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Abstract

Alzheimer’s disease (AD) neuropathological hallmarks include the presence of amyloid plaques,
neurofibrillary tangles, and other unspecific neurodegenerative changes. Brain vascular patholo-
gy in AD has been typically attributed to intramural Amyloid beta (AB) deposition. A deeper
characterization of vascular pathology in AD was warranted given recent findings highlighting
the multifactorial nature of this disorder. The impact of small vessel disease on disease progres-
sion was evaluated in familial Alzheimer’s disease (FAD), carrying the PSENI E280A mutation.
Various histological methods, proteomics analyses and electron microscopy (EM) were used to
gain insight into vascular pathology and its association with A} and tau deposits. There were no
differences in cerebral amyloid angiopathy pathology between FAD and sporadic Alzheimer’s
disease (SAD). Yet, FAD presented with mural cell pathology and reduced coverage of astrocyte
end-feet around vessels. Thus, suggesting the vascular pathology observed in FAD to be Af in-
dependent. Proteomic analyses revealed distinct pathways to be differently affected in the frontal
or occipital cortex in FAD when compared to healthy controls and SAD. Alterations in basement
membrane (BM) such as BM thickening, collagen IV deposits and glypican-5 deposits were ob-
served. In fact, tau pathology was present to a higher degree in FAD as shown by the presence of
different phosphosites and higher predicted kinase activity. Immunofluorescence analysis of dif-
ferent phosphosites revealed distinct differences between FAD and SAD. FAD presented with
less AT8 immunoreactivity and less density than SAD while FAD had a higher density than
SAD for Thr231 and Thr217. Finally, a PSENI knock-in mouse model was used carrying the
E280A mutation to evaluate early changes caused by the E280A mutation without the presence
of protein deposits. These mice presented with more tortuous vessels, abnormal thickening,
branching and duplication of the BM. Ultrastructural analyses showed lamellar bodies in the as-
trocyte end-feet with a higher number and higher area covered of the end-feet. Taken together,
the findings indicate different simultaneous mechanism leading to small vessel disease in FAD
patients. Further analyses in a murine model indicate that vascular alterations are early changes
caused by the PSENI E280A mutation proceeding AP and tau deposits. Evidence of astrocytic
dysfunction was found in both approaches, suggesting PSENI mutation-dependent dysfunction

of the neurovascular unit in FAD.



Zusammenfassung

Die neuropathologischen Merkmale der Alzheimer Krankheit (AK) umfassen die Présenz von
Amyloid-Plaques, neurofibrilliren Kniueln und anderen unspezifische Verdnderungen. Die
vaskuldren Pathologien in der AK werden in der Regel auf intramurale Ablagerungen von beta-
Amyloid-Peptiden (APB) zuriickgefiihrt. Eine detailliertere Untersuchung der vaskuldren
Pathologie in der AK war angesichts der jlingsten Erkenntnisse, die den multifaktoriellen
Charakter der Erkrankung unterstreichen, gerechtfertigt. Der Einfluss der Erkrankung kleiner
GefiaBBe auf das Fortschreiten der Krankheit wurde bei der familidren AK (FAK) untersucht,
welche die PSENI E280A-Mutation tragt. Verschiedene histologische Methoden, proteomische
Analysen und Elektronenmikroskopie (EM) wurden eingesetzt, um Einblicke in die vaskuldre
Pathologie und deren Zusammenhang mit A} und Tau-Ablagerungen zu gewinnen. Es gab keine
Unterschiede in der zerebralen Amyloidangiopathie zwischen FAK und sporadischer Alzheimer
Krankheit (SAK). Allerdings wies FAK eine Pathologie der Wandzellen auf und eine geringere
Abdeckung der Gefille mit EndfiiBen der Astrozyten. Dies deutet darauf hin, dass die bei FAK
beobachtete Gefallpathologie unabhingig von Af ist. Proteomanalysen ergaben, dass bei FAK
im frontalen und okzipitalen Kortex verschiedene Signalwege im Vergleich zu den gesunden
Kontrollen und SAK unterschiedlich betroffen sind. Es wurden Verdanderungen in der Form von
einer Basalmembran-Verdickung, Kollagen-IV-Ablagerungen und Glypican-5-Ablagerungen
beobachtet. Die Tau-Pathologie war bei FAK in einem hdheren MaBe priasent, welches durch das
Vorhandensein verschiedener Phosphositen und einer hoheren vorhergesagten Kinaseaktivitat
erklart werden kann. Die Immunofluoreszenz-Analyse der verschiedenen Phosphositen ergab
deutliche Unterschiede zwischen FAK und SAK. FAK wies eine geringere ATS8-
Immunoreaktivitidt und eine geringere Dichte als SAK auf und eine hdhere Dichte fiir Thr231
und Thr217 als SAD. Schlielich wurde ein PSENI-knock-in-Mausmodell mit der E280A-
Mutation verwendet, um die durch die E280A-Mutation verursachten Verdnderungen ohne die
Anwesenheit von Proteinablagerungen zu untersuchen. Diese Mduse wiesen mehr gewundene
Gefille, abnorme Verdickungen, Verzweigungen und Verdopplungen der BM auf.
Ultrastrukturelle Analysen zeigten auflerdem lamellare Korper in den Endfiichen von
Astrozyten mit einer héheren Anzahl und einer groeren Fldche. Zusammengenommen deuten
die Ergebnisse auf verschiedene simultane Mechanismen hin, die bei FAK-Patienten zu einer

Erkrankung der kleinen Gefidlen fithren. Weitere Analysen in einem Mausmodell deuten darauf
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hin, dass es sich bei den vaskuldren Verdnderungen um eine frithe Verdnderung handelt, die
durch die PSENI E280A-Mutation verursacht werden, die AP und Tau-Ablagerungen
vorausgeht. Bei den Ansdtzen wurden Hinweise auf eine astrozytidre Dysfunktion gefunden, was

auf eine von der PSENI-Mutation abhingige Dysfunktion der neurovaskuldren Einheit bei FAK
hindeutet.
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative dementia with approximately
46 million affected people worldwide'. AD was first described in 1906 by Alois Alzheimer. He
described senile plaques and neurofibrillary tangles in the brain of his patient Auguste D. She
previously presented with an unusual mental illness 4.5 years prior to her death at 51 years of age
with symptoms including disorientation, cognitive disturbance, delusions, and other behavioural
changes®. Nowadays, the presence of AP plaques and hyperphosphorylated tau deposits are
required for an AD diagnosis. For the following decades after Alzheimer’s original description,
the research was focused on the protein aggregates first described histologically by Alzheimer
and others. AD was characterised by the presence of AP plaques in the extracellular space,
neurofibrillary tangles (NFTs) in the intracellular space, and cerebral amyloid angiopathy
(CAA), seen as AP deposits in the walls of small vessels, together with gliosis and other
unspecific degenerative changes. For diagnostic purposes, the extent of AD pathology is
evaluated by semi-quantitative scales, such as the Braak stages published in 1991. A case is
classified as Braak stage I or II when the tau pathology is limited to the transentorhinal region,
stages III and IV include involvement of the limbic regions, and V and VI include extensive
neocortical involvement™*. Several physiopathological processes contribute to the development
of AD such as the accumulation of misfolded proteins, AB and tau, neuroinflammation,
cholinergic deficiency and cerebral vascular dysfunction (Fig. 1).

1.1 AP pathology

By using whole genome sequencing different genes have been identified either increasing the
risk for AD or directly causing it. In the mid-1980s, ultrastructural studies of AP and the
sequence of AP as the main component of the plaques led to the identification of amyloid
precursor protein (APP). Later, two pathways of processing for A} were identified: the non-

amyloidogenic and amyloidogenic pathways (Fig. 2).
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Figure 1: Physiopathologic processes contributing to the development of AD. Protein aggregates in the form of
tau and AP, as well as neuroinflammation, cerebral vascular dysfunction and cholinergic deficiency, contribute to
the progression of AD.

In the non-amyloidogenic pathway, APP is cleaved by the a-secretase within the A domain
releasing the soluble APP (sAPPa) fragment. The C-terminal fragment (CTF) is cleaved by the
y-secretase releasing the p3 peptide while the remaining APP intracellular domain (AICD) is
metabolised in the cytoplasm. In this pathway, the cleavage of APP does not result in the
generation of AP fragments, as APP is cleaved within the Af domain. In the amyloidogenic
pathway, APP is cleaved by the B-secretase. This cleavage takes place upstream the A domain,
thus, releasing the soluble sAPPB. The CTF is cleaved by the y-secretase complex releasing free
40 or 42 amino acid long AP peptide. As with the non-amyloidogenic pathway, the AICD is
metabolised in the cytoplasm® (Fig. 2).

The y-secretase consists of Nicastrin, Presenilin Enhancer 2 (PEN-2), Anterior PHarynx
defective 1 homolog (APHI1), and Presenilin-1 (PS1) or Presenilin-2 (PS2) which are the
catalytic unit of the y-secretase™’. The current dominant hypothesis for the cause of AD is the

amyloid cascade hypothesis, postulating an imbalance between AP clearance and production



with increased production of AB42 in FAD and reduced clearance in SAD. Subsequent aggrega-
aggregation of AP peptides leads to their deposition, increasing oxidative and inflammatory
stress, thereby impairing neuronal and synaptic function’. Generally, it is postulated that the
distribution of AP} deposition across the brain follows an anterograde pattern into regions that
receive neuronal projections from regions already affected by A pathology. Thal staging is used
to describe the stages of AP deposition. During phase 1, A deposits can be found in the frontal,
temporal, parietal, or occipital neocortex in small groups of diffuse plaques in layers II-V. Next,
the entorhinal region, CAl, and the insular cortex are affected during phase 2. Thereafter, in
phase 3, AB plaques occur in the diencephalic nuclei, the striatum, and the cholinergic nuclei of
the basal forebrain. In phase 4 more AP deposits can be found in the inferior olivary nucleus, the
reticular formation of the medulla oblongata, and the substantia nigra. Additionally, CA4, the
superior and inferior colliculi, and the red nucleus consistently present with AP plaques during

phase 4. During phase 5, the cerebellum becomes involved and presents with AB deposits®.

In addition, AP deposits building up in the media and adventitia of small and medium calibre
cerebral arterial vessels and venous vessels of the cerebral cortex and pia mater are referred to as
cerebral amyloid angiopathy (CAA). Approximately, 80% of AD patients are affected by CAA
as well’. CAA is also detrimental in AD, because it causes vessel wall stiffness making vessels
vulnerable to rupture or aneurysms formation. CAA has been shown to cause changes in the
morphology of vascular cells and basement membrane composition. Ap deposits had been linked
to mural cell degeneration and abnormal thickening of capillary basement membranes'. The
thickening was associated with increased expression of collagen IV, fibronectin, agrin, and

perlecan'".
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Figure 2: Amyloidogenic pathway. The o-secretase cleavage of APP (non-amyloidogenic pathway) is shown on the
left, while cleavage by the [- and y-secretase (amyloidogenic pathway) is shown on the right. In FAD, mutations in
PSENI or PSEN2 increase y-secretase activity, resulting in more Af being released into the extracellular space.

1.2 Tau
AD patients present with tau aggregates in the form of tangles: pre-tangles, mature tangles and

ghost tangles and neuritic pathology: neuropil threads, neuritic plaques and tangle-associated
neuritic clusters, making AD a prototypical tauopathy. However, since AP is considered
necessary to drive neurodegeneration in AD, it is considered a secondary tauopathy and not a
primary one. Tauopathies are neurodegenerative disorders characterized by abnormal tau
deposits in the brain'2. There are six isoforms of tau which are derived from the differential
splicing of exons of the microtubule-associated protein tau (MAPT) gene on chromosome
17g21". Tau has an amino (N) and carboxyl (C) terminal end, a central proline-rich domain, and
a repeat domain, with either three or four repeats (3R or 4R) and differing numbers of N-terminal
inserts (O N, 1 N, or 2 N). The repeat domains are crucial for regulating microtubule stability and
axonal transport. Under normal conditions, tau is a “natively unfolded” protein with a low

tendency for misfolding or self-aggregation. Tau function is regulated by post-translational
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modifications (PTM), namely phosphorylation, dephosphorylation, acetylation, glycation, or
ubiquitination. Phosphorylation and dephosphorylation are modified by protein kinases including
glycogen synthase kinase-3 (GSK3), cyclin-dependent kinase-5 (cdk5), or C-Jun amino-terminal
kinase (JNK). Tau contains 85 potential serine (S), threonine (T), and tyrosine (Y)
phosphorylation sites, most of which can be found in the proline-rich domain of tau'?. It has been
shown that phosphorylation of Ser262 or Ser214 leads to the detachment of tau from
microtubules'>. An increase of phosphorylation leads to more self-aggregated and
hyperphosphorylated tau which alters the conformation and charge of the tau protein. Causing
the microtubule-binding domain to be exposed allowing for self-aggregation and oligomerisation
of tau up to the formation of neurofibrillary tangles (NFTs). Further, paired helical filaments
(PHFs) are assembled due to hyperphosphorylation of the c-terminus inducing self-assembly of
tau. Taken together, aggregation of tau leads to the loss of axonal transport and paves the way for

microtubule destabilization'®

(Fig. 3). Previously, Wesseling et al. showed different
phosphorylations of tau to be associated with disease progression. They demonstrated that
increasing phosphorylations in the proline-rich-region were followed by acetylation and

ubiquitination in the microtubule-binding region'’.

Tau aggregates in the brain can be visualised immunohistochemically with different antibodies,
but not all recognise all their maturity levels. There are different stages of tau aggregation that
can be found in the brain which can be visualised immunohistochemically from pre-tangle to
ghost tangle. Small granular accumulations deposit outside the nucleus of the neuron turn into
pre-tangles. Once the granular accumulations turn into fibres that fill the neuron it then develops
into a mature tangle, also known as neurofibrillary tangles (NFTs). These then displace and
shrink the nuclei until the neuron dies and only the tau fibres remain as a ghost tangle (Fig. 4)*.
The different stages of tau tangles do not only differ in their morphology but their post-
translational modifications and tau isoform predilection. On the other hand, the neuritic
pathologies affect the processes of the neurons in contrast to the soma and include neuropil
threads, neuritic plaques, and tangle-associated neuritic clusters (TANCs) (Fig. 4). Primarily,
these consist of PHFs and straight filaments replacing neurofilament in the neurites'®. Bulbous
and thread-like dystrophic neurites alongside extracellular AB deposits build neuritic plaques

. . 19-21
which commonly form around the microvasculature'® .
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Figure 3: Tau protein in a healthy brain and an AD brain. In a healthy brain, tau stabilises microtubules and
participates in axonal transport. In an AD brain, the formation of NFTs leads to tau aggregation and loss of
microtubules stabilisation.
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Figure 4: Stages of tau pathology. NFTs are present in three main stages, pre-tangle, mature tangle, and ghost
tangles. Neuritic morphology includes neuropil threads, neuritic plaques, and tangle-associated neuritic clusters
(TANCs), scale bar = 25um (from Moloney et al. 2021).

1.3 Familial Alzheimer’s Disease
There are two main variants of AD, sporadic Alzheimer’s disease (SAD) and familial

Alzheimer’s disease (FAD). The majority of AD cases, over 95-99%, are sporadic in nature.
SAD is a multifactorial and polygenic disease and it is characterised by a late age of onset (AoO)
over 60-65 years™. There are different risk factors for the development of SAD, such as rare
genetic variants and environmental causes. The genetic variants are for example polymorphisms
in Apolipoprotein E (ApoE) &4 allele (4POE4), ApoE neuronal receptor (SORL1), or glycogen
synthase kinase 3 beta (GSK3p). Environmental factors include high-fat diets, exposure to heavy
metals, and exposure to pesticides®. FAD only represents a small subset of all AD cases (approx.

1% of all cases), and it is caused by mutations in the amyloid precursor protein (4PP), or in the
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presenilins (PSEN1/2) genes. The average AoO is lower for FAD, commonly in the fourth dec-
decade of life. Brains from FAD affected individuals usually display a higher number of A
deposits and are more prone to develop cerebral amyloid angiopathy (CAA), possibly due to the
production of more AP peptides. Currently, there are over 400 mutations in APP and PSEN1/2
identified**, and about 90% of all FAD cases are caused by mutations in PSENI**.

Another example is deletions in exon 9 of PSEN1 which lead to AD/spastic paraparesis
pedigrees®’. Mutations within any of the nine transmembrane domains of PSEN1 were shown to
cause a more rapid clinical, cognitive, and neurodegenerative progression of FAD than mutations
outside of the transmembrane domains®®. Generally, individuals carrying mutations after codon
200 present with severe CAA and higher AP plaque burden, often in the form of cotton wool
plaques (CWP)*"*’. Higher cortical and striatal AP burden was described for individuals carrying
PSEN1 mutations pre-codon 200*’.In some cases, PSEN1 mutations do not result in classical
early-onset AD (EOAD) phenotypes but in other neurodegenerative diseases or mixed
presentations. These phenotypes include the absence of typical diagnostic AD symptoms and
presentations of different disease phenotypes within the frontotemporal dementia (FTD)
spectrum such as behavioural variant frontotemporal dementia (formerly Pick's disease),

Primary progressive aphasia, movement disorders, or dementia with Lewy bodies (DLB)*".

