evaluated by
q-PCR, while MCP-1 secretion was measured by ELISA. For in vivo studies, the cognitive performance of a newly
generated mouse line - obtained by crossing 5XFAD" with PCSK9¥® mice — was tested by the Morris water maze
test. After sacrifice, immunohistochemical analyses were performed to evaluate Ap plaque deposition, distri-
bution and composition, BACE1 immunoreactivity, as well as microglia and astrocyte reactivity. Cholesterol and
hydroxysterols levels in mouse brains were quantified by fluorometric and LC-MS/MS analyses, respectively.
Statistical comparisons were performed according to one- or two-way ANOVA, two-way repeated measure
ANOVA or Chi-square test.

Abbreviations: Abs, antibodies; AD, Alzheimer’s disease; ANOVA, one-way analysis of variance; APOE, apolipoprotein E; APOER, APOE-interacting receptors; APP,
amyloid precursor protein; Ap, amyloid-f; BACE1, beta-site APP-cleaving enzyme 1; BBB, blood-brain barrier; BHT, butylhydroxytoluene; CA, cornu Ammonis; CC,
corpus callosum; Ccl3, chemokine (C-C motif) ligand 3; Ccl6, chemokine (C-C motif) ligand 6; Cd11b, integrin «; -Cg, cingulate cortex; CLA, cell line authentication;
CNS, central nervous system; CSF, cerebrospinal fluid; Cst7, cystatin F; Ctx, cerebral cortex; Cx3crl, CX3C motif chemokine receptor 1; CXP, collision exit potential;
CypA, cyclophilin A; D, day; DAB, diaminobenzidine; DG, dentate gyrus; DMEM, Dulbecco’s modified Eagle’s medium; DP, declustering potential; E, east; EP,
entrance potential; FBS, fetal bovine serum; Gapdh, glyceraldehydes-3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; HFCD, high fat cholesterol
diet; Hip, hippocampus; IBA1, ionized calcium-binding adapter molecule 1; Ifitm3, interferon induced transmembrane protein 3; IHC, immunohistochemistry; IL,
interleukin; Ir, immunoreactivity; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LDL, low density lipoprotein LDLR low density lipoprotein re-
ceptor; LPL, lipoprotein lipase; LRP1, low-density lipoprotein receptor-related protein 1; MCP-1, monocyte chemoattractant protein-1; Mo, month-old; MWM, Morris
water maze; Nctx, neocortex; NLRC4, NLR family CARD domain containing 4; NLRP1, NLR family pyrin domain containing 1; NLRP3, NLR family pyrin domain
containing 3; OHC, OH-cholesterol; P2ry12, purinergic receptor P2Y12; PCSK9, proprotein convertase subtilisin/kexin type 9; PS1, presenilin 1; Rerl, retention in
endoplasmic reticulum sorting receptor 1; RT, room temperature; S, south; sCtx, somatosensory cortex; SD, standard deviation; SEM, standard error of the mean; SL,
stratum lucidum; SO, stratum oriens; SPE, solid phase extraction; SR, stratum radiatum; Stmn1, stathmin 1; SYN, synaptophysin; TC, total cholesterol; ThS, thioflavin-
S; TLRs, toll-like receptors; TNFA, tumor necrosis factor o; Wt, wild type.
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Results: In vitro, PCSK9 significantly increased IL6, IL1B and TNFA mRNA levels in A fibrils-treated U373 cells,
without influencing inflammasome gene expression, except for an increase in NLRC4 mRNA levels. In vivo,
PCSK9 ablation in 5XFAD mice significantly improved the performance at the Morris water maze test; these
changes were accompanied by a reduced corticohippocampal Af burden without affecting plaque spatial/
regional distribution and composition or global BACE1 expression. Furthermore, PCSK9 loss in 5XFAD mice
induced decreased microgliosis and astrocyte reactivity in several brain regions. Conversely, knocking out PCSK9
had minimal impact on brain cholesterol and hydroxysterol levels.

Conclusions: In vitro studies showed a pro-inflammatory effect of PCSK9. Consistently, in vivo data indicated a
protective role of PCSK9 ablation against cognitive impairments, associated with improved Ap pathology and
attenuated neuroinflammation in a severe mouse model of AD. PCSK9 may thus be considered a novel phar-
macological target for the treatment of AD.

1. Background

Alzheimer’s disease (AD) is a neurodegenerative condition repre-
senting the most frequent form of dementia in the elderly. Clinically, it is
characterized by a progressive cognitive decline, accompanied by
worsening of executive abilities (Therriault et al., 2022). AD causes are
still largely unknown, a fact that contributes to the lack of effective in-
terventions to prevent, slow down or reverse the disease progression.
Indeed, the available drugs are targeting symptoms, with transient ef-
fects, and novel treatments have mostly failed in clinical studies (Burns
et al., 2022).

The most investigated pathophysiological processes underlying the
disease are the increased extracellular deposition of amyloid-f peptide
(Ap) aggregates and the enhanced intracellular content of hyper-
phosphorylated tau, forming senile plaques and neurofibrillary tangles,
respectively (Edwards, 2019; Jack et al., 2013). However, a growing
number of evidence highlights the importance of additional players
concurring with the complex AD pathophysiology, including alterations
of lipid metabolism (Yin, 2022) and neuroinflammation (Kinney et al.,
2018).

The association between lipids and AD is supported by several ge-
netic studies showing that loci and genes involved in cholesterol meta-
bolism are risk factors for AD onset and development (de Rojas et al.,
2021; Hollingworth et al., 2011; Jones et al., 2010). The most striking
example is the evidence that the gene for €4 isoform of the apolipo-
protein E (APOE), the main lipid transporter in the central nervous
system (CNS), is one of the most powerful predictive factors for AD onset
(Koutsodendris et al., 2022; Liu et al., 2013).

Among brain lipids, cholesterol plays a critical role in the mainte-
nance of neuronal functions (Dietschy and Turley, 2001) and several
reports suggest that defects in its homeostasis in CNS are associated with
AD (Feringa and van der Kant, 2021; Li et al., 2022).

The Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9), a pro-
tein primarily expressed in the liver, plays an important regulatory role
in plasma cholesterol levels modulation (Ferri, 2012). Interestingly,
PCSK9 is also expressed in the brain, where it may be involved in several
relevant processes, including neuronal development and apoptosis
(Bingham et al., 2006; Seidah et al., 2003). More recent evidence sug-
gests a potential implication of PCSK9 in the pathogenesis of AD (Adorni
et al., 2019). For instance, we and others previously observed increased
levels of PCSK9 in the cerebrospinal fluid (CSF) of AD patients compared
to control subjects (Courtemanche et al., 2018; Zimetti et al., 2017),
with the highest concentrations detected in APOE €4 carriers (Zimetti
et al., 2017). Consistently, an increased PCSK9 expression was observed
in the frontal cortex of AD patients compared to controls. As well
established, this specific brain region is greatly affected by the pathology
(Picard et al., 2019).

The mechanisms underlying PCSK9 involvement in AD may relate to
the ability to degrade the neuronal APOE-interacting receptors (APO-
ERs), as occurs for the low-density lipoprotein receptors (LDLR) in the
liver (Kysenius et al., 2012; Poirier et al., 2008). This activity may
interfere with neuronal cholesterol uptake, the sole process warrantying
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cholesterol supply to adult neurons, for the maintenance of physiolog-
ical functions (Mahley, 2016). Other possible mechanisms may rely on
PCSK9 reported pro-apoptotic effect (Liu et al., 2017; Poirier et al.,
2008). In support of these hypotheses, we recently demonstrated that
PCSK9 affects astrocytic and neuronal cholesterol metabolism, by
degrading ApoER2 and LDLR and leading to neuronal cholesterol
depletion. Moreover, PCSK9 worsened the neurotoxic effect induced by
A fibrils (Papotti et al., 2022). In addition, others reported that PCSK9,
by targeting also the low-density lipoprotein receptor-related protein 1
(LRP1), may reduce the clearance of Ap peptide through the blood-brain
barrier (BBB), thus favouring plaques deposition in the brain (Mazura
et al., 2022). Finally, PCSK9 may additionally exert a pro-inflammatory
effect on cerebral cells, as previously reported in macrophages (Badimon
etal., 2021; Jaen et al., 2022; Ricci et al., 2018; Tang et al., 2017). In this
regard, the neuroinflammatory effect of PCSK9 has not been investi-
gated yet.