The p.Glu280Ala, hereafter referred to as E280A, mutation in PSENI is the most common
causative mutation®> of FAD with more than 600 confirmed mutation carriers in the Colombian
kindred alone®. The E280A carriers present with neuropsychological symptoms such as memory
and language impairment and behavioural changes. Recently, Sepulveda-Falla et al. suggested
multiple factors are responsible for the age of onset heterogeneity in FAD caused by mutations in
PSENI gene™*. In short, the neuropathological landscape of E280A carriers includes severe brain
atrophy, severe AP pathology, distinct hyperphosphorylated tau-related pathology, and cerebellar
damage™*®. Therefore, E280A mutation carriers regularly present with high Thal, CERAD

36,35
> and an

(Consortium to Establish a Registry for Alzheimer's Disease), and Braak scores
increased prevalence of CAA compared to other PSEN1 mutations and SAD?’. The amyloid
burden is similarly high in individuals with an early-onset (EOAD) when compared with average
and late-onset patients and SAD. Major cortical areas, namely the frontal, temporal, and parietal

cortex, were spared of hyperphosphorylated tau in late-onset E280A carriers, while their
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occipital cortex was similarly affected as in both, EOAD and SAD patients**. There is a consid-
considerable involvement of the cerebellum in FAD neuropathology, which is evident in clinical
symptoms such as discoordination, intention tremor, ataxic gait, and dysdiadochokinesis.
However, it was shown that motor deficits, as well as dementia, precede AP aggregation.
Likewise, there was no correlation between amyloid burden and the extent of Purkinje cell loss
or the presence of abnormal mitochondria in the cerebellum of E280A carriers®’. Furthermore, a
shift towards AP peptides 1-38, 1-42, and 1-43 has been identified in E280A carriers in
comparison to SAD’®. Additionally, PSENI mutation carriers often present with comorbidities
such as cerebrovascular disease, LBD, and TDP-43 proteinopathy which are commonly observed
between different dementias and additional pathologies™. The frequency of comorbid diagnoses
increases with advanced age, leading to more severe clinical phenotypes. Cerebrovascular
disease is a common comorbidity in late-onset AD (LOAD) cases, but CAA was shown to be
similarly present in EOAD and LOAD. DLB, on the other hand, is strongly associated with
autosomal dominant AD (ADAD) and Spina et al. showed that DLB co-pathology is confined to
the amygdala in EOAD*****,

Recently, the evidence for vascular pathologic mechanisms contributing to AD has increased”’.
FAD mutation carriers presented with greater total white matter (WM) degeneration and white
matter hyperintensities (WMH) in a study from the Dominantly Inherited Alzheimer Network
(DIAN)*. Traditional cardiovascular risk factors such as high BMI, high blood pressure, and
diabetes have been identified in AD, as well as pre-existing vascular disease in form of WM
abnormalities. Thus, accumulating evidence suggests that vascular factors modify disease onset

proportional to the severity and the threshold for dementia®

.Over the years, the focus has
shifted from protein deposits to other contributing factors modifying the disease presentation.
Several risk factors have been associated with disease progression and severity, such as age,
environmental factors, or pre-existing vascular disease, to name a few. As mentioned above
APOE4 was identified as the genetic risk factor in SAD, modifying the age of onset. The risk of
developing SAD is three times higher when the APOE4 allele presents a heterozygous, and 15

times higher when it presents as homozygous’. Further, BBB breakdown contributes to cognitive

decline independent of AB-pathology in APOE4 carriers™.
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1.4 Cerebral Small Vessel Disease
Small vessel disease (SVD) is an umbrella term for pathological changes to small end arteries,

arterioles, venules and brain capillaries resulting in reduced or interrupted perfusion of the
affected organ®’. A major risk factor for SVD is high blood pressure (HBP), which is a systemic
condition leading to end organ damage in several organs like the brain, the retina and the
vascular system among others. Other risk factors include diabetes mellitus, hyperlipidaemia,
smoking or cardiovascular disease®. SVD is thought to be the cause of vascular cognitive
impairment and dementia (VICD) when it affects the brain®. Cerebral SVD (CSVD) is a
common neurological disease with higher prevalence associating with ageing. It causes stroke,
dementia, mood disturbances, and gait problemsso. CSVD is the leading cause of vascular
dementia (VaD)"' and is responsible for 20% of all strokes’. The presence of SVD can be shown
by CT scans, FLAIR, Tl and T2-weighted MRI. Those neuroimaging tools can reveal
subcortical infarcts, white matter hyperintensities (WMH), lacunes, microbleeds, and enlarged
perivascular spacing in the basal ganglia and subcortical white matter’’. White matter lesions
include myelin loss, scattered small infarcts, and astrogliosis’'. Acute CSVD presents as lacunar
strokes or intracerebral haemorrhages while chronic CSVD presents with progressive cognitive
impairment, posture, and gait disorders caused by white matter damage as well as depression’.
When associated with CSVD, hypertension leads to the deposition of eosinophilic material in the
connective tissue of the vessel wall causing infarctions. Pathologically, this causes proliferation
of the connective tissue fibres, dilatation of the perivascular space (PVS), and blood-brain barrier

impairment due to vascular endothelial cell dysfunction’.

CAA is a form of CSVD and the 2™ most common cause of cerebral hemorrhage™**. CAA,
alongside arteriosclerosis, is the earliest change in CSVD. Lacunar infarcts, microinfarcts, and
microbleeds occur independently or in the final phases of the disease®®. Microemboli or
microthrombi artery-to-artery thromboembolism are possible independent causes for lacunar
infarcts™. Further, microaneurysms caused by a disruption in blood flow due to arteriolar
stiffening and tortuosity alongside can cause CSVD’*. Vascular alterations such as
cerebrovascular resistance and hypoperfusion were shown to precede amyloid deposition®®’.
The reduction of cerebral blood flow caused by constricting capillaries has been identified in

some studies as the earliest event in AD, and reduction of cerebral blood flow (CBF) was

suggested to start the amyloid cascade with BACE1 and hyperphosphorylation of tau being
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upregulated as a result®®. Ante-mortem vascular disease often stays undiscovered in AD patients,
while post-mortem studies show a higher degree of vascular pathology in AD patients than in
healthy individuals™. Furthermore, there are ethnoracial differences, whether patients present
with pure AD pathology or mixed pathologies. Presentation of pure AD pathology was observed
in a majority of non-Hispanic white populations while in black and Hispanic populations mixed

pathologies were more commonly observed (Fig. 5)*.

Non-Hispanic White Black Hispanic Pathology

AD Onl
AD+CV
AD+LBD

AD + Other
CVD Onl
CVD + LBD
CVD + Other
LBD Onl
LBD + Other
Other (FTLD+HPSL)
None

Figure 5: Ethnoracial differences in mixed pathology (from Filshtein et al. 2019)

1.5 Notch3 signalling in mural cells in AD
Notch proteins are transmembrane proteins important for cell-cell communication and cell fate

decisions. There are four different Notch proteins (1-4) which can bind to delta or jagged ligands
for activation. Notch3 signalling plays an important role in the maturation, maintenance, and
function of the vasculature. Further, it promotes growth and homeostasis of vascular smooth
muscle cells (VSMC)®. Notch3 is cleaved by furin-like convertase resulting in an active, ligand-
accessible form. Upon ligand-binding Notch is cleaved by TNF-alpha converting enzyme,
resulting in the notch extracellular truncation (NEXT) fragment, which is cleaved by the y-
secretase. Cleavage by the y-secretase results in the release of the Notch intracellular domain
(NICD) which translocates to the nucleus and acts as a transcription promotor element®'. Being
responsible for the final cleavage of Notch3, the y-secretase takes an important role in Notch3
processing. The canonical downstream targets of Notch signalling are Hairy and enhancer of
split (Hes) and Hairy/enhance-of-split related with YRPW motif (Hey). However, only the
expression of Hesl, Hes5, Hes7, and the Hey genes are activated by classical Notch signalling,

while Hes2, Hes3, and are induced independently from Notch signalling. Additionally, Notch
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signalling induces the expression of c-Myc, cyclins and (Platelet Derived Growth Factor Recep-
Receptor §) PDGFRB®. Non-canonical Notch signalling independent of ligand/transcription has
been described. Here the NICD interacts with proteins in the cytoplasm or with non-Notch
targets in the nucleus. Further Notch-associated signalling without Notch receptor activation is
described as non-canonical Notch signalling. However, this is poorly studied, especially in the
vasculature®”. The NOTCH3 gene differs from the other Notches by having 34 instead of 36
epidermal growth factor (EGF)-like repeats (EGFR) and a shorter cytoplasmic domain.

Known NOTCH3 mutations often occur within the exons 2 to 24 of the gene, which encodes the
extracellular domain of Notrch3 (NE3XT). The EGFR of NE3XT normally contains six cysteine
residues that form three disulphide bonds stabilising the NE3XT. NOTCH3 mutations are single-
base substitutions or missense mutations resulting in an odd number of cysteine residues®. This
alters the formation of disulphide bridges which affects the stability of NE3XT. Thus, possibly
promoting misfolding, aggregation, and aberrant function of the receptor. In conclusion, each
distinct NOTCH3 mutation affects Notch3 signalling differently®. Finally, NOTCH3 is mainly
expressed in mural cells such as VSMC and pericytes®*, highlighting the importance of N3 in
the context of the neurovascular unit. N3 loss of function was shown to induce mural cell

degeneration and CSVD®.

1.6 Neurovascular unit and mural cell pathology
The neurovascular unit (NVU) is comprised of different cell types, including endothelial cells,

pericytes, and astrocyte end-feet. These form an endothelial cell layer, a smooth muscle cell
layer, and an outer layer of leptomeningeal cells, termed adventitia, which is separated from the
brain by the Virchow-Robin space. As the arterioles penetrate deeper into the brain, this space
disappears, and the vascular basement membrane comes into direct contact with the astrocytic
end-feet (intracerebral arterioles and capillaries)®. In capillaries, smooth muscle cells are
replaced by pericytes, contractile cells that are particularly abundant in brain vessels and are
involved in the development and maintenance of the BBB®'. Endothelial cells and pericytes are
encased in the basement membrane (BM), thin layers of highly specialised extracellular matrix
(ECM) that are giving endothelial cells a supporting structure to grow®®. Perineuronal nets (PNN)
contain ECM structures and assemble around neurons. The vascular BM consists of laminin,
collagen IV, fibronectin, and heparan sulfate proteoglycans (HSPGs)®’. Proteoglycans are

glycoproteins with attached glycosaminoglycans (GAGs), which give the proteoglycan a
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negative charge, giving those lubricant and space-filling functions’®. Cell migration, prolifera-
proliferation, and differentiation can be controlled by BM components through growth factor
signalling’'. The remodelling of ECM is a constant process to maintain tissue homeostasis and it
is achieved by cleavage of ECM components. The ECM can be cleaved by matrix
metalloproteinases (MMPs), adamalysins (ADAMs and ADAMTS), meprins, or
metalloproteinase inhibitors. MMPs are the main enzymes cleaving all ECM components taking
an important role in organogenesis and branching morphogenesis. ADAMs cleave
transmembrane protein ectodomains adjacent to the cell membrane. This releases growth factors,
receptors, adhesion molecules, and the complete ectodomain of cytokines. Meprins can cleave
collagen IV, nidogen, and fibronectin and activate the other metalloproteinases to regulate ECM
remodelling indirectly. To avoid excessive tissue degradation, inhibitors are needed for the
metalloproteinases. The tissue inhibitor of metalloproteinases (TIMP) family consists of four
members inhibiting the activity of MMPs, ADAMs, and ADAMTS but not meprins’>. Astrocytes
express different glycoproteins such as GPC5” and tenascin-C (TNC)™* whereas endothelial
cells were shown to produce versican (VCAN) or perlecan’. Further, astrocyte end-feet covers

the entire vascular tree facilitating brain homeostasis’®.

Astrocyte and vascular development were shown to be highly connected. During the formation
of new blood vessels endothelial cells and astrocytes secret extracellular matrix proteins which
form the basement membrane that encapsulates endothelial cells and smooth muscle cells or
pericytes’” (Fig. 6). Depending on the position of the pericyte, different subtypes of pericytes
have been identified; mesh pericytes, thin-stranded pericytes and ensheathing pericytes.
Ensheathing pericytes are thought to be transitional mural cells displaying both characteristics of
pericytes and VSMC. Further, these are located on precapillary arterioles with shorter cell
lengths and express a-smooth muscle actin (SMA) while mesh and thin-stranded pericytes are
located on smaller diameter capillaries with longer cell lengths and no detectable a-SMA*!.
Additionally, pericytes express cell surface antigens such as Neural/glial antigen 2 (NG2),
PDGFRP, and CD13 and contractile and cytoskeletal proteins such as a-SMA and desmin’®.
However, also fibroblast-like cells and others were found to express PDGFRB™. This leads to

80-82

conflicting results about for example pericytes coverage in health and disease where the loss

of pericytes results in BBB breakdown and associated leakage of neurotoxic molecules into the
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brain parenchyma®. Endothelial cells line the blood vessels, and through gap junctions and ad-
adhesion plaques, endothelial cells and pericytes are in direct contact, allowing ionic currents to
pass between their cytoplasms. Further, the pericytes are tethered to the endothelial cells via the
adhesion plaques. The direct connections are further enabled through peg-and-socket junctions

providing a form of pericyte-endothelial anchorage*'*.

Neurovascular Unit Blood Brain Barrier
(crossed section)

Astrocyte
endfoot

Pericyte

Endothelial cell

Pericyte Tight junction
Basement
membrane

Astrocyte

Microglia ——s

Created in BioRender.com bio

Figure 6: Neurovascular Unit and Blood Brain Barrier. Astrocytes, pericytes, and the vessel build the
neurovascular unit. Microglia, neurons, and oligodendrocytes are adjacent. The cross-section illustrates how
endothelial cells form a tight barrier with tight junctions embedded in the basement membrane while pericytes cover
endothelial cells. Astrocytes surround the whole vessel.

Endothelial cells express three types of junctional proteins forming junctional complexes:
adherens junctions (e.g. vascular endothelial cadherin), gap junctions (connexins), and tight
junctions (e.g. claudin-5 (CLDN-5) and occludin). Paracellular permeability is limited by the
junctional proteins expressed by brain endothelial cells. These cells show, for instance, a higher
expression of claudin-5 (CLDN-5) which is imperative for limiting the movement of small
molecules across the BBB®. Next, it was shown that endothelial cell-pericyte communication is
important for the barrier strength and depends on pericyte coverage’'. Loss of the endothelial

cell-pericyte signalling leads to various changes including pericyte loss, endothelial cell
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activation and extravasation of immune cells, loss of balanced AP transport, and breakdown of
the extracellular matrix/basement membrane due to reduced inhibition of the cyclophilin A-
matrix metalloproteinase pathway. The following transcriptional changes lead to a more venous
phenotype with an increased transcytosis and uptake of neurotoxic substances. The dysregulation
of vasoactive substances such as nitric oxide leads to reduced cerebral blood flow. Finally, there
are morphological changes with aberrant angiogenesis*' and for example, degenerated appearing
pericytes with clusters of collagen fibres between lamellae of basement membranes®*. Crosstalk
of pericytes and endothelial cells is essential to maintain a functional BBB because the loss of
pericytes results in BBB breakdown. One of these crosstalk points it the endothelial sphingosine-
I-phosphate (S1P) receptor is involved in regulating pericyte vessel coverage by controlling N-
cadherin trafficking to the membrane. S1P receptors were shown to be reduced in AD brain
tissue®™ and dysregulation of S1P is implicated in neuroinflammation. Additionally, SIP
possesses neuroprotective agencies by reducing Ap-induced neuronal apoptosis®’. Thus, S1P and

the S1P receptor are involved in the pathophysiological mechanisms of dementia.

Both, endothelial cells and pericytes have been implicated in disease®”"®*. However, there are
more mechanistic studies needed, to clearly identify pericyte subtypes and pericytes of different
origins and their role in BBB dysfunction®™. Lastly, vessel stability requires Notch for the
adhesion of endothelial cells and VSMC to the basement membrane and astrocyte end-feet for

the vessel homeostasis.
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2.

Objectives

Vascular dysfunction is pivotal in the pathogenesis of AD, this project cynosure is the relation

between protein aggregates, AP and tau, and vascular abnormalities. For that the following aims

were set:

a)
b)
c)

d)

To evaluate the presence and degree of vascular pathology in FAD.

To determine the AP composition in and around brain vessels.

To identify molecular changes and key pathways of vascular pathology in FAD, SAD,
and healthy controls.

To determine whether tau dysregulation influences or is influenced by vascular
pathology.

To evaluate early vascular changes caused by the E280A mutation in a knock-in mouse

model.
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3. Material and Methods

2.1 Human Subjects
The following domains were evaluated in the patients: cognitive/affective symptoms, motor

symptoms, language (table 1), and cardiovascular risk factors which were evaluated as absent (0)
or present (1) (Fig. 7). In total six healthy controls (HC), ten SAD and 32 FAD cases, carrying
the E280A mutation, were assessed. While there was no clinical data available for the HC or
SAD cases, they were chosen based on the neuropathological assessment by lack or presence of
AD pathological findings, respectively. Table 2 shows the clinical data and the demographics of
32 FAD subjects studied. The PSENI E280A FAD family was first identified over 30 years ago
and had regular follow-ups since then using the CERAD protocol, NINCDS-ADRA, and DSM-

%991 ‘The FAD cases were chosen to be representative for this population. The SAD

IV criteria
cases were severity-matched to the FAD cases, and the healthy controls were age-matched. The
SAD cases presented with no history of AD in their genealogy. Informed consent from patients
or family members was given, and brain donations were performed in accordance with the

ethical guidelines of Universidad de Antioquia, Medellin, Colombia.

2.2 Histological and immuno-histochemical analysis
In this thesis brain tissue from Brodman areas 10 (frontal cortex, FC), 20/21 (temporal cortex,

TC), 7 (parietal, PC), 17 (occipital, OC), basal ganglia (caudate- putamen at the level of anterior
commissure) and the anterior hippocampal formation was assessed using 4um thick sections
from formalin-fixed paraffin-embedded tissue. These were stained for haematoxylin and eosin
(H&E) and luxol fast blue. Additionally, immunohistochemical staining was performed for
amyloid beta (AB), phospho-Tau Ser202, Thr205 (AT8), platelet derived growth factor receptor
beta (PDGFR), aquaporin-4 (AQP4), fibrinogen, glial fibrillary acidic protein (GFAP) and
laminin. Detailed antibody information can be found in table 3. The immunostaining was
performed as described before®. Briefly, the sections were dewaxed, and endogenous
peroxidases (PBS/3% hydrogen peroxide) were inactivated, followed by antibody-specific
antigen retrieval, blocking and incubation of primary antibodies. The Ultra View Universal 3,3’-
Diaminobenzidine (DAB) Detection Kit (Ventana, Roche) was used to identify specific binding.
In order to detect PDGFR, sections were additionally blocked with rabbit serum and the anti-
goat Histofine Simple Stain MAX PO immune-enzyme polymer (medac GmbH, 414161F) was

used as the secondary antibody. The Hamamatsu NanoZoomer automatic digital slide scanner

24



(Hamamatsu Photonics, Hamamatsu, Japan) was used to obtain High-resolution scans of the
stained sections with a resolution of at least 1 pixel per um. Total area measurements were done

with the ImageJ Software (version 1.52p, NIH, Bethesda, MA, USA.).

2.3 Assessment of vascular pathology
The presence of vascular pathology was graded based on the methods published by Deramecourt

et al.”? and Skrobot et al.”’. Single scores for arteriosclerosis, CAA, perivascular hemosiderin
leakage, PVS dilatation, and myelin loss were given. The final vascular score takes the presence

of cortical microinfarcts, large or lacunar infarcts, and haemorrhages into account.

2.4 Quantification of CAA
Leptomeningeal vessels, cortical microvessels, and capillaries were evaluated for AP reactivity

as described by Love et al.”*. The scores for leptomeningeal vessels and cortical microvessels
ranged from zero (no CAA present) to three (severe CAA present). In the case of capillary CAA
only presence was evaluated, with a score of zero meaning no capillary CAA was present and
one that capillary CAA was present. For a subset of FAD cases all non-CAA, CAA, and partial

CAA vessels in frontal and occipital cortices were counted.

2.5 PVS quantification
The perivascular space dilatation was quantified for 15 CAA and non-CAA vessels in the

occipital cortices of 32 FAD and 10 SAD. AP stained sections were used for PS1 FAD cases to
differentiate between CAA and nonCAA vessels. PVS was measured also in the frontal cortices
of 20 FAD cases. Images at 5X magnification were exported from the whole-image scan file,
using the NDP.view2 software (Hamamatsu Photonics, Hamamatsu, Japan). Then, Imagel
Software (version 1.52p, NIH, Bethesda, MA, USA) was used to measure the longest distance
between the parenchyma and the vessel to determine the exact size of the perivascular spaces.
The PVS ratio was calculated by dividing this distance by the diameter of the measured vessel.
To exclude vessel size as the determinant for larger perivascular spaces, the caliber of the vessels
<50um, 50-90um and >90um diameters were measured in the same manner as the perivascular

space dilatation.
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Table :1 Domains evaluated in the FAD patients. The scores and their meaning are given for the domains evaluat-

ed.

Cognitive/Affective Sympoms

Memory impairment

Absent

Anterograde

Retrograde

Mixed

Spatial disorientation

Absent

Present

Agnosia

Absent

Prosopagnosia

Visual agnosia

Auditory

Astereognosis

two or more of the above

Apraxia

Absent

Present

Insomnia

Absent

Present

Hallucinations

Absent

Visual

Auditory

Mixed

Seizures

Absent

Present

Depression

Absent

Present

Motor Symptoms

Tremor

No tremor

Slight/Moderate

Severe

Rigidity

No rigidity

Present, full range of motion achieved

Present, full range of motion not achieved

Gait

Independent walking

Requires an assistance device for safe walking or another person’s assistance

Cannot walk at all/ Bedridden

Bradykinesia

Absent

Slight/Mild global slowness and poverty of spontaneous movements

Moderate/Severe global slowness and poverty of spontaneous movements

Language

Speech

Absent

Dysarthria

Anarthria

Aphasia

Absent

Broca's aphasia

Wernicke's aphasia

Mixed

Alexia

Absent

Present

Agraphia

Absent

Present

Anomia

Absent

Present

Echolalia/Perseveration

Absent
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Table 2: Clinical History of FAD cases. Sex (I=male, 2=female), AoO, AoD, DD, PMI, Apoe Genotype,
Cognitive/Affective symptoms, Motor symptoms, Language and Cardiovascular Risk Factors are shown.
Abbreviations: AoO: age of onset, AoD: age of death, DD: disease duration, PMI: post-mortem intervall, MI:
memory impiarment, SD: spatial disorientation, AGn. agnosia, Apr: apraxia, IN: insomnia, HA: hallucinations, SE:
Seizures, DE: depression, TR: tremor, Rl: rigidity, GA: gait, BR: bradykinesia, SP, speech, APh: aphasia, Ale:
alexia, AGr: apraphia, ANo: anomia, EC/PE: echolalia/perseveration, HPB: high blood pressure, BMI: body mass
index, NG: no genotype, ND: no data

i. Cognitive / Affective symptoms. ii. Motor symptoms iii. Language
Sex | 4001 AoD| DD | PMI|ApOE M0 e T G o p T IN | HA | SE | DE | TR | RI | GA | BR | SP | APh] ALe] AGr| ANO[EC/PH
> [s55]e4]| 9| NDING| 1] 1| 5] 1|11 ]t1]1]ol2l2]1]2]o1]1]1] 1
1 |57]e0 | 3433 33| 1o ool 1ol i]1]ol1il2]t1lol 1|11 ]1] 1
> |51 54| 3 1300 34 | 1] 1] 1] 1| 1| 1]1]o]o|2|l2]1]1]oflo] 1] 1] 1
2 4550 51733 33| 1] 1] 1] 1]o]oJo]1]1]o|1]2]2]1]lo]1]1] o
1 46|52 647533 1o s |1 lol1[t]ololi[2]t[1[1lolo]lo] 1
> ss{ea| o300 33 1t [t s i1t 1 1ol 1i21]2loflolol1] o
s w2550 3t [t o i1t 1ilol i1 23[ol2]1]o
U 4755 8433 33 | 1 |t |t |ttt i iloltlol i1 1]1]1
y 57| s a6 3 1t [t i1 ol 11 lolil 222000l 1] 1
d[as || 3400 333 o ] 1 [ 1ol i1 1 ol 1t 1]1lolololo] o
D a4 6333 33| 1| 1| 1|1t |ol 111t il2olt[1]1]1
> s2 60| 8208 33| 3| 1| 1|1 |t |o] 1] 1|1t 2]1i 2ot 1]1]1
> 4852 4|250] 3| 1| 1| 1|11 1|1 ]1]olol2]ol2lo0lolo]o] o
> |62 |74 12]550] 33| 1| 1 [ND| 1| 1| 1| 1 [ND|ND|ND| 2 [ND| 2 | 3 [ND|ND|ND| ND
1 56|63 | 7 425] 33| 1| 1| 1] 1|11 ]i1]1]ol1ili1]oli1lololo]lo] o
1 |44 |51 7 [355] 33| 1| 1| 1] 1|11t t1 ol i1t 311 ]1]1
> |47 52| 50850 33| 1] o] o] 1| 1| 1]1]1]ol2l2]o0o] 1o 1] 1] 1] 1
2 [ 58| 64| 6 358] 34| 1| 1| 1] 1|11 ]1]1]o|2]2]1]1]1]o]1]1] o
2 (4961 | 121550 33 | 1] 1| 1] 1| 1| 2]1]o] 11|21 23 [1]1]1] 1
1 44|48 a e NG| 1 o] o1 Jolololol 1|11 [t1]1]1|[~p|[~D|[ND]ND
i a3 8|76 NG| 1 [t [t 11 lolt ool i 1lol [ 111 ]1] o
1 [s5]e1 | 6733 33| 1 |t |ttt 1t t]ol i1 1[3]olo]o] o
a7 s N i [t ol i1 2lol i ol 1121 lolol1] o
1 | 58] 64| 6 |400/ NG| 1 [ND|ND|ND|ND|ND|ND]| 1 [ND] 1 | 1 [ND|ND|ND[ND[ND[ND| ND
d so (7 7w 3t [t i1t ool i lolitlol1i[2lofolo]o] 1
1 [57]ea| 7500 NG| 1 | 1] o] 1| 1|1t t1]1 1 ]1]ol2]1]|~np|ND]1] 1
i@ 47| s 332 ~ng| 1|1 |o] 1|11 Jol 1|1 l1il2]ol2]2lolo0o]1] o
1 52|61 | 9400 34| 1| 1| 1] 1|1 ]oJo] 1ol 1|2t 1i[1]1]1] 1
1 4754 7 @33~ | 1 | 1| 1] 1|1 ]oJo 1] i1 l1]i]2]oflolol1] o
2> |45 51| 6 |1666] 33| 1] o] o] 1|1 ]oli1]1]ol2l2]1]2]1lolol1] o
> 52|60 | 8 508] 33| 1] o] o] 1| 1]o]i1]1]1]1]2]o0o]2]o0flo]o]o] 1
1 |51 |6 | 1142533 | 1| 1] o] 1|1 |3]t1]1]1]ol2]1]2]ofol1]1] 1

Cardiovascular Risk Factors

Prevalence
n w Y [3.]
< S 2 9

<

e

Figure 7: Prevalence of Cardiovascular Risk Factors in the FAD Cohort.
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Table 3: Primary and secondary antibodies used.

Name Article # Company Species | Dilution
Amyloid BAM-10 DBS Emergo Europe Mouse 1/100
Amyloid  1-16 803003 Biolegend Mouse 1/200
Amyloid  17-24 800703 Biolegend Mouse 1/200
Aquaporin-4 HPA014784 Merck KGaA Rabbit 1/2000
Aquaporin-4 429 006 Synaptic Systems Guinea Pig| 1/200
pTau Ser202, Thr205 (ATS) MN1020 | ThermoFisher Scientific| Mouse 1/200
Collagen IV 462 004 Synaptic Systems Guinea-Pig| 1/500
Fibrinogen A0080 DAKO Rabbit 1/2000
Glial fibrillary acidic protein MO0761 DAKO Mouse 1/100
Glial fibrillary acidic protein 173 308 Synaptic Systems Guinea-Pig| 1/200
Glypican-5 PAS5-83490 | ThermoFisher Scientific | Rabbit 1/200
Laminin NBP2-44751 Novus Biologicals Rat 1/200
Laminin 19393 Sigma-Aldrich Rabbit 1/30
Lectin-488 121415 ThermoFisher Scientific - 1/200
PDGFRp AF385 R&D Systems Goat 1/50
pTau 205 ab254410 Abcam Rabbit 1/200
pTau 217 produced in house by Lei Liu at Rabbit 1/1000
pTau 231 Harvard University Rabbit 1/1000
a-smooth muscle actin MOBO001-05 | Diagnostic Biosystems | Mouse 1/1000
Secreted modular calcium-binding protein 1 | PAS5-31392 | ThermoFisher Scientific | Rabbit 1/100
Tenascin C NBI110-68136| Novus Biologicals Mouse 1/50
Versican NPB3-15841 Novus Biologicals Rabbit 1/50
Goat anti-Rat 488 A-11006 | ThermoFisher Scientific Rat 1/200
Donkey anti-Mouse 488 A21202 [ ThermoFisher Scientific| Mouse 1/200
Donkey anti-Rabbit 555 A31572 | ThermoFisher Scientific | Rabbit 1/200
Goat anti-Guinea-Pig 647 A21450 | ThermoFisher Scientific | Guinea Pig| 1/200

2.6 PDGFRp Immunoreactivity
In order to assess mural cell integrity periarteriolar PDGFRf} immunoreactivity was quantified

for 100 cortical vessels in 21 FAD and 10 SAD cases. Briefly, colour deconvolution” was
performed using ImageJ Software (version 1.52p, NIH, Bethesda, MA, USA). The H&E vectors
were used to separate the channels. The brown channel, which contains the PDGFRf
immunoreactivity, was used for quantification. The automatic threshold was applied and
PDGFRp-positive objects were measured. Particles smaller than 100 pm?® were excluded from
this analysis. Larger artefacts were excluded by subtracting the top 1% of each dataset.
Additionally, PDGFRJ signal restricted to vessels was assessed in vessels with thickened walls

and perivascular space dilatation.
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2.7 AQP4 Immunoreactivity
In order to assess astrocyte end-feet, sections were stained for AQP4. In 21 FAD and 10 SAD

cases the AQP4 immunoreactivity was quantified, for each, 15 vessels with dilated and undilated
perivascular spacing. Images of vessels were exported at 80X magnification from the high-
resolution scan with 1280x1032 pixels. For the quantification, colour deconvolution was used as

described above, followed by applying a threshold and measuring the total AQP4 signal.

2.8 Ultrastructural analysis of human postmortem manterial
As described before, three FAD cases were further studied using ultrastructural analysis. Briefly,

formalin-fixed temporal cortices of three FAD cases were fixed in glutaraldehyde and chrome-
osmium, dehydrated in ethanol, and embedded in Epon 812 (Serva Electrophoresis GmbH,
Heidelberg, Germany). Following the polymerisation, 1-mm thick sections were cut, stained with
toluidine blue, and checked for the presence of arterioles. Selected areas were cut for electron
microscopy by cutting 100 nm-thick sections and contrasted with uranyl replacement stain
(22405, Electron Microscopy Sciences, Hatfiled, PA, USA) and lead citrate solution. Stained
sections were assessed and representative images were taken using a LEO EM 912AB electron

microscope (Zeiss, Oberkochen, Germany).

2.9 Serial block-face scanning electron microscopy of murine samples
The serial EM was performed by Mark Ellisman et al. at the National Center for Microscopy and

Imaging Research, UCSD, San Diego CA, as previously described”®”’. Briefly, Mice were
perfused with PBS, followed by perfusion with 2% formaldehyde / 2.5% glutaraldehyde in 0.15
M sodium cacodylate buffer (CB) with 2 mM CaCl,. Perfused brains were kept in the perfusion
solution at 4°C until processing. The brains were cut into 100um thick coronal sections.
underwent several chemical treatments, including osmication, thiocarbohydrazide treatment,
uranyl acetate staining, and en bloc lead aspartate staining, before dehydration and embedding in
Durcupan resin. Subsequently, flat-embedding between glass slides coated with mold-release
compound was performed, and the samples were polymerized in an oven at 60°C for 72 hours. A
Gemini SEM (Zeiss, Oberkochen, Germany) equipped with a Gatan 3 View system and a focal
nitrogen gas injection setup was used to perform serial block-face scanning electron microscopy
(SBEMs). This setup facilitated precise nitrogen gas application over the block-face of the region
of interest (ROI) during imaging under high vacuum conditions to maximize SEM image

resolution. Imaging parameters included a 2.5 kV accelerating voltage, 1 us dwell time, XY pixel
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sizes of 4 or 5 nm, 60 nm Z steps, and a raster size of 15 k x 15 k in x and y dimensions. Volumes
were collected with a 65% nitrogen gas injection under high vacuum conditions. Post-
acquisition, histograms for slices throughout the volume stack were normalized to correct for
image intensity drift, followed by volume alignment using cross-correlation, segmentation,

analysis, and visualization using IMOD software’®.

2.10 Murine vascular measurements
10X magnification images of hippocampus and basal ganglia were exported from high-resolution

scans of laminin and SMA stained sections. Following the image pre-processing as described
above (PDGFR Immunoreactivity) images were skeletonized and the skeleton was analysed
using the parameter shortest branch. Results are displayed as tortuosity which is the branch
length divided by Euclidian distance. Further, %Area covered (capillary density) by laminin and

SMA and the signal intensity were quantified for the same images.

2.11 Clarity
300um thick mouse brain sections were incubated in hydrogel monomer solution (4%

paraformaldehyde / 2% Acrylamide/Bisacrylamide (40%) / 0.05% Acrylamide powder / 0.25%
VA-044) for seven days at 4°C. After seven days, the tissue was transferred to a new monomer
solution, covered with olive oil, and sealed for four-hour incubation at 37°C. The tissue sections
were removed and placed in Sodium dodecyl sulphate (SDS) clearing solution (0.25M boric acid
/ 4% SDS in ddH,0) at RT for 48 hours. After this, samples were incubated in SDS clearing
solution at 50°C until the tissue was cleared, with the solution being changed every two days.
Once cleared, samples were washed with washing solution (0.10% Triton-X 100 / 0.01% sodium
azide in PBS) and incubated with primary antibodies (dilution 1:50, in washing solution) for five
days. Samples were washed for two days before incubation of secondary antibodies (dilution
1:50, in washing solution) for another 5 days. Samples were washed a final time before
incubating the samples in 63% TDE for imaging with the Leica TCS SP8 confocal laser scanning

microscope with a 63X immersion oil lens objective.

2.12 Multiplex of tau phosphosites
4um thick sections of frontal and occipital cortices were deparaffinised and treated against auto-

fluorescence by exposure to UV light and immersion in 50mM NH4CI. Heat-induced antigen
retrieval was performed using 1X R-Universal buffer (AP0530-500; Aptum Biologics,

Southampton, UK) in a pressure cooker for 15min. After washing with PBS, slides were
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permeabilised in 0.25% Triton/PBS before blocking with MAXblock™-Blocking medium for 1
hour at RT. Antibodies were incubated in MAXbind™ staining medium overnight at 4°C.
Sections were washed in 1X PBS twice and 30min in MaxWashTM washing solution before
incubating with secondary antibodies for 1 hour at RT (for antibody information see table 3).
This was followed by the same washing steps and incubation with 0.3% sudan black for 15min.
Sections were mounted using DAPI Fluoromount-G (SouthernBiotech, #0100-20). Images were
taken with a Leica SP8 microscope within 48 hours of mounting the sections. In order to strip the
slides of the antibodies, slides were placed into water at RT to loosen the coverslips. The
stripping solution was prepared as published in Gendusa et al.”. In short, 100mL 10% SDS with
62.5mL 0.5M Tris-HCI (pH 6.8), 337.5mL deionised water and 4mL B-ME were mixed, and
preheated to 56°C and sections were incubated for 45min. To completely remove the stripping
solution, sections were washed with water four times for 15min and once with 1X TBS + 0.01 %
Tween 20 for Smin. After this, the sections were blocked and stained again. Images at 20X for
quantification purposes were obtained using the Leica TCS SP8 confocal laser scanning

microscope while representative images were taken with the 20X immersion oil lens objective.

2.13 Vessel isolation human — IP AB & IF
Approximately 400mg of cortical tissue was homogenized and centrifuged (4°C) at 2000 xg for

Smin. For the proteomics samples, 100uL of the homogenate were transferred to a clean tube
before centrifugation for phosphoTau proteomics. The pellet was resuspended in 15% (wt/vol)
70-kDa dextran and centrifuged (4°C) for 15min at 10.000 xg. Isolated microvessels were further
processed for proteomics or immunofluorescence staining. For the proteomics samples, the
microvessel containing pellet was retrieved and resolved in 300uL lysis buffer, sonicated, and
centrifuged (4°C) at 14000 xg for 15min. 40uL of the vessel lysate were transferred to a new
tube for the total vessel proteomics. The rest of the supernatant was wused for
immunoprecipitation of Af3 using the Dynabeads Protein G (Thermofisher Scientific, 10003D),
alongside two antibodies recognising the amyloid peptide 1-16, 6E10, antibody and the amyloid
peptide 17-24, 4GS, were used. All samples were stored at -80°C until analysis.

Isolated microvessels processed for immunofluorescence staining were retrieved in PBS, washed
with PBS in a 40um filter, and retrieved in 0.5% BSA/PBS. After centrifugation for 10min at
2000 xg the microvessels are resuspended in 1X PBS and transferred to slides for air drying. For

immunofluorescence staining microvessels were wet with 1X PBS, permeabilised with 0.25%
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Triton X-100/PBS, and blocked with MAXblock™-Blocking medium (Active Motif, #15252).
Primary antibodies were prepared in MAXbind™ staining medium (Active Motif, #15253) and
incubated overnight at 4°C. The slides were washed three times with MaxWashTM washing
solution (Active Motif, #15254) before incubation of secondary antibodies. The slides were
washed again before mounting with DAPI Fluoromount-G (SouthernBiotech, #0100-20). High-
resolution images were taken with a Leica TCS SP8 confocal laser scanning microscope (Leica

Microsystems, Mannheim, Germany) using a 63X immersion oil lens objective.