All the above findings point to PCSK9 as a potential pharmacological
target for the treatment of AD. However, despite this set of evidence, the
relationship between PCSK9 and AD is still largely unknown and not
fully supported by genetic studies, that did not provide convincing in-
dications of the association between PCSK9 variants and disease risk
(Bellenguez et al., 2022; Benn et al., 2017; Paquette et al., 2018; Picard
et al., 2019).

Thus, in order to shed more light into PCSK9 pathophysiological role
in AD, in the present study we first investigated the effects of PCSK9 on
neuroinflammation in vitro. Then, we evaluated the impact of the genetic
ablation of PCSK9 in 5XFAD mice, a severe mouse model of AD, on a
number of parameters including cognitive performance, Af plaque
deposition, distribution and composition, microglia and astrocyte
reactivity, neuroinflammatory indexes, and the levels of cholesterol and
its main oxidative metabolites in brain and serum.

2. Methods
2.1. Invitro inflammation studies

For in vitro inflammation studies, U373-MG human astrocytoma cell
line was used. Cells were kindly donated by Prof. Bussolati from the
Department of Medicine and Surgery of the University of Parma (Italy).
Before use, the cell line underwent authentication by the Cell Line
Authentication (CLA) service (Eurofins Genomic, Ebersberg, Germany).
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 % L-glutamine 200 mM and 1 % non-essential amino
acids 100X solution. Cell culture reagents were from EuroClone (Milan,
Italy). Ap was purchased from Bachem (cat. n. 4014447.1000) and re-
combinant human PCSK9 was purchased from Cayman Laboratories
(cat. n. 20631).

To evaluate the influence of PCSK9 on inflammation, cells were
treated for 24 h (h) with human recombinant PCSK9 (5 pg/ml), then
incubated for the following 24 h with Ap fibrils (1 pM), prepared from
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monomers as previously described (Papotti et al., 2022). At the end of
the incubation, total mRNA was extracted by means of iScriptTM RNA
extraction kit Bio-Rad and 1 pl of total extract was used for the one-step
gPCR reaction (one-step qPCR SYBR mix, A&A Biotechnology) using
specific primer mix combinations (Table 1). 18S was used as loading
control in each experiment.

For the evaluation of monocyte chemoattractant protein-1 (MCP-1)
secretion, after treatment of cells as described above, medium was
collected and ELISA assay was performed, using the human MCP-1
ELISA kit (R&D System, cat. n. DCP0O; Intra- and inter-assay vari-
ability is 5 %). Data are shown as mean =+ standard deviation (SD) and
statistical comparisons were performed using the one-way ANOVA fol-
lowed by the Tukey’s multiple comparison test. A value of p < 0.05 was
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considered statistically significant.

2.2. Animals

A transgenic mouse line was generated by multiple crossings be-
tween 5XFAD+/- (5XFAD"™®) mice and PCSK9-/- (PCSK9¥®) mice. The
5XFAD transgenic mouse model of AD co-overexpresses a triple-mutant
human amyloid precursor protein (APP) (Swedish mutation: K670N,
M671L; Florida mutation: 1716V; London mutation: V717I) and a
double-mutant human presenilin 1 (PS1) (M146L and L286V mutations)
under the transcriptional control of the neuron-specific Thy-1 promoter.
Progenitors with no retinal degeneration allele Pde6brdl were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA) and first-

Table 1
List of primers used for Real-Time PCR analyses.
Function Transcript NCBI Ref Seq Primer sequence (5'- 3')
Housekeeping genes Gapdh NM_008084.3 Fw CAAGGTCATCCATGACAACTTTG
Rv GGGCCATCCACAGTCTTCTG
CypA NM_008907.2 Fw AGCATACAGGTCCTGGCATC
Rv TTCACCTTCCCAAAGACCAC
Rerl NM_026395.2 Fw CCACCTAAACCTTTTCATTGCG
Rv TTTGTAGCTGCGTGCCAAAAT
Lipid-related genes Apoe NM_001305843.1 Fw TGTGGGCCGTGCTGTTGGTC
Rv GCCTGCTCCCAGGGTTGGTTG
Lpl NM_008509.2 Fw GGATGGACGGTAACGGGAAT
Rv GGCCACATCATTTCCCACCA
Lrpl NM_008512.2 Fw AAGGATGACTGTGGAGAC
Rv ACTACAGCCACCATTATTC
Lrp5 NM_008513.3 Fw CAGTGTGCCCCTCTATGACC
Rv CGAATGACGTAGGGCCTGTA
cd36 NM_001159558.1 Fw GGAGCAACTGGTGGATGGTT
Rv TACGTGGCCCGGTTCTACTAA
Microglial factors Stmn1 NM_019641.4 Fw AGGTGCTCCAGAAAGCCATC
Rv TCCACGTGCTTGTCCTTCTC
P2ry12 NM_001357010.1 Fw CATTGCTGTACACCGTCCTG
Rv AACTTGGCACACCAAGGTTC
Ifitm3 NM_025378.2 Fw CCGTGAAGTCTAGGGATCGGA
Rv GTGTGAAGGTTTTGAGCGTT
Cd11B NM_001082960.1 Fw TACCGTCTACTACCCATCTGGC
Rv TTGGTGAGCGGGTTCTGG
Cx3crl NM_009987.4 Fw ACGGAGACAGTGGCGTTCAG
Rv CGGCCAGGCACTTCCTATAC
Cst7 NM_009977.3 Fw CAGGAAGACCATGCATCACCA
Rv ATAGAGTCCGCTTCAAGGCAG
Inflammatory mediators I1B NM_008361.4 Fw ATCTTTGAAGAAGAGCCCATCC
Rv TGTAGTGCAGTTGTCTAATGGG
16 NM_031168.2 Fw CCTCTCTGCAAGAGACTTCCATCCA
Rv GGCCGTGGTTGTCACCAGCA
TnfA NM_013693.3 Fw TCTTCTGTCTACTGAACTTCGG
Rv AAGATGATCTGAGTGTGAGGG
Ccl3 NM_011337.2 Fw CATATGGAGCTGACACCCCG
Rv TCTTCCGGCTGTAGGAGAAGC
Cclé6 NM_009139.3 Fw CTGGCCTCATACAAGAAATGGA
Rv TTGGAGGGTTATAGCGACGAT
Human primers for in vitro analysis
Housekeeping gene 18S X03205.1 Fw CGGCTACCACATCCACGGAA
Rv CCTGAATTGTTATTTTTCGTCACTACC
Immune cell factors Pyrin NM_000243 Fw GTACTTCTCAGAAACCCTGCG
Rv AGATGAGGTTGGGGTAAGCG
NLRP1 NM_033004 Fw TTCTACGTTGGCCACTTGGG
Rv GTGAAGGTACGGCTATGCGG
NLRP3 NM_001243133 Fw AAGTGGGGTTCAGATAATGCACG
Rv CACTGGAATCTGCTTCTCACG
NLRC4 NM_001199138 Fw CCTACAGAATCAACGGCTGC
Rv TCAGGCCTTCAGCTAGTTTTATAGC
Inflammatory mediators TNFA NM_000594 Fw ACTTTGGAGTGATCGGCC
Rv GCTTGAGGGTTTGCTACAAC
IL6 NM_000600 Fw GGTACATCCTCGACGGCATCT
Rv GTGCCTCTTTGCTGCTTTCAC
IL1B NM_000576 Fw ATGCACCTGTACGATCACTG
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.
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generation progenies were obtained by crossing 5XFAD®" mice with
PCSK9¥C breeders. S5XFADMPCSK9™® mice were selected and crossed
with PCSK9¥® mice to obtain 5XFAD"'PCSK9¥C mice and related con-
trols (Wt-PCSK9™® and Wt-PCSK9KO, hereinafter mentioned as Ctrls).
Mice were kept in conditioned rooms with stable temperature (21 °C)
and humidity (60 %), on a light/dark cycle of 12 h; 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.

2.3. Morris water maze test

Ten month-old (mo) male and female mice were subjected to Morris
water maze (MWM) procedure to assess learning and memory as pre-
viously described (Runfola et al., 2021). Briefly, mice were placed in a
circular white pool with a diameter of 120 c¢m filled with water at 2 + 1
°C (made opaque by adding white non-toxic paint), and allowed to swim
for 90 seconds (s) 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 30 minutes (min) inter-
trial interval and the platform was located in the South (S) quadrant of
the pool. For each trial, the time to reach the platform and number of
entries into the platform area were analyzed (learning curve Dayl-Day7,
D1-D7). On the 8th day the platform was moved to East (E) quadrant and
two cues were removed; mice underwent a second learning phase con-
sisting in 4 trials per day with a 60 min inter-trial interval between days
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 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.

Behavioural test was performed by an operator unaware of the
treatment to avoid bias. Animal behaviour was conducted in a sound-
proof room, recorded and automatically analyzed with ANY-maze
Video Tracking system (Stoelting). Target search strategy was manu-
ally scored, independently, by two operators unaware of the treatment.

All data are shown as mean =+ standard error of the mean (SEM) and
were analysed by 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 behav-
iour and other AD related parameters (Forner et al., 2021; Oblak et al.,
2021), the possible effect of sex on experimental parameters was pre-
liminarily 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 (see Supple-
mentary Table 1 for detailed statistical reports).

2.4. Immunohistochemical analysis

Mice were anaesthetized with isoflurane and sacrificed by intracar-
diac perfusion with cold 4 % paraformaldehyde and fixed brains were
cut at the cryostat (20 pm) and processed according to established
protocols to test cell-specific AD alterations by using specific antibodies
(Abs) against amyloid plaques and microglial cells through immuno-
histochemical (IHC) analysis (Daini et al., 2021; Rigillo et al., 2018).

The following Abs were used to test specific AD-linked alterations at
synaptic and cellular levels: mouse anti-human AB/APP 6E10 (epitope
human Ap1-16, 1:500, Signet, cat. n. 9300-10), mouse anti-human Ap
11A1 (epitope synthetic peptide of E22P-Af 10-35 part, 1:500, Tecan,
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cat. n. 10379), rabbit anti-ionized calcium-binding adapter molecule 1
(IBA1, 1:1000, Wako, cat. n. 019-19741), rabbit anti-glial fibrillary
acidic protein (GFAP, 1:2000, Dako, cat. n. Z0334) and mouse anti-
synaptophysin (SYN, 1:1000, SYSY, cat. n. 101111), rabbit anti-beta-
site APP-cleaving enzyme 1 (BACE1, 1:1000, Cell Signaling, cat. n.
5606). A pre-treatment with formic acid was performed for anti-Ap Abs.
Vectastain ABC-HRP (cat. n. PK-4002; cat. n. PK-4001) kit was used for
peroxidase 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).

2.5. Image and statistical analyses

Immunolabelled brain slices were visualized and photographed on a
Nikon Eclipse CiL microscope (10x and 40x objective) through a Nikon
DS-Fi3 camera under constant light conditions. Shading error correction
was performed before image acquisition to correct for irregularities in
the illumination of the microscopic field. All evaluations were per-
formed on coded slides by at least two experimenters.

ThS- or Af-immunoreactive plaque analysis was performed on im-
ages obtained with a 10x objective. Plaques were manually selected
within the neocortex (Nctx) and the hippocampus (Hip) (Bregma be-
tween —1.46 and —1.58 mm from (Paxinos and Franklin, 2019)) and
morphometric parameters such as plaque number as well as single pla-
que areas were measured through a Nikon NIS-Elements D software or
ImageJ Fiji software.

For SYN and BACE1 immunoreactivity (ir) analysis, three somato-
sensory cortex (sCtx) (exclusively for SYN) and cornu Ammonis 3 (CA3)
fields of Hip slices/mouse (Bregma between —1.46 and —1.58 mm from
Paxinos and Franklin, 2019) were acquired with 10x objective before
counterstaining with Nissl stain to better delineate the hippocampal
subregion boundaries. The semi-quantitative densitometric and
morphometric analyses (area, length and thickness) were performed
following established protocols (Zoli et al., 1990a; Zoli et al., 1992)
using routines from the Nikon NIS-Elements D (5.21.00v) and ImageJ
Fiji software. First, images were manually edited to remove edge arte-
facts, folds, and blood vessels, then thresholded as described (Zoli et al.,
1990b).

For densitometric analysis, acquired images were converted to 32-bit
grayscale and specific optical density values were obtained by sub-
tracting the optical density of the sampled region from the optical
density of non-specific staining, i.e., pyramidal layer for CA3 analysis.

For GFAP and IBA1 analysis, at least three slices/mouse from corpus
callosum-cingulate cortex (CC-Cg) (Bregma between —0.5 and —0.9)
and Hip (Bregma between —1.46 and —1.58 mm from Paxinos and
Franklin, 2019) were acquired with 10x objective. Acquired images
were converted to 32-bit grayscale and the following thresholding pro-
cedure was applied: for GFAP staining —35, —20, —40, —5 grayscale
units from the peak mean gray value for hippocampal CA1 field, CA3
field, dentate gyrus (DG) hilus and CC-Cg; for IBA1 staining —10 gray-
scale units for CC-Cg and DG hilus; then, % positive area, i.e., the area
covered by pixels with a gray value above the threshold, was automat-
ically recorded by means of analyse particles function of ImageJ software.
As specifically concerns microglial analysis, IBA1 + cell count was
performed manually, within the area of interest by using a 10x objective.

Values are shown as mean + SEM or 95 % confidence interval as
appropriate. Group differences between different brain regions were
analysed by means of two-way repeated measure ANOVA or two-way
ANOVA. When a main effect of 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
software, with p < 0.05 as the level for a significant difference and 0.10
> p > 0.05 as a trend for a significant difference. Detailed statistical
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reports are shown in Supplementary Table 1.
2.6. Total cholesterol (TC) quantification in mouse brain and serum

After the sacrifice, the right cerebral hemisphere of mice was
weighted and mechanically homogenated. Homogenates underwent
lipid extraction with the Folch’s Solution (Chloroform: Methanol [2:1]
v/v) for 24 h. The lipophilic phase was then evaporated under a nitrogen
stream and re-suspended in Reaction Buffer (0.5 M potassium phos-
phate, 0.25 M NaCl, 25 mM cholic acid and 0.5 % Triton X-100). The
fluorometric Amplex® Red Cholesterol assay (Thermo-Fisher Scientific,
MA, USA) was used to quantify cholesterol content in lipids extracted
from the brain following the manufacturer’s instructions. To quantify TC
levels in serum, peripheral blood was collected after sacrifice in BD
VACUTAINER CAT tube and after 1 h incubation at room temperature
(RT), serum was isolated by centrifugation at 2500 rpm for 10 min; then
the fluorometric Amplex® Red Cholesterol assay (Thermo Fisher Sci-
entific, MA, USA) was used to quantify TC 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 (Wt) B6SJL and 5XFAD mice were performed by one-way ANOVA,
considering p < 0.05 as statistically significant.