2.14 AP peptidomics
Bottom-up proteomics was performed by Biogenity ApS, Denmark. Shortly, the

immunoprecipitated samples were eluted with 100pL 0.5% formic acid and desalted on SOLAp
SPE plate'® and 500ng were loaded onto EvoStep stagetips according to the manufacturer’s
protocol. The peptides of each sample were analysed using the pre-set *30 samples per day’
method on the EvoSep One instrument. Peptides were eluted over a 44-min gradient and
analysed with the Orbitrap Exploris instrument (ThermoFisher Scientific), which was run in
DDA mode with FAIMS ProTM Interface (ThermoFisher Scientific) cycling between CVs of -
50 V and -70 V every 28 scans. Full MS spectra were collected at a resolution of 60.000, with an
automatic gain control (AGC) target of 300% or maximum injection time set to ‘auto’ and a scan
range of 375-1500 m/z. MS1 precursors with an intensity of >5x10° and a charge state of 2-6
were selected for MS2 analysis. Dynamic exclusion was set to 60 s, the exclusion list was shared
between CV values and Advanced Peak Determination was on. Precursors selected for MS2
were isolated in the quadrupole with a 1.6 m/z window. Ions were collected to a normalized
AGC target set to 75% and maximum injection time was set to ‘auto’. Fragmentation was
performed with Higher-energy collisional dissociation normalised collision energy of 30% and
MS2 spectra were acquired in the orbitrap at a resolution of 15,000. MS performance was
verified for consistency by running complex cell lysate quality control standards, and
chromatography was monitored to check for reproducibility. Proteome Discoverer 2.4
(ThermoFisher Scientific) was used to process the raw files with Label-free quantification (LFQ)
being enabled in the processing and consensus steps. The spectra were matched against the
Uniprot Homosapiens database including reviewed and unreviewed proteins. The enzyme was

set to “No enzyme (unspecific)”. Dynamic modifications were set as Oxidation (M) and Acetyl
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on protein N-termini. All results were filtered to a 1% FDR, and protein quantitation was done

using the built-in Minora Feature Detector.

The peptide information was analysed using Protti'"'

, an R package for the analysis of peptide
bottom-up proteomics data. First, the intensities were log2 transformed and normalised to the
median value of all runs. The peptide intensities were filtered for those related to APP. Technical
peptides were summarised to the biological peptides, for example AB37 contains all peptides
ending at position 37. To test if there is a difference between the peptide abundances in the
paired comparisons, differential analysis on peptide level was performed using moderated t-test

based on the limma R package'”

. A comparison was considered significant if the adjusted p (BH
correction method) was lower than 0.05. Additionally, the AP42/AB40 ratio was calculated
based on the intensities and significance was tested using a Welch’s t-test. The comparison was

considered significant if the p was lower than 0.05.

Finally, a functional enrichment analysis was conducted for the peptide co-immunoprecipitated
alongside AP using EnrichR'™"'®. A clustergram was generated using the top 20 significant

Gene Ontology (GO) biological process (BP) terms and the top 60 related proteins.

2.15 Total vessel proteomics
The vessel lysate was cleaned up by acetone precipitation by mixing it with 100% acetone to an

acetone concentration of 80% and incubated overnight at 20°C. The samples were centrifuged
and the pellet was lysed in lysis buffer (6 M Guanidinium Hydrochloride, 10mM TCEP, 40mM
CAA, 50mM HEPES, pHS8.5) and boiled at 95°C for 5min. Finally, the samples were sonicated
on high for 5x 30 seconds in a Bioruptor sonication water bath (Diagenode) at 4°C. Next,
samples were diluted 1:3 with 10% acetonitrile, 50mM HEPES pHS.5, and LysC (MS grade,
Wako) was added in a 1:50 (enzyme to protein) ratio. Samples were incubated at 37°C for 4
hours. Samples were diluted further 1:10 with 10% acetonitrile, 50mM HEPES pH&8.5 and
trypsin (MS grade, Promega) was added 1:100 (enzyme to protein) ratio. Samples were
incubated at 37°C overnight. All enzyme activity was quenched by adding 2% trifluoroacetic
acid (TFA) to a final concentration of 1%. Samples were speedvac’ed for 30min at 50°C before
being acidified and desalted on SOLApn SPE plate (HRP, Thermo), as described above. Dried
peptides were reconstituted in 12 uL 2% acetonitrile, 1% TFA/20uL HEPES 50mM pHS.5. TMT
labelling with 16 plex tags (ThermoFisher Scientific) was performed with part of the digested
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sample. To acidify and reduce acetonitrile concentration down to <5%, TFA was added. Peptide
fractioning was performed using high pH fractionation (5 mM ammonium bicarbonate, pH10,
flowrate puL/min) in an offline ThermoFisher Ultimate3000 liquid chromatography system. 15ug
of peptides were separated over a 120min gradient (5% to 25% acetonitrile) and fractions were
collected every 130 sec. The resulting 60 fractions were pooled into 15 final fractions, acidified
to pH < 2 with 1% TFA and loaded onto EvoSep stagetips according to the manufacturer’s
protocol. Peptides were eluted over a 44-min gradient and analysed with an Orbitrap EclipseTM
TribridTM instrument (ThermoFisher Scientific) with FAIMS ProTM Interface (ThermoFisher
Scientific) switched between CVs of -50 V and -70 V with cycle times of 2 s and 1.5 s
respectively. Full MS spectra were collected at a resolution of 120.000, with normalized AGC
target set to 100% or maximum injection time of 50ms and a scan range of 375-1500m/z. MS1
precursors with an intensity of >5x103 and charge state of 2-7 were selected for MS2 analysis.
Dynamic exclusion was set to 120 s and the exclusion list was shared between CV values.
Advanced Peak Determination was set to ‘off’. The precursor fit threshold was set to 70% with a
fit window of 0.7m/z for MS2. Precursors selected for MS2 were isolated in the quadrupole with
a 0.7m/z window. lons were collected for a maximum injection time of 35ms and normalized
AGC target set to 300%. Fragmentation was performed with HCD normalized collision energy
of 30% and MS2 spectra were acquired in the IT at a scan rate rapid. The MS2 spectra were
subjected to RTS using the Uniprot protein database Homo sapiens and trypsin set as enzyme.
Static modifications were TMTpro on Lysine (K) and N-terminus and carbamidomethyl on
Cysteine (C). Oxidation of methionine (M) was set as variable modification. Maximum missed
cleavages was set to 1 and maximum variable modifications to 2. FDR filtering enabled,
maximum search time was set to 35ms, and the scoring threshold was set to 1 Xcorr, 0 dCn, and
5 ppm precursor tolerance. Use as trigger only was disabled and close-out was enabled with
maximum number of peptides per protein set to 4. Precursors were subsequently filtered with an
isobaric tag loss exclusion of TMT and precursor mass exclusion set to 25 ppm low and 25 ppm
high. Precursors identified by RTS were isolated for an MS3 scan using the quadrupole with a 2
m/z window, and ions were collected for a maximum injection time of 86 ms and normalized
AGC target of 300%. Turbo TMT was deactivated and the number of dependent scans set to 10.
Isolated precursors were fragmented again with 50% normalised HCD collision energy, and MS3

spectra were acquired in the orbitrap at 50000 resolution with a scan range of 100-500m/z. MS
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performance was verified for consistency by running complex cell lysate quality control stand-
standard. The raw files were analysed as described above with minor modifications. Shortly,

MaxQuant 106

was used but with TMT reporter ion quantification enabled instead of LFQ. The
spectra were matched against Uniprot as before. Dynamic modifications were set as Oxidation
(M) and Acetyl on protein N-termini. Cysteine carbamidomethyl (on C residues) and TMT 16-
plex (on peptide N-termini and K residues) were set as static modifications. All results were
filtered to a 1% FDR, and protein quantitation was done using the built-in Minora Feature
Detector. Intensities were extracted from the MaxQuant output and used as input data for the
next steps. The proteins were log2 transformed and normalised based on the Peptide spectrum
match (PSMs) by using MSstatsTMT'?". The intensity column was logarithmically transformed
and a global median normalisation between the channels was done. To receive protein data out of
the peptide data a protein summarization per MS run and channel was done. Finally, local
protein-level normalisation was performed against the TMT pool channel. For the differential
expression analysis, the normalised protein summaries were used as input to empirical Bayes

192 The results were considered significant if p < 0.05. To gain

moderated t-statistics using limma
more biological insight into the differentially expressed proteins (DEPs), a Gene Set Enrichment
Analysis (GSEA) was run using clusterProfiler package'® and Gene Ontology database (GO).
The multiple tests were corrected with the BH method. Next, Weighted Gene Co-Expression
Network Analysis (WGCNA) was performed to study biological networks based on pairwise
correlations. The WGCNA R package109 was used. Briefly, a network analysis for each cortex
was performed using the proteins which presented with valid values among all cases. The
following parameters were used: soft threshold power beta=8, deepSplit=4, minimum module
size=20, merge cut height=0.25, and a signed network in the blockwiseModules() function. To
gain more insights into the protein expression between cortices in FAD, an additional network
analysis taking FC and OC of FAD cases into account. For this network the following parameters
were used: soft threshold power beta=12, deepSplit=4, minimum module size=20, merge cut
height=0.25, and a signed network was used to run this analysis. Module-trait relationships were
determined to calculate the correlations between each module eigenprotein and a clinical or

neuropathological trait and the corresponding p. Heatmaps that show the correlation analysis

were made with pheatmap package''®. Those module proteins that showed a significant
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correlation and significance with the traits were analysed using functional enrichment with the

clusterProfiler package.

2.16 phosphoTau proteomics
SysQuant® phosphoproteomic analyses were performed by Proteome Sciences. 34 OC samples,

20 FAD, 8 SAD and 6 HC, and 17 FC samples, 10 FAD, 4 SAD and 3 HC, were provided. The
provided homogenates were diluted in SysQuant® lysis buffer, sonicated, and equal amounts
from all lysates were taken off and mixed to produce a reference pool sample. There was one
reference pool for OC samples and a separate one for FC samples. The 34 individual OC lysates
and two reference pool aliquots were trypsinated, the resulting peptides were labelled with one of
18 isobaric TMTpro™ reagents and then mixed to generate two TMTpro™ 18plex analytical
samples. These TMTpro™ 18plex samples were split into an aliquot for total proteome analysis
(non-enriched) and an aliquot for phosphopeptide-enrichment. Basic reversed-phase
fractionation was applied to generate 6 phosphopeptide-enriched and 6 non-enriched fractions
per each 18plex. Each fraction was subjected to LC-MS/MS analysis on an Orbitrap Fusion™
Tribrid™ mass spectrometer using a data-dependent acquisition method. The FC homogenates
were processed in the same manner with a single 18plex sample. The MS data files were
processed in Proteome Discoverer v2.5 (ThermoFisher Scientific). Since the samples were run in

3 batches due to the size of the study cohort, harmonizR''"''?

was used to integrate the batches.
Peptide abundances before and after batch integration were plotted using the ggplot2 R
package' '3 Phosphopeptide level analysis was conducted using the R package PhosR''*. Shortly,
phosphopeptides were filtered to be present in at least 60% of the samples from one group and
imputation was performed. This was followed by quantile normalisation of the imputed data
using limma and differential phosphopeptide expression analysis using moderated empirical
Bayes statistics was conducted. In order to understand the behaviour of all unique peptides
related to pTau, a heatmap per each brain region was generated by using z-score transformed
relative peptide abundances. Next, the different phosphosites of MAPT were assigned to the
2N4R isoform (441 amino acids) and bar diagrams representing these were generated. Finally, to
compare the different detected phosphosites, phosphosites intensities were determined by
summing all normalised peptides intensities that contain that specific phosphosite. To identify

kinases that preferentially target MAPT, PhosR was used to perform kinase enrichment on the

common upregulated MAPT phosphosites (logFC >= 0.5) between the comparisons FAD vs HC
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and FAD vs SAD per each cortex. Briefly, this kinase-substrate relationship scoring is based on a
multi-step kinase-substrate scoring where the likelihood of a kinase to regulate a phosphosite is
scored by combining both kinase recognition motifs and the dynamic phosphorylation profiles of
sites. In order to understand the difference between FC and OC in FAD, a kinase-substrate ratio
score (FC/OC) of common phosphosites and kinases was calculated and plotted as a heatmap.
Additionally, the batches had to be integrated using harmonizR''"*''?, The batches before (Annex
Fig. 1A) and after (Annex Fig. 1B) harmonizR application are shown. The medians of the
batches are brought together. The normalised TMT data (Annex Fig. 1C) was plotted for each
case. To determine that the batch correction did not affect the data distribution, PCA was used
for the FC and OC samples separately. In both cases, FC (Annex Fig. 1D) and OC (Annex Fig.
1E), the HC are clustered together off to one side, while FAD and SAD cases were partially

mixed.
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4. Results

Chapter 1: Evaluation of vascular pathology in Alzheimer’s disease

3.1 Vascular pathology
Vascular pathology was evaluated in a total of 32 familial Alzheimer’s disease (FAD)

individuals and 10 sporadic Alzheimer’s disease (SAD) individuals. The grading system
established by Deramecourt et al.”” was used. It allows summarizing the presence of vascular
pathologies such as arteriosclerosis (Fig. 8A, B), perivascular spacing (Fig. 8C, D), microinfarcts
(Fig. 8E, F), myelin loss (Fig. 8G, H), and cerebral amyloid angiopathy (CAA) (Fig. 8C), into a
single score. First, vascular pathology was compared to healthy controls (HC) in FC. There was
significantly more vascular pathology in the Frontal Cortex (FC) of FAD versus HC and SAD
(Fig. 8I). Generally, vascular pathology was present in both FAD and SAD in FC, TC, PC, and
OC albeit FAD showed a significantly higher score for the FC in comparison to SAD (Fig. 8J).
Arteriosclerosis could be observed across regions without significant differences between FAD
and SAD (Fig. 8A, B, J). A similar trend could be observed for perivascular spacing (PVS)
where no significant differences could be observed between FAD and SAD (Fig. 8C, D, K).
Taken together, these findings show the presence of vascular pathology in FAD, undetected ante
mortem by neuroimaging. A more detailed description of these findings can be seen in one of the

publications derived from this project, in Littau et al.*.
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Figure 8: Vascular pathology in FAD and SAD. Representative images of arteriosclerosis (A-B), perivascular
spacing (C-D), microinfarcts (E-F) are shown for the OC in H&E staining and myelin loss (G-H) is shown in Luxol
Fast Blue staining from the OC for FAD and SAD, scale bar = 100um. The average vascular score for frontal
cortex (FC), temporal cortex (TC), parietal cortex (PC) and occipital cortex (OC) are shown for FAD (n=32) and
SAD (n=10). FAD presented with a significantly higher score for frontal cortex in comparison to SAD (p:
*=0.0197) (I). Arteriosclerosis did not present with significant differences between PS1 FAD and SAD (J) neither
did perivascular spacing scores (K).
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3.2 CAA pathology and perivascular spacing
To determine whether the observed difference of vascular pathology in FC versus the other

cortices in FAD and SAD is associated with amyloid pathology, cerebral amyloid angiopathy
(CAA) was evaluated. The CAA VCING scale” was used to evaluate the presence of
leptomeningeal, cortical, and capillary CAA. There was significantly less CAA in the PC of
SAD in comparison to FAD while the other cortices did not show significant differences (Fig.
9D). To obtain a better understanding of the CAA distribution in the cortices, all unaffected (Fig.
9A); partially affected by CAA (Fig. 9B), and fully covered by CAA (Fig. 9C) vessels were
counted in FC and OC, from 20 FAD and 10 SAD cases.
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Figure 9: CAA pathology in FAD and SAD. Representative images of the OC of FAD are shown for CAA
unaffected vessels (A), partial CAA vessels (B) and CAA Vessels (C), scale bar = 100um. CAA VCING was scored
for PS1 FAD (n=32) and SAD (n=10) and showed a significant difference between PS1 FAD and SAD in PC (p: *=
0.0103) (D). Further, all vessels in PS1 FAD were counted (n=20) in the frontal and occipital cortices revealing no
significant differences (E).
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The percentage of vessels affected by CAA was less than 15% in both areas, in both FAD and
SAD, and there were no significant differences in the percentage of vessels affected by CAA or
partial CAA between FC and OC (Fig. 8E). Thus, CAA pathology was similar between FAD and

SAD from a morphological point of view.

Subsequently, the composition of AP in and around vessels was studied in FAD and SAD by

using A} immunoprecipitation, followed by peptidomics.

The A peptides were compared in FC FAD versus SAD, OC FAD versus SAD as well as within
groups, frontal FAD versus occipital FAD, and frontal SAD versus occipital SAD. In the FC of
FAD patients significantly less AB37 and AB38 was found in comparison to FC SAD (Fig. 10A).
Differences in AB40 and AB42 were not significantly different. The ratio of AB42/AB40 was
significantly higher in the FC of FAD versus SAD (Fig. 10B). The comparison between OC
FAD and OC SAD did not yield any significant differences, either for the individual peptides
levels or the AP42/AB40 ratio (Fig. 10C, D). When comparing within groups the frontal and
occipital cortex, neither in FAD nor in SAD, differ in peptide composition (Fig. 10E, G). The
AB42/AB40 was significantly higher for FC FAD versus OC FAD (Fig. 10F). This ratio was not
significantly different when comparing the FC of SAD versus the OC in SAD (Fig. 10H). The
AP peptidomics showed differences in FC of FAD which drove the significant differences
compared to FC SAD and OC FAD.
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Figure 10: AB peptidomics in FAD and SAD. Log2 abundances are shown for all comparisons. First, Ab peptides
AP37 and AP38 are significantly higher in frontal cortices of SAD (n=4) versus FAD (n=10), while Af40 and Ap42
were not significantly different in frontal FAD versus frontal SAD (A). Further, the ratio of AP42/Ap40 was
significantly different between frontal FAD and SAD (B). Next, in occipital cortices, no significant differences were
observed between FAD and SAD for the peptides (C) or the ratio (D). Additionally, differences between frontal and
occipital within FAD or SAD were studied. The peptides did not differ in frontal and occipital cortices for FAD (E)
or SAD (G). The AP42/A40 ratio was significantly higher in FAD FC than in FAD OC (F) while this could not be
observed for SAD (H).
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The next pathological feature evaluated was the enlargement of perivascular spacing (PVS), in
CAA affected and unaffected vessels (nonCAA). The perivascular space of nonCAA and CAA
vessels (15 vessels each per case) was measured in the OC of FAD and SAD (Fig. 11A-D). For
FAD, the PVS of nonCAA and CAA vessels was measured in the FC due to differences
observed in the AP peptidomics, and to see if there is a difference between FC and OC in FAD.
Vessels were analysed according to size, to exclude a possible influence of size over PVS
dilatation. There was significantly enlarged PVS for nonCAA vessels in FAD for vessels with a
calibre <50uM and 50-90uM in comparison to all other vessels measured. Additionally, CAA
FAD vessels with a calibre <50uM presented with significantly enlarged PVS in comparison to
CAA SAD and nonCAA SAD vessels (Fig. 11E). For 50-90uM calibre-sized vessels, CAA FAD
vessels showed significantly larger PVS in comparison to CAA SAD vessels (Fig. 11F).
However, both regions behave similarly in their distribution of nonCAA and CAA-enlarged
PVS. Vessels in the FC with a calibre <50uM affected by CAA were found to have significantly
enlarged PVS compared to FC and OC CAA vessels with a calibre of 50-90uM (Fig. 11G). In
sum, these analyses showed enlarged PVS for nonCAA vessels in FAD, suggesting A
independent vascular pathology in FAD.
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Figure 11: Perivascular spacing in FAD and SAD. Representative images are shown for nonCAA and CAA vessels
in FAD (n=32) and SAD (n=10), scale bar = 100uM (A-D). FAD CAA and nonCAA Vessels with a calibre <50um
presented with significantly enlarged PVS in comparison to SAD (p: ****<(0.0001). NonCAA FAD vessels further
had significantly enlarged PVS compared to all other vessels types evaluated (p: ****<0.0001) (E). Similarly, was
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observed for vessels with a calibre of 50-90um in size (F). In FAD (n=20) the enlargement of PVS in frontal cortex
(FC) and occipital cortex (OC) was quantified. Within the cortices, nonCAA vessels had significantly enlarged PVS

in comparison to CAA vessels for both vessels <50um and vessels with a size of 50-90um (pink significant bars, p:
*¥R*%20.0001). Additionally, CAA vessels in FC with a calibre <50um had significantly enlarged PVS in
comparison to FC CAA and OC CAA vessels of 50-90um calibre (green significance bars, p: *=0.0106) (G).