2.7. Hydroxysterols quantification in mouse brain and serum

The three main hydroxysterols (24-OH-cholesterol, 25-OH-choles-
terol and 27-OH-cholesterol, 24-OHC, 25-OHC and 27-OHC, respec-
tively) 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 extrac-
ted through the Folch’s solution from the left cerebral hemisphere, as
well as from 0.2 ml of serum, were supplemented with Butylhydrox-
ytoluene (BHT, 0.1 pg/pl) and underwent alkaline hydrolysis in 1 ml of
1 M NaOH in 90 % Ethanol 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°.
Dried lipid extracts were then resuspended in 2 ml of deionized H,0
supplemented with 5 % v/v of Methanol and oxysterols were separated
by Solid Phase Extraction (SPE) 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 Methanol enriched with 1 pg/pl of 24-, 25- and 27-
deuterated OHC (Avanti Polar Lipids, AL, USA), used as internal stan-
dards. Samples were subsequently eluted through a C18 Synergi Hydro-
RP column (150 mm x 3 mm, 80A, 4 pm particles; Phenomenex, CA,
USA), equipped with a C18 pre-filtering column. The mobile phase was
made of Methanol: 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
(DP) 35 V; entrance potential (EP) 10 V; collision exit potential (CXP) 10
V 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~ mbar). The analytical method per-
formed was initially set up by using 24-, 25- and 27-OHC spiked with 1
pg/pl 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.
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2.8. Total RNA extraction, reverse transcription, and real-time
polymerase chain reaction (ex vivo)

A separate group of mice was sacrificed under deep anaesthesia
through intracardiac injection of cold PBS, the brain was dissected out
and cerebral cortex (Ctx) was lysed by mechanical disruption in 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 reverse tran-
scribed to cDNA using random hexamers and M—MLV Reverse Tran-
scriptase (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 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 °C
melting curve analysis.

2.9. PCR product and statistical analyses (ex vivo)

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 genes were used as endogenous controls. For quanti-
tative evaluation of changes, the comparative AACt method was per-
formed, using as a 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.

2.10. Protein extraction and western blotting analysis (ex vivo)

Dissected Hip was homogenized by mechanical disruption in Lysis
Buffer (100 mM Tris/HCL, pH 7.5, 150 mM NaCl, 1.0 mM EDTA, 1 %
deoxycholate sodium, 1 % TritonX100, 0.01 % SDS, protease and
phosphatase inhibitor cocktails). Total proteins were extracted and
quantified by using standard Pierce bicinconic acid assay (BCA) as
previously described (Almolda et al., 2015). After quantification, pro-
teins (5 pg for each sample) were denatured, electrophoretically sepa-
rated, and transferred onto PVDF membranes. The blots were then
blocked and incubated overnight at 4 °C with blocking buffer containing
the primary Ab: mouse anti-synaptophysin (SYN, 1:1000, SYSY, cat. n.
101111) and rabbit anti- ptubulin (Tub, 1:2000, Cell Sign, cat. n.
21468S). The following day, the membranes were incubated with a spe-
cific secondary anti-rabbit or mouse IgG-HRP-linked Ab for 1 h at room
temperature. The membranes were analysed by the enhanced chem-
iluminescence system according to the manufacturer’s protocol (Pierce).
The protein signals were quantified by means of GelPro analyzer and
expressed as relative optical density (OD) normalized over Tub.

All data are shown as mean + SEM. Values were analyzed by two-
way ANOVA using SPSS; sex was used as covariate. Differences were
considered significant with p value < 0.05.

3. Results
3.1. Effects of PCSK9 on Ap-induced inflammation in vitro

To define the potential involvement of PCSK9 in Ap-induced in-
flammatory response, we performed in vitro studies using the U373
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astrocytoma cell line (Giovannoni and Quintana, 2020). We first defined
the inflammatory response of U373 to A fibrils, in order to simulate an
AD-like condition (Papotti et al., 2022). As shown in Fig. 1, Ap fibrils (1
pM) slightly upregulated the mRNA expression of interleukin 6 (IL6) and
interleukin 1 beta (IL1B), without inducing significant changes in
tumour necrosis factor-alpha (TNFA). Importantly, recombinant PCSK9
(5 pg/ml) stimulated IL6 expression, and the co-incubation of both Af
fibrils and recombinant PCSK9 further induced the levels of all these
cytokines, suggesting a strengthening proinflammatory action of PCSK9
on basal AB fibrils activity. As reported previously, the AB-induced
release of proinflammatory cytokines by astrocytes depends on the
expression of several receptors implicated in cell activation, such as the
CD36 receptor. In addition, the binding of Ap to the CD36 receptor
triggers the assembly of a heterotrimeric complex with the Toll-like
receptors (TLRs) 4 and 6, an essential step for host defence against
pathogens (Giovannoni and Quintana, 2020). Based on these premises,
we evaluated the impact of PCSK9 on these receptors, but we found that
PCSK9 was not able to modulate CD36, TLR-4 or TLR-6 gene expression
(not shown).

To extend the data of proinflammatory cytokines gene expression,
we performed an additional analysis by measuring the release of MCP-1
into the media by ELISA. This analysis revealed that Af fibrils signifi-
cantly increased the release of this chemokine from U373 cell line, and
this effect was further enhanced by the co-incubation with PCSK9
(Fig. 2).

The effect of A and PCSK9 on cytokine mRNA levels prompted us to
investigate the expression of inflammasome genes, such as Pyrin,
Nucleotide-binding oligomerization domain, Leucine-rich Repeat and
Pyrin domain containing 1 and 3 (NLRP1 and NLRP3), NLR family
caspase recruitment domain (CARD)-containing protein 4 (NLRC4), the
complex that induces the activation and release of IL1p (Man and Kan-
neganti, 2015). As expected, AP significantly upregulated NLRPI,
NLRC4 and NLRP3 and the co-incubation with PCSK9 had a strenght-
ening effect on mRNA levels of Pyrin and NLRC4, despite it was statis-
tically significant only for NLRC4 (Fig. 3). These data further support the
contribution of PCSK9 on inflammatory response in U373 astrocytoma
cell line already exposed to A fibrils.

3.2. Effects of PCSK9 loss in 5XFAD mice

3.2.1. Spatial learning and memory
In order to assess whether the absence of PCSK9 influenced the
cognitive impairment in our in vivo model, spatial learning and memory
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were tested.

The performance of B6SJL and 5XFAD mice was preliminarily
compared in the MWM test, confirming a significant decrease in spatial
learning abilities and memory in 10 mo 5XFAD mice (Supplementary
Fig. 1A,B). Subsequently, the MWM test was performed comparing Wt-
PCSK9M e, Wt-PCSK9XC, 5XFAD-PCSK9"®" and 5XFAD-PCSK9*® mice.
Swim speed of all tested groups did not differ throughout the experiment
(not shown). Repeated measure two-way ANOVA analysis demonstrated
that the learning curves of the groups were significantly different with a
main effect of the 5XFAD factor (Fig. 4A). In addition, the analysis in
5XFAD mice showed that the escape latency to reach the hidden plat-
form was significantly reduced by PCSK9 loss, reaching values not sta-
tistically different from those of Ctrls mice (Fig. 4 A and Supplementary
Table 1). Twenty-four hours after the last training session, mice un-
derwent a 60 sec probe test, measuring the % time spent in the target
quadrant (E quadrant). The analysis demonstrated a significant main
effect of the 5XFAD factor, but no significant difference between the two
5XFAD mouse groups (Fig. 4 B). Occupancy plots for grouped data
showing the development of a quadrant- and platform position-specific
preference are reported in Fig. 4 C.

To assess the qualitative aspects of learning in the MWM task we
analyzed the search strategies displayed by the mice as a measure of the
accuracy of swim trajectories used to find the platform location during
the probe session. The search strategy analysis demonstrated that
5XFAD-PCSK9*¥C mice have a statistically significant increase in
spatially directed strategies and a decrease in non-targeted search stra-
tegies (random and non-cognitive) with respect to 5XFAD-PCSK9!et
mice (Fig. 4 C-D).

Altogether, these results indicate that PCSK9 loss in 5XFAD mice is
associated with an improvement in learning and memory performance
accompanied by an ameliorated search strategy to locate platform po-
sition. The detailed statistical report is summarized in Supplementary
Table 1.

3.2.2. Amyloid plaques

It is known that Ap deposition, a key neuropathological factor in AD
development, is a precocious event in 5XFAD mice (Daini et al., 2021).
In order to investigate whether improved behavioral performance was
associated with a reduction in AD-like neuropathology, brain slices from
10 mo Ctrls, 5XFAD-PCSK9"® and 5XFAD-PCSK9*C mice were pro-
cessed for IHC plaque visualization. Antibodies for Ap and APP (anti-
6E10 Ab) or AB42 neurotoxic oligomers (anti-11A1 Ab), as well as ThS
standard staining for f-sheet structures and thus a marker for fibrillar
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Fig. 1. Effect of A fibrils and PCSK9 on cytokines mRNA expression in U373 astrocytoma cell line. U373 cells were treated for 24 h with human recombinant PCSK9
(5 pg/ml), then incubated for the following 24 h with A fibrils (1 pM). At the end of the incubation total RNA was extracted and real-time qPCR was performed.
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 (Supplementary Table 1); * p < 0.05; ** p < 0.01; *** p < 0.001.
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Fig. 2. Effect of A fibrils and PCSK9 on MCP-1 secretion from U373 astrocytoma cell line. U373 cells were treated for 24 h with human recombinant PCSK9 (5 pg/
ml), then incubated for the following 24 h with A (1 pM). At the end of the incubation the conditioned media were collected, and ELISA was performed. Exper-
imental conditions were tested in triplicate and data are expressed as mean + SD fold change vs basal. Statistical analyses were performed using the one-way ANOVA
with a Tukey’s multiple comparison test (Supplementary Table 1); * p < 0.05; ** p < 0.01; **** p < 0.0001.
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Fig. 3. Effect of A fibrils and PCSK9 on inflammasome mRNA expression in U373 astrocytoma cell line. U373 cells were treated for 24 h with human recombinant
PCSKO9 (5 pg/ml), then incubated for the following 24 h with Ap fibrils (1 pM). At the end of the incubation the conditioned media were collected, and real-time qPCR
was performed. 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 (Supplementary Table 1); * p < 0.05; ** p < 0.01.

and compact AP, were used. After staining, the number of protein ag-
gregates as well as the mean % area occupied by A ir or ThS stain were
compared.

Fig. 5 provides representative images of hippocampal (DG, Fig. 5 A-
B) and cortical (Netx, Fig. 5 E-F) ThS* amyloid plaques and their relative
quantification (Fig. 5 C,D,G,H). Our analysis demonstrated the selective
presence of ThS' pg-sheet-rich protein aggregates in both 5XFAD-
PCSK9XC and 5XFAD-PCSK9™® (Fig. 5 A-B, E-F) but never in Ctrls (not
shown). A significant reduction (-40 %) in the number of ThS™ amyloid
plaques was observed in both DG and Nctx of 5XFAD-PCSK9X® mice
with respect to 5XFAD-PCSK9™ mice (Fig. 5 C,G respectively). In the
same brain areas, the reduction in ThS' plaque number was paralleled
by a similar reduction in ThS™ plaque area (Fig. 5 D,H). All statistical
data are summarized in Supplementary Table 1.

We further characterized amyloid plaques by means of IHC analyses
with mouse anti-human AB/APP 6E10 Ab (Fig. 6 A, E, C, G) and mouse
anti-human Af 11A1 Ab (Fig. 6 B, F, D,H). According to previous results,
a significant reduction in the number of 6E10" and 11A1*amyloid
plaques was observed in both DG (-35 % and —28 %, respectively) and
Netx (-40 % and —36 %, respectively) of 5XFAD-PCSK9XC mice with
respect to 5XFAD-PCSK9™® mice. In addition, a specific decrease in the
area of 6E10" plaques was observed in both analyzed brain areas while
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11A17 areas were unaffected (Fig. 6 I-L and Supplementary Table 1 for
statistical report). Since we observed that the amyloidosis process was
more pronounced in the Nctx than in the Hip of 10 mo 5XFAD mice
(Figs. 5-6), we first evaluated if the ratio between hippocampal and
cortical plaque load was influenced by genotypes.

We observed that in 5XFAD-PCSK9' mice the number and area of
ThS' and of 11A1" plaques were similar, and smaller than those of
6E10" plaques. In 5XFAD-PCSK9¥® mice, despite a global and signifi-
cant decrease of amyloidosis was observed, the ratio between differently
stained plaques was maintained (Fig. 6 I-L and Supplementary Table 1
for statistical report). Finally, our results did not evidence any signifi-
cant genotype-related change in the DG/Nctx ratio of the number of Af-
stained plaques, that was about 10 % for both ThS™ and 11A1" and 15 %
for 6E10" plaques, suggesting that the spatial/regional distribution of
Ap plaques was maintained in the absence of PCSK9 (Fig. 6 M and
Supplementary Table 1 for statistical report).

We then performed an analysis of the size distribution of amyloid
plaques. Amyloid plaques in the hippocampal DG and Nctx of 5XFAD
mice were stratified according to their size into four ranges. In accor-
dance with reduced amyloidosis (see above), the number of AB™ plaques
for each size range were reduced in 5XFAD-PCSK9¥C mice (not shown).
On the other hand, the proportion of plaques in the different size ranges
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Fig. 4. The loss of PCSK9 improves both learning and memory in AD 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 a two-way repeated measures ANOVA with training day and genotype as factors and sex as covariate. The

comparison between 5XFAD groups was performed by two-way repeated measures
quadrant during 60 sec of probe test was analyzed by a two-way ANOVA with APP

ANOVA (Supplementary Table 1): * p < 0.05. B % of time spent in the target
and PCSK9 expression as factors, and sex as covariate (See methods and Sup-

plementary Table 1). C Occupancy plots for grouped data. The colour scale represents the average search time during time. D analysis of search strategy. Data are
analyzed by chi-square test (Supplementary Table 1): * vs Wt-PCSK9™®; © vs Wt-PCSK9X?; ¢ 5XFAD-PCSK9*®. *ip < 0.05; *** p < 0.0001. Data are shown as mean +
SEM (Panels A-B). Experimental groups: Wt-PCSK9"®!, n = 14; Wt-PCSK9*®, n = 10; 5XFAD-PCSK9"®", n = 15; 5XFAD-PCSK9*°, n = 12.

was not influenced by PCSK9 expression (Fig. 7 A-F and Supplementary
Table 1 for statistical report), except for a trend toward a significant
effect of PCSK9 loss on the size distribution of ThS™ plaques in the Netx
((Fig. 7 B and Supplementary Table 1 for statistical report).

To investigate if reduced plaque area is a result of increased amyloid
compaction or a consequence of a delayed amyloidosis, we further
examined Af} compaction expressed as the diffuseness index ((Area 6E10
— Area ThS) / Area 6E10) (not shown). The analysis did not demonstrate
any influence of PCSK9 loss on the plaque diffuseness in both Nctx and
Hip (Supplementary Table 1).

Altogether, the data demonstrated that the absence of PCSK9
induced a global reduction in amyloidosis without influencing their
regional distribution and maturation.

3.2.3. BACEI immunoreactivity

The BACE], highly expressed in the CNS, has been implicated in AD
and shown to be significantly increased in 10 mo 5XFAD mice (Ohno
et al., 2007).