3.3 Changes in the gliovascular unit
To see if the pathological changes in the vasculature had an effect on the integrity to the

gliovascular unit, different components of the gliovascular unit were evaluated. First, OC
sections were stained with PDGFRJ to gain insight into mural cell pathology as pericytes take a
big part in vessel homeostasis and integrity. Overall, FAD presented with less PDGFRf
immunoreactivity. The perivascular signal was measured for vessels with dilated PVS and non-
dilated PVS. Per case 15 vessels were analysed each. Dilated (Fig. 12A) and non-dilated (Fig.
12B) vessels in FAD had significantly less perivascular signal/area than the dilated (Fig. 12C)
and non-dilated (Fig. 12D) SAD vessels. Additionally, non-dilated FAD vessels had significantly
less perivascular PDGFRJ signal in comparison to dilated FAD vessels (Fig. 12E). Thus, vessels
with enlarged PVS, independent of AP pathology, additionally presented with less pericyte
coverage of the vessel. To see if this was connected to changes in the gliovascular unit, astrocyte
end-feet were evaluated by quantifying perivascular AQP4 immunoreactivity surrounding both,
dilated and non-dilated vessels in FAD and SAD (Fig. 12F-I). There were no significant
differences between FAD and SAD in perivascular AQP4 signal; however, dilated FAD vessels
had significantly less perivascular AQP4 signal than non-dilated FAD vessels (Fig. 12J).
Ultrastructural studies were conducted in human post mortem brain tissue, to evaluate the
structure of the gliovascular unit at a higher resolution. The loss of pericytes was evident with
EM in Healthy Controls (HC) and FAD tissue. The analysis revealed pericytes undergoing
apoptosis as well as a thickening of the basement membrane without a disruption of tight

junctions in the endothelial cells (Fig. 12K).

In summary, FAD cases presented with a high degree of vascular pathology which was unrelated
to AP pathology and similar to the vascular pathology observed in SAD. The evaluation of the
gliovascular unit implicated dysregulation in FAD in the form of less pericyte coverage of
vessels, the loss of astrocyte end-feet, and thickening of the basement membrane. These changes,
together with morphological evidence of vascular pathology regardless of presence of CAA,

suggest additional SVD mechanisms besides CAA deposition in the vessels.
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Figure 12: Mural Cell pathology in FAD and SAD. Representative images of perivascular PDGFRf
immunohistochemistry are shown (Fig. 84-D), scale bar = 25um. FAD (n=21) vessels presented with significantly
less perivascular PDGFRp signal than those of SAD (n=10) (p: ****<0.0001). The non-dilated vessels presented
with significantly less perivascular PDGFRp signal than dilated FAD vessels (p: **=0.0024) (Fig. SE).
Representative images are shown for perivascular AQP4 signal in dilated and non-dilated vessels in FAD (Fig. 8F-
G) and SAD (Fig. 8H-I), scale bar = 25um. Dilated FAD Vessels had significantly less perivascular AQP4
immunoreactivity than non-dilated FAD vessels (p =0.0146) (Fig. 8J). Representative EM images are shown for one
HC (n=1) and a FAD (n=3) case (Fig. 8K), scale bar = Sum. In FAD the thickening of basement membrane (yellow
arrowhead) and apoptosis of a pericyte (vellow arrows) can be observed.
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Chapter 2: Proteomic heterogeneity in purified vessels from Alzheimer’s disease

3.4 Proteomic profile of purified vessels
To assess possible causes of AP independent vascular pathology and associated structural

changes in the vessels of FAD, the proteomes of purified vessels from the FC of 10 FAD, four
SAD and 3 HC, and the occipital cortex of 20 FAD, 10 SAD and six HC cases were analysed.
Representative images of isolated vessels in FAD and SAD demonstrate the presence of A

plaques in the isolates (Fig. 13A) which were lysed for total vessel proteomics.

In total 5615 proteins were identified. When conducting differentially expressed proteins (DEPs)
analyses in purified vessels from the FC and the OC of both, FAD or SAD versus HC, a different
number of up- and downregulated proteins were observed (Fig. 13B-E). The top 10 up- and
downregulated proteins are shown for all comparisons in the volcano plots of this figure. For
example, in FC of FAD (Fig. 13B) and SAD (Fig. 13D) NTN1 and SQSTM1 were upregulated
in both groups when compared to HC. Further, DEPs analyses from FC and OC, between FAD
and SAD were performed (Fig. 13F, G) identifying different top 10 upregulated proteins for both

comparisons. Commonly and uniquely upregulated proteins between the groups were compared.

When FC of FAD or SAD were contrasted versus FC of HC 43 commonly upregulated proteins
were found, while 144 uniquely upregulated proteins were found for FAD and 128 for SAD. In
the comparison of FC SAD versus FC FAD and FC FAD versus FC HC, 21 commonly
upregulated proteins were found, 134 uniquely upregulated proteins for FAD versus HC, and 143
uniquely upregulated proteins for FAD versus SAD were found. When FC SAD was compared
to FC HC, 64 commonly upregulated proteins were found. Between all three comparisons only
two commonly upregulated proteins were found (Fig. 14A). The common upregulated proteins in
FC were PDK2 and PDK3, which are essential pyruvate dehydrogenase kinase isoforms that
regulate glycolysis/carbohydrate oxidation and produce metabolites for the electron transport
chain and oxidative phosphorylation. The same comparisons were done in the OC of all the
groups (Fig. 14B). Six proteins were common between all comparisons in OC and these proteins
were GPHN, CTTNBP2, DPP7, NEXN, TAPI1, and DSP. GPHN, CTTNBP2, NEXN, and DSP
are related to cell junction processes. There were large differences in the number of DEPs in the

AD groups versus HC in both cortices, FC and OC.
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In order to determine a biological function to the up and downregulated proteins identified via
DEPs analyses, a gene set enrichment analysis (GSEA) was run. The GSEA was run for the same
DEPs comparisons shown in the volcano plots. When comparing FC of SAD versus HC, the
significant biological processes (BPs) are related to nucleotide biosynthetic processes, viral
processes, and regulation of cell activation (Fig. 14C). Organelle inner membrane, collagen-
containing extracellular matrix and extracellular matrix were the significant cellular
compartment (CC) ontology terms in this comparison. There was no significant molecular

function (MF) in the comparison of FC SAD and HC.

In the OC of SAD versus HC, Nuclear protein-containing complex showed up as the only CC
ontology term and RNA processing as the only BP. These were very generic terms with more
than 1200 genes participating. In this comparison less than 30 genes showed up for the terms in

which 1200 genes were participating in, which is why no plot was generated.

In FC of FAD versus HC, BPs such as the regulation of cytoskeleton organisation or regulation
of actin filament-based processes showed up (Fig. 14D). Further, CC ontology showed collagen-
containing extracellular matrix and extracellular matrix as significant. The MFs associated with
this comparison were sulphur compound binding and peptidase activity. When comparing OC of
FAD versus HC mainly RNA processing showed up as significant BP. CC ontology showed, for
example, cell cortex or exocytic vesicles. There were more significant MFs in the OC
comparison such as cadherin binding, ubiquitin protein ligase binding, or also sulphur compound

binding (Fig. 14E).
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Figure 13: Proteomics of purified vessels. Representative images of isolated vessels stained for laminin and Af
(6E10) are shown for SAD and FAD, scale bar = 50um (A). Volcano plots are shown for differentially expressed
proteins (DEPs) for different comparisons; the named proteins were the top 10 up- or downregulated proteins.
First, FC between FAD (n=10) and healthy controls (HC) (n=>5) (B) and OC comparisons between FAD (n=20) and
HC (n=5) are shown (C). Similarly, DEPs were compared for FC (D) (n=4) and OC (E) between SAD (n=5) and
HC (n=35). Finally, regional differences within FAD (F) and SAD (G) were evaluated.
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Next, the FC versus OC in FAD and SAD, respectively, were compared. Within FAD, there were
three CC ontology terms: collagen-containing extracellular matrix, extracellular matrix, and
external encapsulating structure (Fig. 14F), while the nuclear body was the only CC ontology
term that showed up in the FC versus OC comparison in SAD (Fig. 14G). The CC ontology
terms showing up in FAD are also in the comparison of FC in FAD versus HC. Taken together,
the pathology observed in OC of FAD resembled the pathology seen in SAD, while the FC of
FAD presented with a more unique proteomic signature. The pathological changes observed in
OC were mainly related to RNA processing which was previously shown to be affected''”. In FC
of FAD processes related to arteriogenesis and extracellular remodelling showed up consistently

in the comparisons.

Subsequently, a weighted gene co-expression network analysis (WGCNA) was performed to
study the relationship between the proteins present in all samples. Three WGCNA were
performed, one for FC with 3751 proteins, one for OC with 3859 proteins, and one including
only FAD cases with 4102 proteins. The proteins were clustered into modules which are
correlated to the groups. The significant modules found for FC and OC from all groups were
correlated with sex, age of death (AoD), together with the groups themselves: FAD, SAD, and
HC (Fig. 15A). Module 20 (ME20) was significantly positively correlated with sex, and SAD,
and significantly negatively correlated with FAD. ME3 was significantly negatively correlated
with AoD and contained BPs such as cellular respiration and oxidative phosphorylation. In the
CC ontology terms, the mitochondrial membrane protein complex, mitochondrial matrix, and
glutamatergic synapse showed up as some of the significant CCs. Significant MFs included, for
example, NADH dehydrogenase activity or electron transfer activity (Annex Fig. 2A). ME17 and
ME21 were significantly negatively correlated with HC and significantly positively correlated
with FAD. ME17 was further significantly negatively correlated with sex. ME17 of the FC
WGCNA presented with proteins related to BPs such as regulation and canonical Wnt signalling,
and regulation of epithelial cell proliferation. The CC ontology terms were related to lipoprotein
particles and extracellular matrix, while the MFs included a variety of binding functions such as

extracellular matrix binding, heparin-binding, or sulfur compound binding (Annex Fig. 2B).
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Figure 14: Gene set enrichment analysis (GSEA) in purified vessels. Venn diagrams are shown for the FC (4) and
OC (B) illustrating the common upregulated proteins between FAD, SAD and HC. The GSEA is shown for FC SAD
versus HC with the top 10 significant biological processes (BPs) and top six cellular component (CC) ontology
terms (C). When comparing the FC of FAD versus HC, there were eight significant BPs, five significant CC
ontology terms and two significant molecular functions (D). In the OC of FAD versus HC, there were 10 significant

BPs, five significant CC ontology terms and 10 significant MFs (E). Again, FC versus OC in FAD and SAD were
evaluated. In FAD there were no significant BPs or MFs between FC and OC but three significant CC ontology

terms (F). In SAD only nuclear body showed up as a significant CC ontology term when comparing FC and OC (G).
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ME20 and ME21 were modules with 21 proteins each which did not result in any significant
terms or pathways in the analyses. To name some examples, in ME20 proteins were located in
the mitochondrion (OPA3) or participating in citrate transport across the inner mitochondria
membrane (SLC25A1) or directly related to mitochondrial respiration (COA6). However, the
other proteins in this module were related to various cell types and functions, such as regulation
of endothelial cell proliferation (EDF1), molecular chaperone of nicotinic acetylcholine receptors
(RIC3) or GTP binding activity (ARL15). In ME21 a few proteins were related to the immune
response and immune system (IGKV3D-11, MNDA, RFTNI1). Two proteins were further
involved in axon guidance (SPON1) and the positive regulation of axon extension (ISLR2).

Nonetheless, no larger terms could be identified for these two modules.

In OC, ME1 and ME9 have a significant negative correlation with FAD, while both had positive
correlations with SAD and HC. ME1 contained significant BPs related to RNA processing and
DNA repair. For the CC ontology catalytic step 2 spliceosome or preribosome showed up, and
the MFs were related to DNA and mRNA binding (Annex Fig. 3A). ME2 showed a significant
positive correlation with FAD and significant negative correlations with sex, AoD, SAD, and
HC, as illustrated in Figure 14A. ME2 presented as a mainly structural module with BPs such as
synapse organisation, actin filament organisation, and neuron projection morphogenesis. The CC
ontology terms were related to the cell cortex, microtubule, and the actin cytoskeleton and

significant MFs included cadherin binding and actin filament binding (Annex Fig. 3B).

MEY7 correlated significantly positively with FAD and negatively with sex, AoD, SAD, and HC,
the latter was significant. This module contained BPs related to morphogenesis and cell
migration. Accordingly, in the CC ontology collagen trimer, collagen-containing extracellular
matrix and extracellular matrix showed up. The MFs were binding related such as extracellular

matrix binding and heparin binding (Annex Fig. 3C).
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Figure 15: Weighted gene co-expression network analysis (WGCNA) performed for the proteins present in all
samples. The significant modules for FC and OC are shown related to sex, age of death (AoD), FAD, SAD and HC
(4). A second WGCNA was performed taking only FC and OC of FAD into account and including features such as
sex, age of onset (A00), disease duration (DD), AoD, cortex, cerebral amyloid angiopathy VCING score (CAA), the
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ratio of perivascular dilatation to vessel calibre size for nonCAA vessels (R_nonCAA) and CAA (R_CAA) vessels.
The significant modules are shown (B). Next, functional enrichment analyses were performed on the genes clustered
in the formed modules. Module 6 (MEG6) from the WGCNA only taking FAD into account (B) was negatively
correlated to CAA and revealed RNA and DNA processing (C). MES was negatively correlated to DD and the cortex
and was related to ribosomal activity and RNA processing (D). ME17 was significantly positively correlated with
AoO and negatively with R_CAA. The functional enrichment of ME17 showed BPs, CCs, and MFs related to
collagen and angiogenesis (E). Additionally, representative images of a Masson’s Goldner stain is shown,
illustrating the disorganisation of collagen in meningeal vessels in FAD, scale bar = 50um (F).

MEDY exhibited a significant negative correlation with FAD, while being negatively correlated to
sex and SAD, also significantly. ME9 presented with the regulation of response to ER stress and
protein folding as the top two significant BPS and pigment granule and melanosome as the top
two significant CC ontology terms. The MFs were protein disulphide isomerase activity or
intramolecular oxidoreductase activity (Annex Fig. 3D). ME11 was only significantly negatively
correlated to AoD while being negatively correlated to sex, FAD, and SAD, the correlation with
HC was positive. The significant BP with the highest gene ratio was collagen fibre organisation
in ME11 with CC ontology terms such as collagen trimer and collagen-containing extracellular
matrix. The significant MFs were collagen binding, extracellular matrix structural constituent,
and extracellular matrix binding (Annex Fig. 3E). These results underlined the heterogeneity of

molecular and cellular mechanisms involved in vascular pathology of both AD variants.

Previously, we have identified a degree of pathological heterogeneity in PSEN1 E280A FAD

3836 To gain more insight into the

cases, both in general®* and specifically for vascular pathology
disparities between FC and OC in biological terms within the FAD group, a Weighted Gene Co-
Expression Network Analysis (WGCNA) was carried out exclusively using all FAD samples,
including both FC and OC, along with all valid proteins specific to these groups. 3751 and 3589

proteins were used for the FC and OC networks, respectively.

The resulting modules were correlated to sex, age of onset (AoO), DD, AoD, cortex, CAA, the
ratio of PVS in nonCAA vessels (R nonCAA), and the ratio of PVS in CAA vessels (R_ CAA)
(Fig. 15B). ME1 was found to be significantly negative correlated to CAA, and it was related to
RNA and DNA processing (Annex Fig. 4A). ME2 was significantly positively correlated with
AoD and R nonCAA. The significant BPs included vesicle-mediated transport, endosomal
transport, and protein folding. The CC ontology terms were related to vesicle tethering complex,
trans-Golgi network, and endocytic vesicle. The MFs were related to GTPase binding and guanyl

nucleotide binding (Annex Fig. 4B).
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Figure 16: Peptides co-immunoprecipitated with AP. A clustergram illustrating the top 20 biological processes and
top 60 associated proteins from the peptides co-immunoprecipitated with Af (A4).
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ME3 was significantly positively correlated to CAA. The BPs of this module were related to
structural processes such as the regulation of supramolecular fibre organisation and actin
filament organisation. The significant CC ontology terms were ficolin-1-rich granule lumen,
ficolin-1-rich granule, and cell cortex. Ficolin-1 is synthesised in monocytes and was shown to
be present in secretory granules of human neutrophils''®. The MFs were fatty acid binding and
actin filament binding (Annex Fig. 4C). MES was significantly positively correlated with sex.
The BPs, CC ontology and MFs of MES were related to ATP metabolism (Annex Fig. 4D). ME7
had a significant positive correlation to CAA. The BPs of this module were related to different
catabolic processes, the CC ontology, included proteasome core complex, vacuolar lumen, and
vesicle lumen. In the MFs NAD binding and antioxidant activity showed up as significant

(Annex Fig. 4E).