The densitometric analysis of BACEL1 ir did not show any statistical
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differences in the ir area in the stratum lucidum (SL) of CA3, an area
with very intense BACEL1 labelling, between the experimental groups. In
addition, the analysis of BACEL ir thickness in SL, as a morphometric
parameter, did not reveal any difference between the experimental
groups (Fig. 8 A-F).

Furthermore, as also reported by others (Sadleir et al., 2016), we
found a BACEL ir elevation in presynaptic dystrophic neurites that
surround amyloid plaques. In fact, as shown in higher magnification
images, we found an increased BACE1 ir (DAB™ spots, brown) close to
Congo Red™ amyloid plaques (red) in 5XFAD mice (Fig. 8 C,D). Given
the reduced amyloidosis in 5XFAD-PCSK9¥C mice, we asked whether
BACE1" plaque-associated dystrophic neurites were also reduced in
these mice. BACE1-labelled brain slices were co-labelled with Congo
Red stain and the number of double positive plaques was manually
counted. In line with a global reduction of amyloidosis, the quantitative
analysis showed that the loss of PCSK9 induced a significant reduction in
BACE1-plaque associated dystrophic neurites in Nctx; however, the ratio
between the number of double positive Congo Red"-BACE1™" plaques /
total number of Congo Red® plaques in 5XFAD-PCSK9*® mice was
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Fig. 5. 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"® and 5XFAD-PCSK9X® mice. Scale bar = 200 um. C-D, G-H Quantitative analysis of plaque count (C,G) and area (D,H) in DG and Nctx of 5XFAD-
PCSK9"®" and 5XFAD-PCSK9¥© 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 methods and Supplementary Table 1). Experimental groups: 5XFAD-PCSK97™®, n = 9; 5XFAD-PGSK9*°, n = 5.

comparable to that of 5XFAD-PCSK9™® mice (Fig. 8 G and Supplemen-
tary Table 1 for detailed statistical report).

3.2.4. Glial fibrillary acidic protein immunoreactivity

In physiological conditions, astrocytes contribute to neuronal ho-
meostasis in the CNS, including cholesterol supplementation to neurons.
In response to various stimuli, astrocytes undergo morphological, mo-
lecular and functional changes known as astrogliosis. In this condition,
these cells may contribute to neuronal damage through various mech-
anisms, including enhanced pro-inflammatory cytokine production. We
thus analyzed the impact of PCSK9 loss on GFAP ir, a marker for
astrocyte reactivity. Representative images from several brain regions,
such as CC-Cg, DG hilus, CA1 and CA3 fields of Hip of the four experi-
mental groups are shown in Fig. 9. The global semiquantitative analysis
demonstrated that, compared to Ctrls, all analyzed areas are charac-
terized by a significant increase in GFAP ir in 10 mo 5XFAD mice, that
was overall counteracted by the absence of PCSK9, reaching difference
statistically significant only in CC-Cg (Fig. 9 I and Supplementary Table
1 for detailed statistical report).

3.2.5. Ionized calcium-binding adapter molecule 1 immunoreactivity

Microglial cells, as the immune cells of CNS, phagocytize Af and
apoptotic cellular debris, thus contributing to their clearance. To assess
whether the reduced plaque deposition observed in 5XFAD-PCSK9X®
mice is associated with a decrease in neuroinflammation, we studied the
reactivity of microglial cells, visualized by IBAl ir. In Fig. 10, repre-
sentative images of analyzed brain regions, such as the hippocampal
hilus (A,G,E,G) and the sCtx (B, D, F, H) of experimental mice are
shown. The global quantitative analysis demonstrated that the increased
IBA1 ir in 5XFAD mice is counteracted by PCSK9 loss. The analysis in
5XFAD mice demonstrated a significant reduction in microgliosis in
5XFAD mice lacking PCSK9 in both DG hilar region and cortical areas
(Fig. 10 I). Furthermore, reduced microgliosis is accompanied by a
significant decrease in the number of microglial cells (not shown). Sta-
tistical analysis is detailed in Supplementary Table 1.

3.2.6. 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 and have been shown to correlate with
the extent of cognitive deficits (Wu et al., 2021). To assess whether the
improved cognitive abilities and reduction of amyloid plaques in
5XFAD-PCSK9*® mice in comparison with 5XFAD-PCSK9™® 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 hippocampus (Sup-
plementary Fig. 2).

In all experimental groups, SYN ir was primarily observed in neuropil
with dense labelling in dendrites. Densitometric analysis showed that
the PCSK9¥® genotype displayed significantly increased intensity of SYN
ir in stratum lucidum (SL), but not in the stratum oriens (SO) or in the
stratum radiatum (SR), Interestingly, the genotype 5XFAD had no sig-
nificant effect (Supplementary Fig. 2 E). No significant changes in any
quantitative morphometric parameter analyzed in SL, such as area
(Supplementary Fig. 2F), SYN ir length and thickness, area/thickness
ratio, area/CA3 length ratio, SYN + CA3/SYN ir SL thickness, were
detected despite the presence of Ap deposits (not shown) (Supplemen-
tary Table 1 for detailed statistical report). In addition, protein quanti-
fication by western blotting analysis confirmed that SYN expression was
unaffected in the Hip of experimental mice (Supplementary Fig. 2 G).

Overall, our data suggest that, at least in the present experimental
conditions, the absence of PCSK9 may alter synaptic structure, as sug-
gested by SYN ir changes, irrespectively of the presence of AD
pathology.

3.2.7. Ex-vivo analysis of neuroinflammation and lipid metabolism genes

We preliminarily tested the expression of lipid/cholesterol meta-
bolism-, microglial- and cytokine-related genes in B6SJL and 5XFAD
mice (Supplementary Fig. 3). We found that most of lipid-related
proteins (Apoe, Lpl, Lrp5), microglial factors (P2ry12, Ifitm3, Cd11b,
Cx3crl, Cst7) and inflammatory mediators (Il6, TnfA, Il1B, Ccl3, Ccl6)
genes were upregulated in 5XFAD mice with only minor exceptions
(Lrp1, Cd36, Stmnl).
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Then we analysed the expression of the above-mentioned genes in
the Nctx of Ctrls and 5XFAD mice to test if the absence of PCSK9 mod-
ulates neuroinflammation and lipid metabolism gene expression (Sup-
plementary Fig. 4).

As concerns lipid metabolism-related proteins, the analysis demon-
strated a significant increase in Apoe, Lrp5, Lpl and a slight, not signifi-
cant, decrease in Cd36 expression in 5XFAD mice with no effects of
PCSKO loss; in addition, a trend towards a significant reduction in Lrp5
expression was induced by PCSK9 loss in 5XFAD mice. Lrpl expression
was not affected in 5XFAD mice (for the statistical report see Supple-
mentary Table 1).

Analysis of Stmnl, expressed by both neurons and proliferating
microglia, revealed no expression changes. Conversely, expression of
microglial genes P2ry12, a marker of homeostatic microglia, Cd11b and
Cx3crl, as well as of Ifitm3 and Cst7, identifying phagocytic/disease-
associated microglia, was upregulated in 5XFAD mice regardless of
PCSK9 loss (for statistical report see Supplementary Table 1).

Finally, all pro-inflammatory cytokines analyzed, 116, TnfA, I11B, Ccl3
and Ccl6, showed a significant increase in 5XFAD mice independently of
PCSKO9 loss (Supplementary Table 1).

3.2.8. Brain cholesterol and oxysterols quantification
We finally assessed whether the absence of PCSK9 in 5XFAD mice
may lead to an alteration in brain total cholesterol (TC) and oxysterols.
In a preliminary study, we observed a TC reduction by about 52 % in
5XFAD mice as compared to B6SJL controls (Supplementary Table 2),
demonstrating a significant alteration in cerebral cholesterol homeo-
stasis in 5XFAD mice. Then, we compared TC levels in our experimental
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mice (Table 2). We found that TC levels were similar between the mice
in the Ctrl groups, irrespective of the presence or absence of PCSK9. In
5XFAD mice, a significantly lower brain TC content was detected as
compared to the Ctrls. This reduction was slightly recovered by PCSK9
loss (Table 2 and Supplementary Table 1 for statistical report).

In parallel, we also quantified serum cholesterol TC levels in our
mouse models. In a preliminary analysis, serum TC levels were shown to
be similar in 5XFAD and B6SJL mice (Supplementary Table 4 and
Supplementary Table 1 for statistical report). In the experimental
groups, the global analysis of serum TC levels demonstrated a significant
effect of 5XFAD and PCSK9 factors but no interaction; furthermore, the
analysis in 5XFAD mice showed a significant effect of PCSK9 loss.
(Supplementary Table 5 and Supplementary Table 1 for statistical
report).

The most relevant oxidative bioactive metabolites of cholesterol, 24-,
25- and 27-OHC, were then quantified in the cerebral tissue and serum
of the above-described animal models. In detail, we found that only 24-
and 27-OHC were detectable in the brain. 5XFAD mice displayed 4-fold
higher brain 27-OHC levels as compared to B6SJL controls (p < 0.05;
Supplementary Table 3 and Supplementary Table 1 for statistical
report). Instead, 24- and 27-OHC levels were comparable between the
four experimental groups (Table 3). A parallel analysis of serum did not
evidence significant differences in 24-, 25- and 27-OHC levels between
the experimental groups (Supplementary Tables 6 and 7, see Supple-
mentary Table 1 for statistical report).
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Fig. 7. Size distribution of ThS™, 6E10™ and 11A1" amyloid plaque in the hippocampal dentate gyrus (A,C,E) and neocortex (B,D,F) of 5XFAD-PCSK9"®t (black bars)
and 5XFAD-PCSK9X® (red bars) mice. Data are shown as mean + SEM. Statistical analysis according to chi-square test (Supplementary Table 1) Experimental group:
5XFAD-PCSK9"®, n = 9; 5XFAD-PCSK9X, n = 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

4. Discussion

Among AD pathogenic factors, altered brain cholesterol homeostasis
in CNS is a well-recognized contributor, causing oxidative stress, neu-
roinflammation, synaptic and neuronal dysfunction and leading to
cognitive decline (McFarlane and Kedziora-Kornatowska, 2020). Recent
data showed that PCSK9, a key regulator of LDLR leading to its lyso-
somal degradation and increasing plasma low-density lipoprotein (LDL)-
cholesterol levels, is dynamically regulated and highly expressed in
different neuropsychiatric disease states. However, its contribution to
AD is still controversial and only little evidence is available on the
beneficial effect of PCSK9 inhibition on Ap pathology and cognitive
functions. The limit of the available data is that they were obtained in
animal models only partially mimicking AD phenotype (i.e., high fat-
diet rats) (Abuelezz and Hendawy, 2021; Arunsak et al., 2020), or
through the use of monoclonal Abs that only target peripheral PCSK9,
given their inability to cross the BBB (Mazura et al., 2022).

The present study highlighted for the first time the role of PCSK9 in
modulating the neuroinflammatory response, through the inhibition of
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several key inflammatory markers in human U373 astrocytoma cells
after the exposure to Ap fibrils (Figs. 1-3). In addition, we reported
several protective effects of the full ablation of PCSK9 in 5XFAD mice, a
severe mouse model of AD, including effects on spatial learning and
memory, and neuropathological outcomes, as well as on microglial
density, distribution and morphology.

In detail, we clearly demonstrated that disrupted hippocampus-
dependent performance of a spatial memory task in 10 mo 5XFAD
mice (Supplementary Fig.1) was significantly improved by the absence
of PCSK9 (Fig. 4). In fact, while in the initial cue-guided training period
(D1-D7) all mice demonstrated a similar performance, in the second
training period (D8-D13) only 5XFAD mice lacking PCSK9 were able to
learn and locate the position of the hidden platform through spatially
directed strategies similarly to Ctrls. These data are in accordance with
those recently obtained by others in the high-fat cholesterol diet
(HFCD)- a model of AD-like condition in rats (Abuelezz and Hendawy,
2021) and in 6 mo 5XFAD mice (Mazura et al., 2022) after systemic
PCSK9 inhibition through monoclonal anti-PCSK9 Ab injection.
Furthermore, here we add new insights into the role of PCSK9 on
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Fig. 8. Representative photomicrographs of CA3 field of hippocampus of 10 mo Wt-PCSK9™* (light grey bars), Wt-PCSK9*® (dark grey bars), 5XFAD-PCSK9"t
(black bars) and 5XFAD-PCSK9X® (red bars) mice showing immunoreactivity for BACE1 and Congo Redstained amyloid plaques (A-D). Scale bar = 200 ym. E-F
Densitometric analysis of BACE1 ir in hippocampal stratum lucidum (SL) of CA3 field by analyzing specific optical area (E) and BACEL1 ir thickness (F). Data are
shown as mean + SEM and compared by two-way ANOVA test (Supplementary Table 1). G % of co-stained Congo Red-BACE1* plaques in Nctx of 5XFAD-PCSK9!et
(black bars) and 5XFAD-PCSK9X® (red bars). Data are shown as mean = SEM and compared by chi-square test (Supplementary Table 1).Experimental groups: Wt-
PCSK9™et, n = 8; Wt-PCSK9¥®, n = 8; 5XFAD-PCSK9™™®, n = 10; 5XFAD-PCSK9%°, n = 5.Abbreviations: DG = dentate gyrus; CA3 = cornu Ammonis 3; CAl = cornu
Ammonis 1; SR = Stratum Radiatum; SL = Stratum Lucidum; SO = Stratum Oriens. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

hippocampal-dependent cognitive decline. In fact, the inability to form
and retain new memories is among the most precocious and common
features of human AD and such deficits are dependent on the entorhinal
cortex, perforant pathway, and hippocampus. We demonstrated that
PCSK9 loss improves hippocampal-dependent memory impairment in
10 mo 5XFAD, and specifically it ameliorates spatial abilities (learning
curve) as well as retention of spatial reference memory (probe test).
Finally, since recent data revealed an increased expression of PCSK9 in
AD (Picard et al., 2019), we can speculate that the observed changes are
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a direct consequence of PCSK9 loss in the CNS, although we cannot
exclude an indirect influence of peripheral PCSK9 loss (Mazura et al.,
2022). Taken together, these data demonstrated that the inhibition of
PCSK9 is able to preserve hippocampal-dependent learning abilities and
memory in AD animal models.

In agreement with the data on cognitive improvement, also Ap
burden was shown to be influenced by PCSK9. In fact, PCSK9 loss
induced a marked reduction in both count and area of ThS™ and 6E10"
plaques and in count of 11A1" plaques in corticohippocampal regions of
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Fig. 9. Astrocyte reactivity in AD mice is influenced by PCSK9 loss. A-H. Representative photomicrographs of dentate gyrus (A, C, E, G) and CA1 (B, D, F, H) fields of
hippocampus of 10 mo Wt-PCSK9"! (A-B and light grey bars), Wt-PCSK9*C (C-D and dark grey bars), 5XFAD-PCSK9"® (E-F and black bars) and 5XFAD-PCSK9¥® (G-
H and red bars) mice showing GFAP ir. Scale bar = 200 pum. I Quantitative analysis of GFAP ir in CC-Cg, Hilus, CA1, CA3 fields of Hipp of 10 mo mice. Data are shown
as mean + SEM; GFAP ir in different brain areas was compared by two-way repeated measure ANOVA (Supplementary Table 1). The analysis in 5XFAD mice was
performed by one-way ANOVA (Supplementary Table 3): * p < 0.05; Experimental groups: Wt-PCSK9™®, n = 5-6; Wt-PCSK9*®, n = 5-7; 5XFAD-PCSK9"™, n = 9;
5XFAD-PCSK9XC, n = 5). Abbreviations: DG = dentate gyrus; LMol = stratum lacunosum-moleculare; Hil = hilus; CC-Cg = corpus callosum-cingulate cortex; CA1 =
cornu Ammonis 1; SR = Stratum Radiatum; SL = Stratum Lucidum; SO = Stratum Oriens. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