ME6 was significantly negatively correlated to CAA. The functional enrichment of ME6 showed
terms related to RNA and DNA processing (Fig. 15C). ME8 was significantly negatively
correlated with DD and cortex with the proteins related to RNA processing and ribosome
assembly (Fig. 15D). ME17 was interesting as it was significantly positively correlated to AoO
and significantly negatively correlated to the PVS ratio of CAA-affected vessels. This module
contained mainly processes related to extracellular remodelling such as collagen fibre
organisation, angiogenesis, and blood vessel development. The significant CC ontology terms for
ME17 were with collagen trimer, collagen-containing extracellular matrix, and protein complex
involved in cell-matrix adhesion (Fig. 15E). Extracellular matrix related proteins were already
identified in the DEPs and GSEA analyses involving FC from FAD cases (Fig. 14). Specifically,
it was the only outstanding difference between FC and OC cortices in FAD.

As validation of this observation, a Masson Goldner staining in AD cases, revealed collagen
disorganisation in the meninges of FAD, while SAD meninges were intact (Fig. 15F). With this
staining collagens and bones are stained blue, while keratin and muscle fibres would be stained
red. Changes in collagen IV have been previously associated with fragility of blood vessels’ and
cerebral capillaries with AP deposits were shown to express more fibrillary collagen III and 1A%
Accumulation of collagen IV was further associated with dysregulation of the basement
membrane™® and this disorganisation was shown with the Masson Goldner stain for meningeal

vessels.
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Figure 17: SMOCI immunofluorescence in FAD and SAD. Representative images are shown for 50 um caliber
vessels of the FC and OC in FAD and SAD (n=3). Sections were stained for DAPI, Af, SMOCI and GFAP, scale
bar = 50um. In FC FAD, there was SMOCI in the vessel wall (4). In the OC of FAD SMOCI staining could be
observed within the vessel wall and in the surrounding plaque (B). Similarly, in the FC of SAD SMOCI signal is
restricted to the vessel wall (C). In the OC of SAD SMOCI signal was observed in the vessel wall and in the plaque
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(D). There were no significant differences in SMOC1 abundance in the proteomic analysis between FAD and SAD
(E).

The majority of modules resulting from the WGCNA were significantly correlated with CAA
and these modules presented with processes related to DNA and RNA processing, catabolic
processes and actin filament binding. There is the possibility that the DNA/RNA proteins
identified are co-aggregating together with AP deposits in the parenchyma or the vascular tissue

HU7H8 11 order to determine whether there are actual functional differences in

of AD patients
purified vessels concerning DNA/RNA processing, or whether these proteins are being co-
immunoprecipitated with A, the peptides that co-immunoprecipitated with A were analysed. A
clustergram illustrating the top 20 enriched terms and top 60 associated genes is shown in figure
16A. Among the top 20 enriched terms there are mRNA processing, mRNA and RNA splicing,
RNA processing and regulation of mRNA processing (Fig. 16A). This suggests that at least some
proteins related to DNA and RNA processing could be co-aggregating with A3, or being trapped
in AP vascular deposits. This cannot be determined as a certainty with the data obtained here,
and further mechanistic studies in murine or cellular models are needed to clarify it. However,
this observation is useful to ascertain which molecular processes can be distinctive for each AD
variant. For instance, OC was the region that showed higher number of DEPs. Once, FAD
exclusive DEPs are selected, and subtracting those that were shown to co-aggregate together
with AP peptides, it is possible to identify affected processes and pathways exclusive for FAD
(Annex Fig. 5A, B). Among those, RNA regulation and processing, RNA splicing and
cytoskeleton remodelling biological processes were included, together with glycogenesis-related

pathways (Annex Fig. 5C, D).

Finally, to validate the proteomics findings involving other processes, different markers were
selected for immunofluorescence. Secreted modular calcium-binding protein 1 (SMOCI1) was
chosen because it had been identified in other proteomic studies''”'*’ before and was shown to
colocalise with AP plaques and CAA. Further, SMOCI plays a role in glucose homeostasis and
is a promotor for endothelial cell proliferation and angiogenesis'>'. There was more intense
SMOC1 immunoreactivity in the small calibre vessels of FAD when compared to SAD (Fig.
17A-D) but there was only little staining coinciding with the AP plaques (Fig. 17B, C). In the
proteomics of purified vessels, SMOC1 was more abundant in FAD but the difference was not

significant between FAD and SAD (Fig. 17E).
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Figure 18: Glypican-5 in vessels of FAD and SAD. Representative images for glypican-5 (GPCS5) are shown for
the FC and OC in FAD and SAD (n=3), scale bar 50um. In the FC of FAD (A) and OC of FAD (B) GPCS signal
was observed in within the vessel wall. In the FC of SAD (C) there was no GPC5 signal in the vessel wall. But in the
OC of SAD there was GPCS signal (D). GPC5 abundance levels did not differ in the proteomics between FAD and
SAD but the FC of SAD presented with less (E).

Next, to evaluate the ECM different glycoproteins were considered. Glypican-5 (GPC5)'"” and
tenascin-c (TNC)'?* were selected as they were shown to be produced by astrocytes and versican
(VCAN) was shown to be produced by endothelial cells”. In FAD in FC and OC, collagen IV
and GPC5 were found to accumulate in the vessel wall (white arrowheads, Fig. 18A, B). In SAD
no GPC5 accumulation could be found in FC (white arrowhead, Fig. 18C) and some GPC5
signal in OC vessels (Fig. 18D).

59



Frontal Occipital

Collagen IV

% %
= *

o
. 4 J p %/
e s, |
" 3 ) ¥,
q 3
» { )
- # &7

Figure 19: Glypican-5 signal in astrocytes of FAD and SAD. Interestingly, GPC5 could not be observed in
astrocytes in the FC (A). In the OC of FAD (B) there was little colocalisation between GPC5 and GFAP (white
arrow), scale bar = 100um. In the OC of FAD plaques stained by DAPI contained GPC5 signal (white arrowhead).
In the FC of SAD, GPCS signal colocalised more with GFAP (white arrow) but not as abundantly as in the OC of
S4D (D).

These findings were confirmed with the proteomic analysis of the isolated vessels, in which
more GPCS5 was found in FAD than SAD, but SAD OC levels were similar to FAD (Fig. 18E).
However, in OC of SAD colocalisation of GPC5 and GFAP can be observed (white arrow, Fig,
18D). This colocalisation became more evident by taking lower magnification images. There is
no overlap of GPC5 and GFAP signal in FC of FAD (Fig. 19A) while there are some astrocytes
expressing GPC5 in the OC of FAD (white arrow, Fig. 19B). Additionally, GPC5 was found in
plaques in the OC of FAD (empty, white arrowhead, Fig. 19B). The plaques were not directly
stained for, but could be clearly identified in the DAPI staining, as well as CAA can be partially

60



visualised with DAPI (Fig. 17A, B). In SAD both in FC (white arrow, Fig. 19C) and OC (white
arrow, Fig. 19D) astrocytes express GPC5 while this was more abundant in OC than FC.

TNC was evaluated in one FAD and one SAD case to confirm the proteomic findings. TNC was
abundantly present in both cortices of FAD (Fig. 20A, B) and SAD (Fig. 20C, D) but in the FC
of SAD the staining became more cell-shape (white arrowhead, Fig. 20C). The levels of TNC in
the proteomic analysis did not differ between FAD and SAD (Fig. 20E), which was confirmed
with the images. The same cases were stained for VCAN, and a similarly abundant signal was
found for VCAN in FAD (Fig. 21A, B) and in SAD (Fig. 21C, D), but there was no signal in
areas that were collagen IV positive. In the proteomic analysis of purified vessels, there was no
difference between FAD and SAD in the abundance of VCAN, which became evident with the
staining (Fig. 21E).

Taken together, the WGCNA highlighted different protein profiles associated with FAD, SAD,
and HC. In comparison with HC and SAD, FAD presented with angiogenic processes in FC

RNA processing was shown to be different between FC and OC of FAD. In summary, the
proteomic analyses of purified vessels demonstrated heterogeneous protein expressions in the
groups. Moreover, OC of FAD patients presented with a more pathological proteomics signature
related to RNA processing, while the FC presented with a more reactive profile. The validation
staining demonstrated GPC5 expression within the vessel wall in FAD and within astrocytes in
SAD. Basement membrane changes in the form of thickened walls with collagen IV and GPC5

accumulation in FAD. However, there were no differences in the glycoproteins VCAN and TNC.
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Figure 20: Tenascin-C in FAD and SAD vessels. DAPI, aquaporin-4 (AQP4), tenascin C (TNC) and collagen IV
were stained in FAD and SAD FC and OC sections (n=1), scale bar = 50um. In FAD the FC (A) and OC (B) did
not present differently in the TNC staining. In the FC of SAD, TNC was localised in astrocytes (white arrowheads)
(C). In the OC of SAD TNC distributed everywhere (D) as in FAD. The abundance levels of TNC in the proteomics
of purified vessels did not differ between FAD and SAD but the FC of SAD had the highest abundance (E).
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Figure 21: Versican distribution around vessels in FAD and SAD. FC and OC of FAD and SAD (n=1) were
stained for DAPI, GFAP, Versican (VCAN) and collagen IV, scale bar = 50um. In FAD in the FC (4) and OC (B)
VCAN is distributed without clear cellular localisation. There is no VCAN accumulation in the vessel wall in FAD
or in the FC (C) or OC (D) in SAD. The abundance levels of VCAN in the purified vessels did not differ between
FAD and SAD (E).

63



Chapter 3: phosphoTau proteomics

3.5 phosphoTau proteomics
Previous work had demonstrated lower levels of tau pathology in the FC of FAD individuals

measured by AT8*, the diagnostic marker to evaluate post-mortem tau pathology for an AD
diagnosis. Paraffin sections from FC and OC of 10 FAD and 5 SAD were stained for AT8 (Fig.
22A-D) and the signal intensity was measured. FAD presented with significantly less ATS
immunoreactivity in FC and OC in comparison to SAD (Fig. 22E). There was no significant
difference in AT8 signal between FC and OC in SAD, but the OC of SAD presented with
significantly more ATS signal than the OC of FAD (Fig. 22E).
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Figure 22: Tau pathology in FAD and SAD. FC and OC of FAD and SAD were stained with ATS, the diagnostic
marker for tau pathology. The FC of FAD (n=10) (A) presented with a neuropil threads and a low number of
tangles. In the OC of FAD (n=10) (B) there are neuropil threads and tangles detected by ATS. In the FC of SAD
(n=5) (C) and OC of SAD (n=5) (D) a high number of neuropil threads and tangles were detected. In total there
was significantly more AT8 signal in SAD versus FAD. In both AD groups the OC presented with more signal
intensity than the FC (E).
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In order to identify if other phosphorylations might differ between FAD and SAD and in the in-
terest of identifying whether the changes in vessel proteomes were related to tau, phosphoTau
proteomics was performed. This analysis provided information about the whole phospho

proteome but for the frame of this work, only the tau phospho proteome was analysed.

From the dataset, across all batches, 21594 phosphopeptides with at least one confident
phosphosite were identified. Out of the 21594 phosphopeptides, 339 were related to MAPT and
114 were unique tau phosphosites. The distribution of the phosphosites was illustrated along the
2NA4R tau isoform for FC (Fig. 23A) and OC (Fig. 23B). The differences between FAD and SAD
in FC and OC were highlighted by green stars. To gain more insight, all MAPT phosphosites
were clustered into heatmaps (Fig. 23C) in which the HC distinctively clustered apart from the
AD groups.

When FAD and SAD were compared with HC, FAD presented with a higher amount of
phosphorylations. Thus, almost all phosphosites were present at a higher level in the phospho-
proteome, but when tau pathology is evaluated immunohistochemically, FAD presented with
significantly less AT8 signal, demonstrating that AT8 only visualised a small frame of tau
pathology (Fig. 4, Fig. 22) and it does not reflect the whole extent of pathology in both AD
variants. Alternatively, tau phospho-proteome can be used to predict specific kinase activity
patterns involved in the generation of a particular tau phospho-proteome profile. As it was
expected, the HC had lower predicted kinase activity in the FC (Fig. 24A) and OC (Fig. 24B),
than both AD groups. The FAD cases mostly clustered together with high activities, and some
SAD cases were clustered between FAD cases in the FC, while all FAD cases clearly clustered
together with higher predicted kinase activity in the OC. The predicted kinase activity granted a
clearer view on the phosphorylation status in FAD and SAD, with high kinase activity in FAD
becoming evident. Additionally, the kinase activity was clustered in accordance with their
family, for example, CAMK2 (Ca2+/calmodulin-dependent protein kinase II), and group, for
example, CK1 (Cell kinase 1) and a ratio between FC and OC in FAD was plotted. This ratio
was calculated for the phosphosites present in FC and OC (Fig. 24C). There were four kinases
more active in the FC than OC in FAD (CSNK1D, CHEK1, GSK3B, and PRKCZ) while others
(RPS6KB1, CAMK2A, PRKACA, PRKCI, MAPK13, PRKCA, and PRKAA1) were more
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active in the OC. Interestingly; PRKAA1 was more active for phosphosites T217 and T231 in
FC.
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Figure 23: Phospho Tau Proteomics in FAD, SAD and HC. The phosphosites were mapped along the 2N4R tau
isoform for the FC (A) and OC (B). The log fold changes are shown for FAD (FC n=10, OC n=20) versus HC (FC
n=3, OC n=6) and SAD (FC n=4, OC n=38) versus HC but the significances are shown for FAD versus SAD in FC
and OC respectively. Next, the phosphosites were clustered into heatmaps and the HC cluster distinctively away
from the AD groups (C).
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Figure 24: Predicted kinase activity in FAD, SAD and HC. Based on the phospho proteome the kinase activity was
predicted. In FC of FAD (n=10) (A) and HC (n=3) separate noticeable in the predicted kinase activity. Similarly, in
OC, FAD (n=20) and HC (n=6) separated from each other. In the FC the SAD (n=4) and in the OC of SAD (n=38)
cases present with less predicted kinase activity than FAD. A kinase-substrate analysis was performed for the FAD
cases for which FC and OC data was available. The ratio of kinase activity for the specific phosphosite was
calculated for FC minus OC. For all phosphosites, the kinases CSNKID, CHEKI, GSK3B and PRKCZ were more
activated in FC than OC. The kinases RPS6KB1, CAMK2A, PRKACA, MAPK13 and PRKCA were more activated
in the OC for most phosphosites. A majority of kinases did not differ in their activity between FC and OC (C).
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To summarise there was significantly less AT8 signal in FAD compared to SAD, while there was
more overall tau phosphorylation and higher predicted kinase activity in FAD. A previous study
has shown the association of specific tau phosphorylations to the disease progression of AD. Tau
PTMs were postulated to begin with c-terminal cleavage and negatively charged phosphorylation
in proline-rich region (PRR). Next, within the microtubule-binding region, acetylation and
ubiquitination participated in tau fibril formation advancing AD progression'’. AT8 (S202/T205)
is a well-established marker for the diagnosis of AD; however, when trying to identify specific
mechanisms related to tau pathology, a more detailed look is needed. In order to do so, and as a
validation of phospho-proteomic findings, FC and OC of 10 FAD and 5 SAD cases were stained
for T231, T217, and T205 phosphorylations which are all located in the PRR domain of tau.
T231 was previously associated with a non-demented disease state, T217 with early tau
pathology, and T205 with progressed tau pathology'’. In the general phospho-proteome T205,
T217, and T231 were significantly more abundant in FC and OC in FAD versus SAD (Fig. 23A,
B). Density was chosen instead of signal intensity for assessing differences between groups
because the signal can vary between different types of tau deposits and the goal was to evaluate
structural differences for tau deposits. These structural differences can be observed in staining
different parts of the tangle or the neuropil, and the general amount of tau deposits. There was
more staining of T231, T217, and T205 in FAD compared to SAD (Fig. 25A-D). In the FC of
FAD T231 localised in a different part of the tangles than T217 and T205 (arrowhead, Fig. 25A-
C) while S202/T205 did not stain one of the highlighted tangles (arrowhead, Fig. 25D) but does
stain neuropil threads not present in the other phosphorylations (arrow, Fig. 25A-D). In general,
there was significantly more T231, T217, and T205 in both cortices in FAD than in SAD. In
FAD, there was significantly more T231, T217, and T205 than S202/T205 in FC and OC, while
in SAD, the density increased from staining for T231 to S202/T205 (Fig. 25E).
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Figure 25: Phosphosite evaluation in FC and OC of FAD and SAD. FC and OC of both FAD (n=10) and SAD
(n=5) were stained for T231 (A), T217 (B), T205 (C) and S202/T205 (ATS), scale bar = 50um (D). T231, T217 and
T205 stained neurofibrillary tangles (NFT) in FAD (white arrowheads) but not in SAD. In the FC of FAD, it was
observed that the different phosphorylations stained different parts of said NFTs (white arrowheads, A-D). In both
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cortices of FAD and SAD the phosphorylations further stained the neuropil threads differently (white arrows, A-D).
In the FC of FAD there was significantly more T231 density than T217 (p: **=0.0067), T205 (p: **=0.0011) and
S§202/T205 (p: ****<0.0001). Further there was significantly more T217 than S202/T205 (p: **=0.0059). In the OC
of FAD there was no significant difference between T231 and T217 but there was significantly less S202/T205 than
T231 (p: ***=0.0004), T217 (p: ***=0.0003) and T205 (p: *=0.111). In the FC of SAD, there was significantly
more S202/T205 than T231 (p: **=0.0011) and T205 (p: *=0.0257) while in the OC there was significantly less
1231 than T217 (p: **=0.0024) and T205 (p: ***=0.0009). The FC of FAD presented with significantly more T231
compared to the FC of SAD and OC of SAD (p: ****<0.0001). And the OC of FAD had significantly more T231
than FC and OC of SAD (p: ****<0.0001 and ***=0.0001, respectively). The OC of SAD showed significantly
more T231 (p: **=0.0017) than the FC of SAD.
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Chapter 4: Evaluation of early changes in the vasculature

3.6 Vascular pathology in PS1KI mice
Provided that with the human material only end stage pathology can be evaluated where a large

amount of comorbidities are present’”, a mouse line was generated carrying the E280A mutation,
C57BL/6-Psen]®™ ¥ The mouse was generated by CRISPR/Cas in a C57/BL/6 background,
and, from now on being referred to as PS1KI mouse. Given that this mouse line only carries a
PSENI mutation without humanised transgenic APP or tau mutations, it allowed studying early
changes in the vasculature caused by the PSEN/ E280A mutation. First, the vasculature of the
PS1KI mice was evaluated by staining for laminin and smooth muscle actin (SMA) in 6-month-
old wild-type mice, 6-month-old PS1KI mice, and 12-month-old PSI1KI mice (Fig. 26A-F).
There were no significant differences in the %Area of the markers or intensity of signal for either
laminin (Fig. 26G, H) or SMA (Fig. 26l, J) in the groups. Additionally, significantly more
tortuous vessels were found in 24-weeks-old PS1KI mice versus WT mice and 52-weeks-old
PS1KI mice (Fig. 26K). In order to gain more insights, CLARITY (Fig. 27A, B) was used to
gain 3D information about vascular branching. The branch length (Fig. 27C) was significantly
longer in PS1KI mice when compared to WT mice while the number of branches (Fig. 27D) or

junctions (Fig. 27E) was not significantly different.

This finding suggested abnormal angiogenesis in the PS1KI line. Thus, Notch3 signalling was
evaluated in the mouse model due to its pivotal role in vessel development and homeostasis, and
its possible dysmodulation as a y-secretase substrate. Therefore, the Notch3 intracellular domain
(NI3CD) was quantified for the nuclei of pericytes in isolated vessels from 6-months-old WT
(Fig. 28A) and PSIKI (Fig. 28B) mice. There was significantly more NI3CD in the nuclei of
pericytes in isolated vessels in PS1KI vs WT mice, seemly accumulating inside these nuclei (Fig.

28C).
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Figure 26: Vascular pathology and tortuosity in PS1KI mice. Representative images are shown for laminin stained
paraffin-fixed sections for 24-week-old WT (A), 24-week-old PSIKI (B) and 52-week-old PSIKI (C) (n=3).
Similarly, representative images for SMA are displayed for 24-week-old WT (D), 24-week-old PSIKI (E) and 52-
week-old PSIKI (F), scale bar = 100um. The %area of laminin (G) and SMA (I) was quantified and no significant
difference was found. Further, there was no significant difference in the integrated density of laminin (H) or SMA
(J). However, in 24-week old PS1KI there were significant more tortuous vessels compared to 24-week-old WT and
52-week-old PSIKI (p: ****<0.001, **=0.0022)(K).
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Figure 27 Branching in 6-month-old PS1KI and WT mice. CLARITY was used to gain three-dimensional insight
into the branching. Representative images are shown for 6-month-old (WT) (n=3) and 6-month-old PSIKI (B)
(n=3), scale bar= 200um. The branch length was significantly longer in PSIKI mice compared to WT (p:
*HE%<0.0001) (C) while the number of branches (D) and number of junctions (E) was not significantly differences.

In conclusion, there were no significant differences in the studied vascular markers. However,

the vasculature of PS1KI mice seemed to be altered in the structural network of the vascular tree.

This became evident due to more tortuous vessels with longer branches. A closer look at the

exact mechanisms would be needed to identify the cause for the morphological changes in the

vasculature.
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Figure 28: Notch3 intracellular domain in PS1KI and WT mice pericytes. Isolated vessels of WT (4) (n=3) and
PSIKI (B) (n=3) mice were stained for DAPI, NI3CD and PDGRF. NI3CD in the pericytes of those isolated
vessels was found to be significantly higher in PS1KI than WT (C).

3.7 Neurovascular unit modulations in PS1KI mice
In order to gain deeper insights into the vascular changes, electron microscopy was used for six

months old PS1KI and WT mice. The focus of the analysis was the neurovascular unit in the
hippocampus. Since the changes in the basement membrane were observed for FAD, the
basement membrane (BM) was evaluated in WT (Fig. 29A, G) and PS1KI (Fig. 29B, H) mice.
The analysis revealed abnormal thickening, duplication, and branching of the BM in PS1KI mice
(red arrows, Fig. 29G, H), and the thickening of the BM was significantly increased in PS1KI
mice (Fig. 29J). Notably, the mean BM thickness was 95.09 nm in WT mice, whereas PS1KI
mice exhibited a significantly thicker BM, measuring 108.3 nm and the calculated difference of
13.21 nm + 5.240 SEM. As part of the gliovascular unit, astrocyte end-feet were evaluated next.
Many of the astrocyte end-feet (yellow colourised in Fig. 29D-F) presented with electron-dense
degrading lamellar bodies (LB) in PS1KI mice (red arrowheads, Fig. 29E-F) but not in WT mice
(Fig. 29D). A closer examination of the LB distribution revealed significant differences in the
number of LB (Fig. 29K) and the diameter of the LB (Fig. 29L). Specifically, PS1KI mice
exhibited a mean LB count per astrocyte end-foot of 1.160 compared to 0.1481 in WT, with a
substantial difference of 1.012 = 0.3060 SEM. Additionally, the mean LB diameter was
markedly larger in PS1KI mice (2.045 pm) than in WT mice (0.07285 pm), with a substantial
difference of 1.972 + 0.2433 SEM.
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Figure 29: Vascular pathology in the hippocampus of PSIKI mice. Abnormal thickening, branching and
duplication of the basement membrane (BM) was observed for 6-month-old PSIKI mice (B, H) (n=3) but not for
wild type (WT) (n=3) (4, G). Additionally, perivascular astrocyte end-feet surrounding vessel walls (vellow
colourised in D-F) presented with electron-dense degrading lamellar bodies (LB) in PSIKI (red arrowheads, E, F,
1) which were absent in WT (D). The BM was significantly thicker in PSIKI compared to WT (p: *=0.0123) (J). The
number of LB (p: **=0.0018), their diameter (p: ****<0.0001) and the occupied area (p: ****<0.0001) of LB in
astrocyte end-feet was significantly increased in PSIKI compared to WT (K-M). Finally, a 3D reconstruction is
shown for PSIKI, illustrating the LB in astrocyte end-feet (O).
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Moreover, the analysis of LB area occupation within perivascular astrocyte end-feet revealed a
significant disparity between WT and PS1KI groups. The mean occupation in WT was 0.5%,
whereas in PSIKI, it was 17.82%, resulting in a notable difference of 17.28 + 2.360 SEM (Fig.
29M). A 3D model of an astrocyte end-foot is shown illustrating the size and area of the LB (Fig.
290). All of these changes suggest astrocytic pathology as an early event in PSENI E280A mice,

which could be associated with vascular changes given their role in the neurovascular unit.
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Figure 30: Glypican-5 immunoreactivity in astrocytes of PS1KI mice. Representative images for WT (n=2) (4) and
PSIKI (n=2) (B) vessels stained for DAPI, GFAP and GPC5 are shown, scale bar = 50um. The integrated density
was measured for GPCS5 in astrocyte end-feet, the difference was not significant (unpaired t-test).

Finally, the glycoprotein shown to be different in FAD was GPC5 and given the observed
changes in the BM in PS1KI mice, GPC5 was evaluated in the PS1KI mice. No GPCS5 deposits
or accumulations were found in the vessel walls of either WT or PS1KI mice, but GPC5 signal
was observed in WT astrocytes. Astrocyte end-feet contacting the vessel wall were found to
express GPC5 in WT (Fig. 30A) and PSIKI mice (Fig. 30B). The comparison of GPC5 signal
intensity, as measured by the integrated density, between WT and PS1KI did not show a
significant difference; however, there was a trend indicating higher levels in WT, as depicted in
Figure 30C. These results indicate a functional alteration of astrocytes in PS1KI animals,

reflected in the decreased production of GPCS5, with possible impact.
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5. Discussion
In this work, the vasculature in FAD and SAD was compared using regular histological analyses,

molecular biology approaches, and bioinformatics analyses. Various aspects of vascular
pathology were evaluated such as the gliovascular unit and mural cell pathology. Additionally, a
mouse model was available to evaluate early changes in pathology caused by the E280A

mutation.

The presence of vascular pathology undetected by imaging during the life of the individuals was
shown for both, FAD and SAD of the Colombian cases. Vascular pathology can be a simple side
product of ageing, however, in FAD, there is an early onset of the disease with only a handful

mutation carriers living past the 6™ decade of their life'*'*

. There was significantly more
vascular pathology in the FC of FAD compared to SAD and HC. The higher vulnerability of the
FC in FAD to vascular pathology, without differences in other pathologies evaluated, is
intriguing. One possibility is that the capillaries of the FC in FAD are more prone to vascular
insults than in HC and SAD. This could be the result of the PSENI mutation as recently, PSEN]
mutations have been shown to affect small vessels and specifically mutations post codons 200

were associated with higher SVD imaging markers'>. In the other cortices evaluated, there was

no difference between FAD and SAD.

Further, there was no difference in the scoring for arteriosclerosis or PVS. The arteriosclerosis
score might not differ between FAD and SAD because the prolonged disease duration is causing
vascular damage in both disease variants, and especially with increased age in SAD. The
presence of PVS was not different but the cellular and molecular composition of vessels with
enlarged PVS could differ between FAD and SAD. The increased prevalence of vascular
pathology is striking, given the relatively low prevalence of traditional cardiovascular risk
factors in the studied group, except for hypertension. In FAD, the prevalence of hypertension
was 40.63%, significantly higher than the prevalence for the general population in Colombia,
which is 23%'%*'?*_ This suggests, the higher prevalence of hypertension could be related to
PSENI mutation independently of AP or tau pathology. PSEN1 was shown to be the driver of
hypertension in other instances such as pulmonary hypertension'”. Additionally, an increased
presence of mixed AD pathology was shown in Hispanic populations™. The vascular scoring

applied here, however, is not a direct enough or precise enough measurement for SVD
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discrimination in this population, as it is only semi-quantitative and the presence of microinfarcts
in most of the FAD cases rated these generally higher. The vascular scoring as well as CAA
VCING, are well suited for diagnostic purposes but not sensitive enough to identify subtle
differences. Therefore, all vessels within the FC and OC were quantified in FAD which also
showed no significant differences. This was mainly caused by outlier cases presenting with an
extremely high number of CAA vessels, or very few. However, the SAD cases used in this work
were selected to have severe AP pathology and might not result in significant differences either.
In human end-stage pathology brains, comorbidities such as Lewy body dementia, TDP-43 co-
pathology or white matter rarefactions can be identified and should be considered as participants
in the disease progression®. In the Colombian FAD family, large-vessel atherosclerosis was
described before™. SVD is a major contributor to dementia and is related to hypertension which
was present in 40% of the patients. Additionally, smoking, another traditional cardiovascular risk
factor, was present in 43% of FAD individuals. Taken together, this suggests that the E280A
mutation affects the vasculature and the increase in vascular pathology is not driven by the
absolute amount of amyloid pathology but could rather be related to its relative composition in

the vasculature.

Further, the AP peptidomics showed only FC FAD to have significantly different A
compositions in purified vessels. The differences in vascular pathology were most striking in FC
but given that the total amount of CAA was not different, the molecular composition of CAA
might have a bigger impact than the number of vessels affected. Previous work in the Colombian
kindred studied the differences in AP peptide pathology with immunohistochemistry.
Significantly more AB38 and AP43 were found in SAD vs FAD in Temporal Cortex while
significantly more AP42 was present in FAD. The ratio of AP38/APB42 was shown as
significantly higher in SAD*®. The present study confirms the presence of more AB38 in SAD in
isolated vessels of FC and OC from patients of the same kindred, while AB42 was not
significantly different between groups or brain regions (Fig. 10). This could be correlated to
findings from biomarker studies in which AB42 in the CSF alone was not a good discriminator of
AD, but the AB42/AB40 ratio was. This could be the result of more abundant AB40, as shown
here. Normalising APB42 with AB40 enables an adjustment for inter-individual differences,

thereby improving the capability of amyloid peptides to discriminate between FAD and SAD'.
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Also, DAB-immunohistochemistry is not as sensitive as proteomic analysis, and signal analysis
in DAB-immunohistochemistry is not stoichiometric because it does not comply with the Beer-
Lambert law. The Beer-Lambert law relates the concentration of a reagent to its optical density
or absorbance'!. Further, purified vessels were used for the proteomic analysis. Thus, Af
plaques can have been isolated alongside the isolated vessels, yet the majority of AP peptides
identified resulted from the CAA as more AB40 was found which is mainly deposited in vessels.
The Composition of CAA and plaques was shown to be different'*? and this was confirmed with

the analysis performed here.

Next, over the past years, several proteomic studies have been performed to identify possible

1337135 and gain a deeper understanding of key pathways in disease''”'*° by

new biomarkers
employing algorithms such as weighted gene co-expression network analysis (WGCNA). In
general, caution is needed when interpreting proteomic results as the expression levels of mRNA
and protein can vary spatially, temporally, and quantitatively. Proteins associated with
microtubule function, RNA/DNA binding, post-translational modification, and inflammation
were found to be strongly associated with AD phenotype but were badly represented at the RNA
level*®. Here, RNA/DNA binding and modulation of RNA/DNA processes were significantly
correlated with CAA in FAD. There can be an underlying disease associated mechanism or these
related proteins are being co-immunoprecipitated with A in the vessel wall. For brain tissue, the

correlation between RNA and protein was shown to be weak'>’ and the integration of different

omics approaches became helpful to paint the full picture.

Previous studies showed loss of mitochondrial function and a hypometabolic phenotype in AD, a
correlation between ECM proteins enriched in astrocytes and microglia and Braak stage while
microtubule regulation was correlated with CERAD score'*®. AB-correlated proteins such as
midkine (MDK), netrin 1 (NTN1), SMOCI1 and intercellular adhesion molecule 1 (ICAMI),
were shown to colocalise with AP in plaques in human tissue and 5x FAD mouse models. In
binding assays however, only MDK and NTN1 bound to AP directly implicating a possible
function for these proteins together“g. Of these proteins, MDK, NTN1, and SMOCI1 have been

138

previously shown to be present in AP plaques °°. Here, SMOCI1 was found to be present in the

vessel wall and to a lesser extent in the AP plaques. One possible explanation is that in the study

by Bai et al.'"?, sporadic, late-onset cases were used, while in this study, familial cases with an
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early onset of disease were used. There is no information on CAA status in the AD cohort used

in the study by Bai et al.'"®, while in the FAD cohort, high degrees of CAA were shown.

Putting together DEPs, GSEA, WGCNA and other proteomic analyses, it becomes evident that
AD proteomic profiles are a mixture of several simultaneous events. In the case of FAD, the
integration of these analyses could clarify WGCNA findings, attributing mechanisms to the
modules correlating with demographic or pathological features. At least two modules, ME1 and
ME6, which correlate with CAA pathology can be attributed to co-aggregating events with the
APB peptides involved in CAA deposition. The other two modules associating with CAA
pathology, ME3 and ME7, show a more functional profile towards cytoskeleton and catabolism
dysregulation. Interestingly, ME8 also showed RNA-related BPs, together with coherent CC and
MF ontology terms, hinting to an actual molecular mechanism, and associating with disease
duration and brain area in FAD cases. Further proof that these proteins were not just co-
depositing with AP, but reflect functional features, is the analysis of FAD OC exclusively
dysregulated proteins when A co-aggregating proteins are subtracted, showing similar ontology
terms than those found in MES. Thus, caution is warranted when interpreting proteomic findings
in any AD variant, and an effort to differentiate between co-depositing proteins and functionally

involved proteins should be made.

For instance, AP deposits have been shown to aggregate with HSPGs, perlecan, collagen IV,
laminin, and fibronectin in the vicinity of microvessels''. In FAD, A was found to colocalise
with ECM components in the vessel wall, while in SAD GPCS5 expression was mainly located in
astrocytes. A downregulation of GPCS5 in AD and the overexpression of GPCS5 preventing
synaptic hyperexcitability in astrocytes have been reported before'*’. Thus, suggesting astrocytes
in FAD are more exposed to synaptic hyperexcitability. VCAN and TNC were not clearly
accumulating with AP in plaques or CAA but the signal was very abundant. Additionally, there
was no significant difference between FAD and SAD for VCAN or TNC, which could be
because these glycoproteins behave the same for any form of AD. Changes in the ECM of the
perineuronal nets (PNN) have been described before for the SXFAD mouse model, and PNN

140,141
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enmeshed neurons seem to exhibit resilience against phospho tau accumulation
mentioned above, collagen IV was found to accumulate in the CAA vessels® and this could be

confirmed for both FAD and SAD. In order to study early changes of the ECM without other
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pathologies interfering, mouse models are needed. For instance, a study in APP-KI mice showed
ECM-receptor interaction, laminin interaction, and cell-substrate adhesion as the top 3 enriched
biological pathways and processes in only 2-month-old animals. Proteins related to these
processes were downregulated in animals of this age alongside reduced expression levels of
PDGFRJ, a reduction in the tight junction protein claudin-5, and reduced adherens junction
proteins. These were the earliest changes in brain capillaries prior to AP accumulation in the

brain'*%.

In the E280A PS1KI mice, abnormalities in BM in the form of BM thickening were shown for at
6 Month of age by means of EM. In the absence of AP or tau pathology, the changes observed
can be attributed to the PSENI E280A mutation, supported by the findings in post-mortem brain
tissue from PSENI E280A human carriers, and the reports mentioned above of PSENI mutations
affecting angiogenesis, highlighting a pathophysiological path of vascular pathology beyond the
amyloid hypothesis and tau misfolding. Additionally, the proteomics of purified vessels from the
FC of FAD revealed processes related to BM and blood vessel development suggesting these are

also changes caused by the mutation.

Single-cell sequencing studies in AD revealed impaired angiogenesis, synaptic signalling, and
myelination'” by dysregulation of endothelial cells, astrocytes, and oligodendrocytes, and
pericytes'**. Pericytes were shown to induce polarisation of astrocyte end-feet and a reduced
pericyte coverage resulted in reduced polarisation of AQP4 and increased BBB permeability'*.

Pericytes were assessed as PDGFR-positive cell bodies and previous studies showed decreased

146

PDGFRJ coverage in capillaries of FC in s small sample of late-onset AD ™. While more recent

stereological studies demonstrated a denser capillary network with preserved pericytes in FC of

147 148

late-onset AD"'. A Single-cell revealed decreased PDGFR expression of pericytes in AD ™.
The present study showed apoptotic pericytes, fewer pericytes in non-dilated FAD vessels and
overall reduced PDGFRf coverage compared to SAD, which is consistent with the work by
Sengillo et al. Moreover, ultrastructural analysis revealed apoptotic pericytes in FAD confirmed
a reduction in pericytes in FAD'*. Pericytes involved in maintaining ECM organisation
presented with selective vulnerability and were shown to be present across small and large

diameter brain vessels alongside other pericyte types'*’. The reduced coverage of non-dilated
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vessels could be a result of the loss of ECM organisation pericytes as the non-dilated vessels of-

often presented with thickened BM suggesting a dysregulation of BM in these vessels.

AP is accumulated perivascular, and in pericytes, the BM is degraded by MMPs, leading to an
altered composition and thickening of the BM. Single-cell sequencing revealed, the selective
vulnerability of ECM-maintaining pericytes, dysregulated vasoconstriction and compromised
blood flow'*. Reduced blood flow could result from constriction of capillaries at the site of
pericytes'*’. Single-cell transcriptomics revealed Notch3 inactivation to alter the regulation of

calcium and contractile function of mural cells, thereby promoting an increase in ECM"'*".