<

5XFAD mice (Figs. 5-6), with no effects either in the regional distribu-
tion or in plaque size distribution of amyloid plaques (Figs. 6 and 7).
Supported by recent studies (Abuelezz and Hendawy, 2021; Apaijai
et al.,, 2019; Arunsak et al., 2020), these results suggest a role of PCSK9
in promoting plaque formation since its inhibition attenuates Ap ag-
gregation. This effect is unlikely to depend on changes in either global
BACEL1 expression or its accumulation in peri-plaque dystrophic neurites
(Fig. 8). In fact, whereas the role of PCSK9 in modulating BACE1 activity
is still controversial, showing an increase or decrease in different
experimental conditions (Liu et al., 2010), here we clearly demonstrated
that % of Congo Red" - BACE1" plaques was comparable between
5XFAD mice with or without PCSK9 (Fig. 8).

Emerging evidence has also implicated PCSK9 in neuro-
inflammation, namely through a role in coordinating the induction of
NF-kB pathway and the activation of astrocytes and microglia (Abuelezz
and Hendawy, 2021; Apaijai et al., 2019). Our in vitro data, though not
obtained in primary astrocytes, demonstrated that recombinant PCSK9
exacerbated the Ap fibrils-mediated induction of proinflammatory cy-
tokines in U373 astrocytoma cell line (Figs. 1-3). Accordingly, the loss of
PCSK9 in 5XFAD mice decreased microglial reactivity, a hallmark of
inflammation in the brain, in corticohippocampal regions to the levels of
Ctrls, in terms of global IBA1 ir and number of microglial cells. This
result is consistent with recent studies showing reduced brain damage
and decreased microglial reactivity in ischemic rats treated with PCSK9
inhibitors (Apaijai et al., 2019), as well as a reduced activation of human
peripheral blood monocytes induced by PCSK9 inhibition (Liu and
Frostegard, 2018). However, the marked increase in the cortical
expression of homeostatic genes, such as P2ry12, Cd11b and Cx3crl, as
well as in the phagocytic/disease-associated genes of microglia, such as
Ifitm3 and Cst7, observed in 10 mo 5XFAD mice was not modulated by
PCSKO9 loss (Supplementary Figs. 3 and 4). These data, though limited to
an analysis of transcripts, let us hypothesize that reduced amyloid pla-
que deposition in the absence of PCSK9 is not a consequence of accel-
erated AP phagocytosis. In this view, increased expression of Cd36 has
been associated with an increased Ap1-42 uptake in the brain and
lowered Af plaque burden in the Hip of 5XFAD mice (Koronyo et al.,
2015; Koronyo-Hamaoui et al., 2020; Lucin et al., 2013). However, our
analysis revealed only a minor decrease in Cd36 expression dependent
on AD-like pathology but not PCSK9 loss. The lack of effect on Cd36 was
also confirmed by our in vitro experiments in astrocytes. Since gene
expression analysis has been conducted on the whole cerebral cortex,
the most Ap-affected brain region in 5XFAD mice, we cannot exclude
that PCSK9 loss may induce cell type- and/or brain area-specific alter-
ations that are overlooked with our technical approach.

Despite the fact that PCSK9 loss modulates microglial reactivity, on
the other hand its absence did not cause a marked global reduction in
GFAP ir, an index of astrogliosis, with the exceptions of CC-Cg (Fig. 9).
Since GFAP ir does not label all astrocytic populations, especially in
areas such as cerebral cortex, our data do not exclude that PCSK9 loss
may have a more pervasive, protective effect on other astrocytic pop-
ulations. Additionally, it is known that GFAP™ astrocytes contain sub-
populations with different functional roles, such as Al neurotoxic
astrocytes, the major astrocytic subtype that mediates astrocytic toxicity
in AD (Lau et al., 2021). Further studies with Al-specific markers may
show alterations in astrocytic subpopulations that have been overlooked
in the present analysis.

Finally, reduced brain cholesterol levels in 10 mo 5XFAD mice
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(Supplementary Table 2) were partially restored by PCSK9 loss
(Table 2). In addition, our results indicated an absence of changes in
oxysterols (Table 3), thus suggesting that the ameliorated cognitive
performance, reduced amyloidosis and neuroinflammation caused by
PCSK9 deletion could only partially be explained by a restoration of lipid
homeostasis. The lack of prominent differences in brain cholesterol
across the PCSK9 genotypes may be interpreted in light of a possible
interfering effect of PCSK9 specifically on the brain cholesterol flux from
astrocytes to neurons, that we previously hypothesized, but not neces-
sarily accompanied by overall changes in total brain content. In this
regard, future studies investigating the differential effect of PCSK9 loss
on cholesterol content in primary astrocytes and neurons will be of great
interest.

Accordingly, also the expression of lipid-related genes was unaf-
fected by PCSK9 loss, with minor exceptions. In fact, both Apoe and Lpl
were increased in S5XFAD mice without any interference by PCSK9. For
the reasons mentioned above, we cannot exclude that cell-specific
changes occur in 5XFAD in the absence of PCSK9.

5. Conclusion

Present data strongly evidence a protective role of PCSK9 genetic
deletion against Ap pathology, neuroinflammation and cognitive decline
in a severe mouse model of AD, thus putting the premises to identify
PCSK?9 as a pharmacological target for development of novel therapeutic
strategies for AD, for which no treatment is yet available.
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Table 2
Brain total cholesterol levels of 10 mo Wt-PCSK9"®t, Wt-PCSK9X®,
5XFAD-PCSK9"®" and 5XFAD-PCSK9¥° mice.

ug/mg cerebral tissue

Wt-PCSK9et 1.86 £ 0.17
Wt-PCSK9X© 1.35 + 0.24
5XFAD-PCSK9Met 0.95 + 0.13
5XFAD-PCSK9*C 1.18 +£ 0.17

Brain cholesterol levels are expressed as (ug cholesterol/mg of ce-
rebral tissue). Data are shown as mean + SEM. Wt-PCSK9" ¢ n = 12;
Wt-PCSK9*® n = 10; 5XFAD-PCSK9"®' n = 11; 5XFAD-PCSK9*® n
= 11. Statistical analysis according to two-way ANOVA. (Supple-
mentary Table 1). A value of p < 0.05 was considered statistically
significant.

Table 3
Brain hydroxysterols levels of 10 mo Wt-PCSK9™®, Wt-PCSK9¥°, 5XFAD-
PCSK9™et and 5XFAD-PCSK9XC.

24-0OHC (ng/ml)

25-0HC (ng/ml)  27-OHC (ng/ml)

Wt-PCSK9Het 2.67 + 0.24 n.d. 2.10 + 0.22
Wt-PCSK9KC 3.08 + 0.24 n.d. 2.32 4+ 0.58
5XFAD-PCSK9"™®  3.45 + 0.46 n.d. 1.95 + 0.57
5XFAD-PCSK9XC 2.87 + 0.53 n.d. 1.86 + 0.36

Brain hydroxysterols are expressed as (ng hydroxysterols/mg cerebral tissue).
Data are shown as mean + SEM. Wt-PCSK9"'® n = 14; Wt-PCSK9¥° n = 10;
5XFAD-PCSK9"¢* n = 12; 5XFAD-PCSK9*® n = 12. Statistical analysis according
to two-way ANOVA (Supplementary Table 1). A value of p < 0.05 was consid-
ered statistically significant. n.d: not detectable.
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