The relevance of enlarged PVS for the glymphatic system has gained more and more relevance
over the past years. In this work FAD vessels presented with significantly enlarged PVS in
contrast to SAD. Although, the enlarged PVS can always be an artefact of the tissue processing
due to prolonged fixation or the dehydration of the tissue prior paraffin embedding. However, if
this were the case, the number of affected vessels should be more evenly distributed between the
groups. Alternatively, CSF samples could have been analysed, for example for GFAP, to have a
more direct measurement of astrocyte’s status and the glymphatic system in the living brain.
However, those samples were unfortunately not available for this project. Further, AR CAA-
unaffected vessels presented with significantly enlarged PVS in contrast to all other vessels. The
dilation of vessels was associated with reduced pericyte coverage. The enlargement of PVS
could arguably translate into the loss of astrocyte end-feet in FAD. Still, with only histological
analysis, it is not possible to determine the cause-and-effect relationship. Additionally, the
remodelling of the BM further influences the polarisation of astrocyte end-feet. In healthy tissue,
AQP4 is polarised towards the BM-facing the surface of astrocyte’s end-feet. In AD, abnormal
deposits could cause the translocation of AQP4 to outside of the PVS, thereby reducing the
polarisation of AQP4 to astrocyte end-feet''. Further, mouse knock-out models showed that
insufficient platelet-growth factor B signalling decreased AQP4 polarisation to astrocyte end-feet
and that platelet-growth factor B was needed for the development of the glymphatic system'*.

Taken together, different processes were shown to change the interplay of the neurovascular unit

in AD.

Astrocyte end-feet retract and pericytes contract altering blood flow and clearance of waste

products'**'*°. Microinfarcts have been associated with reduced AQP4 levels that resulted in
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152 In the Colombian kindred the incidence of microin-

dysfunction of the glymphatic system
microinfarcts was high and occurred with reduced perivascular AQP4 signal, as shown in this
study and by Henao-Restrepo et al.'*>. Tt should be noted that PSENI E280A FAD astrocytes
have been shown to be distinctively dysregulated in single-cell analysis compared SAD
astrocytes'~*. This combined with the accumulation of ECM components in the vessel walls,

indicates reduced glymphatic clearance.

The proteomic analysis of purified vessels presented distinct differences between FC and OC in
FAD. There was more reactive pathology happening in FC of FAD while typical pathological
changes were observed in OC. ME17 in FC presented with processes related to the extracellular
matrix and the regulation of Wnt signalling. Wnt signaling is generally thought to be a protective

. . . . . 155
mechanism for synaptic integrity and memory maintenance .

Further, this module was
negatively correlated to sex and HC, but positively correlated with FAD. This means there were
more of those associated proteins present in FAD and that in FAD there is a different form of
pathology happening than in SAD, especially in male mutation carriers. When FC and OC were
compared for FAD only, the Wnt signaling processes did not show up in the modules, suggesting
this is a global effect happening in the FAD brains. Wnt/B-catenin pathways further regulate the

inactivation of GSK3B156. It is important to note that proteome profiling only reveals disease-

correlated components, but correlation does not imply causation' .

The goal of this thesis was to evaluate vascular pathology in FAD, but one cannot neglect a
whole pathology that is happening alongside vascular and amyloid pathology. Additionally,
previous work showed cortices to be differently affected by tau pathology in late-onset FAD. In
order to determine if this is caused by vascular pathology driving the other pathologies, the tau
phospho-proteome was evaluated in the same tissue that was used for the purified vessels. The
balance between tau kinases and phosphatases regulates tau phosphorylation'”’. Hence,
phosphorylation of tau is not sufficient to induce aggregation'’®. Tau phosphorylation was
closely linked to abnormal mitochondria function and location. Thus, it is likely to contribute to

depleting functional mitochondria from synapses and, thereby, causing synaptic dysfunction'*.

Tau presented with higher levels of phosphorylations in FAD compared to SAD as shown by the
phospho proteome and predicted kinase activity. Additionally, specific kinases were more active

in FC than in OC and vice versa. Tau hyperphosphorylation is a highly dynamic process in
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which tau is phosphorylated and dephosphorylated by, for example, phosphatases or glycosyla-
glycosylations. N-glycosylation was shown to suppress dephosphorylation and accelerate tau
phosphorylation by changing the conformation. O-GlcNAcylation, a form of o-glycosylation,
may protect against phosphorylation of tau'*®. Specific phosphorylations were shown to further
detach tau or reduce the affinity of tau to microtubules such as S214'% $262 and T231'®"
Additionally, the phosphosites T231, S235 and S262 were correlated with higher seeding

calpacityml’l(’2

, and S262 is a special phosphorylation site as it is localised in the microtubule-
binding region and S262 was shown to promote oligomerisation of tau'>*. In this study, S235
was found to be higher expressed in FAD compared to SAD in both cortices, and S262 was
significantly higher in both cortices in FAD, suggesting a possible cause for higher pTau
oligomerisation in FAD. The predicted kinase-substrate analysis revealed more active kinases in
OC for phosphosite S235. All of the above mentioned phosphorylations were shown to be higher
in FAD compared to SAD. Next, there was an antibody available for T231, T217, and T205, and
there was significantly more T231 in FAD compared to SAD in both cortices, which could
explain the higher phosphorylation levels in FAD. Interestingly, the diagnostic marker, ATS,
staining S202/T205 presented with lower signal intensity and density in FAD compared to SAD
in both cortices. Within FAD, the lower levels of AT8 in FC compared to OC could be
confirmed, but the density of AT8 was not significantly different. The densities of the other
phosphorylations studied with immunofluorescence were not significantly different between FC

and OC in FAD. This suggests that even though AT8 presents differently in signal intensity, the
amount of tau pathology is not actually different between FC and OC in FAD.

Kinases activity was then predicted based on the phosphosites found to be present in FAD, SAD,
and HC. It revealed distinctively more active tau kinases in FAD compared to HC while SAD

D'73% as well as

could be placed in between. High GSK3[ activity was previously shown for A
the activation of MAP kinase signalling in AD'". Here, specific kinases were shown to be more
active in the FC than in the OC and vice versa based on the predicted kinase activity. Explicitly,
higher GSK3[ activity was shown for the FC in FAD compared to OC in FAD. Phosphorylation
of B-catenin by GSK3[3 promotes -catenin destabilisation and degradation thereby impeding

nuclear translocation of the protein'®. Additionally, PSEN] mutations were shown to lose the

ability to stabilise P-catenin resulting in reduced active p-catenin levels'®*. Further studies will
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be needed to confirm the predicted kinase activity, but this gives more insight into the progres-
progression of tau pathology. Unfortunately, only the kinase activity could be predicted, yet for a

complete picture, phosphatases activity will need to be taken into account.

To evaluate the effect of the E280A mutation on the development of vascular pathology a mouse
model was needed to avoid the comorbidities. The PS1KI mice presented with changes in
tortuosity and vessel branching. The EM studies of human material revealed thickening of the
BM alongside apoptotic astrocyte end-feet. Serial EM was employed to gain ultrastructural
insights into alterations of the gliovascular unit. These analyses demonstrated thickening of the
BM in PS1KI mice in the absence of AP or tau suggesting the E280A mutation causes these
vascular changes before protein aggregates build up. Additionally, astrocyte end-feet presented
with a high amount of LB occupying a large area of the astrocyte end-feet. These electron-dense
LBs can be degraded cell organelles requiring further investigations. Alternatively, the astrocytes
are under stress making them switch to a glycogenesis mode with an increase in fatty acid
metabolism. In cell culture experiments, astrocytes were shown to be important mediators for A3
induced neurotoxicity and tau phosphorylation'®, suggesting an important role for astrocytes in
mediating disease progression. Thus, the serial EM revealed pathological changes in the
gliovascular unit in 6-month-old animals. In PSENI transgene mouse lines, vascular changes
were shown by histology in aged animals, while ultrastructural differences in the form of BM
thickening and distorted endothelial cell nuclei could be found in 11-month-old animals. The
transgenic mice used in this study carried the M146V only in neurons. This could explain why
the E280A mutation presented with vascular changes as early as 6 months of age with both

histological and ultrastructural methods'®

. However, this does show that PSENI mutations can
cause vascular pathology and that neuronal to vascular signalling takes part in the pathogenesis
of vascular pathology. The mouse model used in the current study carried the E280A mutation in
all cells, possibly explaining an earlier visible neurovascular phenotype. In summary, the mouse
model provided the insight that the E280A mutation is sufficient to induce vascular alterations in

the form of abnormal branching, BM thickening, and abnormal LBs in astrocyte end-feet.

Finally, an effect of PSENI mutations on angiogenesis prior to amyloid pathology has been
shown. This opens the possibility for different y-secretase substrates other than APP to be

dysregulated. For example, Notch3, which is highly expressed in two cellular components of the
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BBB, namely pericytes and smooth muscle cells. Notch3 signalling has been known to have a
key role in development and to interact with various pathways. One of these pathways is the Wnt
pathway which is involved in cell-fate determination, survival and proliferation. The balance in
Notch and Wnt signalling is required for vascular sprouting and regression in angiogenesisl67.
The WGCNA from all groups showed regulation of Wnt signalling to be affected in the FC of
FAD, and the PS1KI mice presented with significantly more Notch3 intracellular domain in the
nuclei of pericytes. Taken together, there are two different ways in which angiogenesis could be
impaired in PSENI mutation carriers. First, PSENI mutations and a dysregulation of Notch3
signalling both negatively impact P-catenin signalling. Second, altered Wnt signalling in
combination with Notch dysregulation impairs cell proliferation and vascular sprouting. Thus,
there are different key pathways of angiogenesis affected by the PSENI mutation resulting in

non-amyloidogenic ~ vascular  pathology  prior amyloid accumulation and tau

hyperphosphorylation.

There were several limitations to this work, the biggest being the uneven number of FAD (n=32)
and SAD (n=10). This limited statistical analyses to non-parametric t-tests. Further, the SAD
cases were matched in severity of AP} pathology, which resulted in the low number of cases used
in this study, and other differences between FAD and SAD might have gone unnoticed this way.
White matter pathology was not addressed within the frame of this study but should be
considered for future studies to obtain the complete picture of vascular pathology. Next, not all
analyses were performed with all cases, due to material and resources limitations. Additionally,
the quality of the post-mortem human tissue has to be taken into account. Confounding factors
such as age, gender, PMI, and ischemia affect sample quality in AD, with larger effects on the
resulting modified phospho-proteome than on the whole proteome because protein modifications
are highly transient and dynamic''®. This further reduces the power of comparison in some

analysis.

The next drawback was that no CLARITY protocol could be made working on the available
human tissue, to complement some of the findings, because the tissue has been over-fixated in
formalin for a long time. The resulting crosslinking of formalin with amino acid side chains can
prevent antibody binding, and hydrogen bonds can be disrupted by formaldehyde, resulting in

changes of the protein configuration. The next limitation is the failure to establish a primary cell
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culture model of the mice to identify possible mechanisms of the vascular pathology observed in
human subjects and mice carrying the E280A mutation. This point is currently being addressed
with the standardisation of immortalised cell cultures for different cell types carrying the PSENI
E280A mutation. The ultrastructural studies presented here were performed on 6-month-old ani-
mals. Unfortunately, the data sets for younger animals could not be obtained in the frame of this

work but will be included in future publications.

6. Conclusions
This work showed that vascular pathology is indeed a main feature in AD, and contributes to its

progression and severity. The morphological findings together with proteomic analyses in FAD
showed a multifactorial picture for SVD pathology. Seemly, even though CAA pathology is a
main factor in vascular damage, other processes involving neurovascular unit components such
as pericytes and astrocytes are actually more relevant to the structural findings. Specifically,

those associated to angiogenesis and glymphatic clearance.

Furthermore, with the help of a knock-in-mouse model, it was proven that E280A mutation caus-
es early changes in the vasculature, promoting vascular damage without the need for protein ag-
gregates. In fact, the strongest evidence points towards early astrocytic dysfunction that directly

affects basement membrane structure and might be influencing vascular remodelling.

Previous evidence shows that AP and tau accumulation in PSENI E280A patients takes place in
the second and third decade of live, respectively. This work supports also for SVD as an early
event in FAD pathology, it remains to be determined if that takes place simultaneously with
those other pathological events. Further studies should address this issue in view of possible
therapeutic approaches for this disorder. Finally, even though SAD etiopathology might diverge
from that in FAD, the findings presented here can also shed a light on SVD contribution in this
AD variant.
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7. Annex

c, HJHIUHUHHMHUHlHIEHIUWIHHUMH

Annex Figure 1: Phosphotau-proteomics batch integration. The batches before (4) and after (B) the use of harmo-
nizR are shown. Additionally, for each case, the TMT data is shown (C). The principal component analysis showed
the HC in FC (D) and OC (E) cluster separately from the AD groups.

89



A F of ME3 p B F enr of ME17 pi

oxidative phosphorylation - _ regulation of canonical Wnt s;gsrllhalir;e &
Wi
Eoiiar TEspeabOn = _ canonical Wnt signaling pathway - -
ribose phosphate biosynthetic process - - regulation of epithelial cell
purine ribonucleotide metabolic process proliferation ~ .
modulation of chemical synaptic positive regulation of locomation -
transmission @
synapse organization positive regulation of ams': %
@
i o
signal retease- [l epitheial cel proiferaton - [
neuron projection morphogenesis .
carbohydrate derivative biosynthetic positive regulation of cell motility -
process
developmental growth - .

regulation of ion transport - .
cellular response to growth factor _

inner mitochondrial membrane protein _ — stimulus
] complex
mitochondrial protein-containing _ - response to growth factor - l
complex

mitochondrial matrix

p.adjust
004

endocytic vesicle lumen -

» glutamatergic synapse w
g neuron to neuron synapse - g g high-density lipoprotein particle - _ 003
o synaptic membrane - [ : ° plasma lipoprotein particie - 5 002
o [C]
TeAnBHOrGE ComPe - lipoprotein particle - 0.01
transmembrane transporter complex -
extracellular matrix -

cell body- [

neuronal cell body - -

NADH dehydrogenase (ubiquinone) _ low-density lipoprotein particle _
activity receptor binding
NADH dehycrogenase actvity- | extracellular matrix binding -
electron transfer activity - _
metal cluster binding - [ Breeglyean b
iron-sulfur cluster binding - B heparin binding -
snaRe binding- [N glycosaminoglycan binding -

ATPase-coupled transmembrane
transporter activity
calmodulin binding

inorganic cation transmembrane
transporter activity
Kinase activity calcium ion binding =

external encapsulating structure -

sulfur compound binding -

endopeptidase activity -

000 0025 0050 0075

0?0 0i2 0‘4 U.B
Gene Ratio Gene Ratio

Annex Figure 2: Significant WGCNA modules in the FC of FAD and SAD. The BPs of ME3 were related to
oxidative phosphorylation and cellular respiration (A). In ME17 the BPs were associated to Wnt signalling and

regulaiton of apoptotic processes (B).



B Functional enrichment of ME2 proteins

A Functional enrichment of ME1 proteins
RNA splicing, via transesterification
reactions with bulged adenosine as- exocytosis-
regulation of supramolecular fiber _
organization

nucieophile

mRNA splicing, via spiiceosome -

RNA splicing, via transesterification _
reactions

actin filament organization -
purine nucleotide metabolic process -
synapse organization -

rRNA processing -

fRNA metabolic process -
3
neuron projection morphogenesis -

ribosome biogenesis -
regulation of MRNA metabolic process - regulation of anatomical structure size -
regulation of plasma membrane bounded _

cell projection organization

histone modification - [N
chromatin organization - microtubule cyloskeleton organization -
cellular response to organonitragen _
compound

oNA repair- [
cell cortex~

catalytic step 2 spiiceosome- [ EEEEGEG_G_—
presivosome - [ glutamatergic synapse -
sm-like protein family complex- [N neuron to neuron synapse -
targe ribosomal subunit- [N cell leading edge-
cell body -

p.adjust
0.04
003

2

20
GO terms

°
8

1]
E nuclear speck -
o nuclear membrane - [N endosome membrane -
o chromosomal region- [N neuronal cell body -
g - Yy 001
protein-DNA compiex- [l microtubule -
transcription regutator compiex- [l actin cytoskeleton -
external side of plasma membrane - [ cell~cell junction -
neiicase activty~ (NN cadherin binding -
structural constituent of ribosome - [N actin filament binding -
istone binding - [N GTPase activity-
chromatin binding- [ GTP binding -
catalytic activity acting on ONA- [ : guanyl ribonucleotide binding - :
ranscription coreguiator activity- [N guanyl nucleotide binding -
oataytc actvi, acing on a nucisic . I iGrokibds bR
mrnA binding- [ phospholipid binding -
transcription factor binding - [l molecular adaptor activity -
zinc on binding - [l kinase activity -
) 02 s o5 00 ods ofo ois o
Gene Ratio Gene Ratio
Functional enrichment of ME7 proteins Functional enrichment of ME9 proteins Functional enrichment of ME11 proteins
negative regulation of immune system _ regulation of response 1o endoplasmic _
process reticulum stress collagen fibril organization -
—
3 negative reguiation of celular _
response to growth factor stimulus
2

e |
taxis - . response to endoplasmic reticulum _
stress
response to topologically incorrect _
protein

cartilage development -

positive regulation of locomotion - .
embryonic morphogenesis - .
] iR - skeletal system development -
nA——
positive regulation of cell migration -
endoplasmic reticulum-Golgi _ 8 collagen trimer-
immune effector process - . intermediate compartment
endoplasmic reticulum _ i
cellular response to growth factor _ protein-containing complex Golgi lumen .
stimulus. 3 p.adjust
" response to growth factor - . @ endoplasmic reticulum lumen - - @ collagen-containing extracellular _ 004
£ matrix
5 003
. rotein disulfide isomerase activity - 002
8 — | g * q 3 —
collagen-containing extracellular _ intramolecular oxidoreductase activity, 001
matrix o transposing $-8 bonds
8
extracellular matrix- - ATP-dependent protein folding chaperone - - collagen binding -
external encaj ing structure - i i -
constituent
piwisemissmssti [
5 extracellular matrix binding -

. protein folding chaperone -
calcium-dependent phospholipid binding -
N unfolded protein binding - - i i
5 receptor ligand activity - I
glycosaminoglycan binding -

aowt tactorvnaing- [
sulfur compound binding - - signaling receptor activator activity - I
calcium ion binding- . signaling receptor regulator activity - I sufur. compound binding =
o 002 ob ods 000 oby o0pe obe ok 03 ode
Gene Ratio Gene Ratio Gene Ratio
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