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ABSTRACT

ABSTRACT

Alzheimer’s disease (AD) is characterized by extracellular amyloid-B (AP) deposits,
intracellular accumulation of tau filaments and microglia-dominated inflammatory activation.
Growing evidence indicates that innate immune signaling (including MyD88 or NLRP3-
mediated signaling cascade), controls microglial inflammatory activities and AP clearance.
However, their effects on amyloid pathology and neurodegeneration remain inconclusive and the

underlying pathogenic mechanisms are still unclear.
This thesis research mainly consists of two parts:

1) Haploinsufficiency of microglial MyD88 ameliorates Alzheimer's pathology and vascular
disorders in APP/PS1-transgenic mice. We conditionally knocked out myd88 gene specifically in
microglia of APP/PS1-transgenic mice by 6 months and analyzed AD-associated pathologies by
9 months. We observed that deletion of MyD88 in microglia reduced the number of microglia in
the brain and transcription of pro-inflammatory genes, e.g. tnf-o. and il-1f, in both brain tissues
and individual microglia, which was correlated with a decrease of cerebral AP load and
improvement of cognitive function. As potential mechanisms, MyD88 deficiency in microglia
increased microglial recruitment toward AP deposits, increased vasculature and elevated protein
expression of LRP1 in cerebral capillaries in APP/PS1-transgenic mice. Cell culture experiments
further showed that treatments with interleukin-1p decreased LRP1 expression in pericytes, a
group of cells wrapping around endothelial cells in capillaries. In summary, deletion of MyD88
in microglia at a late disease stage attenuates pro-inflammatory activation and amyloid pathology,
and perhaps prevents the impairment of microvasculature and LRP1-mediated A clearance in
the brain of APP/PSI-transgenic mice, all of which protects neurons and improves cognitive

function of AD mice.

2) NLRP3 regulates the coverage and activation of pericytes. There is growing evidence
showing that cerebral circulation is impaired in AD and cerebrovascular disorders contribute to
AD pathogenesis. Pericytes play a central role in regulating structure and function of capillaries
in the brain and are damaged in AD. However, molecular mechanisms which drive pericyte
proliferation and activation are unclear. In our study, we first investigated the physiological

function of NLRP3 in pericytes. We immunostained 9-month-old NLRP3-deficient and wild-

1



ABSTRACT

type littermate mice and observed that NLRP3 deficiency reduced PDGFR-positive pericytes
and collagen type IV-immunereactive vasculature in the brain. In Western blot analysis, NLRP3
deficiency decreased PDGFRJ and CD13 proteins in isolated cerebral microvessels. We further
treated cultured pericytes with NLRP3 inhibitor, MCC950, and observed that NLRP3 inhibition
attenuated cell proliferation. NLRP3 inhibition also decreased protein levels of PDGFRf and
CDI3 in cultured pericytes. On the contrary, treatments with IL-1B, the major product of
NLRP3-contained inflammasome, increased protein levels of PDGFRP and CD13 in pericytes.
The alteration of PDGFRf and CD13 protein levels was correlated with phosphorylation of AKT
and inhibition of AKT reduced both protein markers in pericytes. Thus, NLRP3 activation might

be essential to maintain pericytes in the brain under a physiological condition.

Interestingly, after we mated human Tau-transgenic mice with NLRP3 knockout mice, we
found that deficiency of NLRP3 increased pericytes and vasculature in the brain of Tau-
transgenic AD mice, which suggests that NLRP3 might mediate the pathologic changes of

pericytes and vasculature under a pathological condition.

In summary, deficiency of microglial MyD88 at a late disease stage inhibits
neuroinflammation and improves cognitive function of APP-transgenic AD mice. We have a
novel finding that neuroinflammation potentially regulates pericyte proliferation and behaviour
through activating innate immune signalling pathways, e.g. NLRP3. Thus, our results contribute
to a better understanding of AD pathogenesis and could even offer a new therapeutic target for

AD patients.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

(Thank Miss Laura Schnoder for translating the English abstract to German)

Die Alzheimer-Krankheit (AD) ist durch extrazellulire Amyloid-f (AP) Ablagerungen,
intrazellulire Akkumulation von Taufilamenten und durch Mikroglia-dominierte Aktivierung der
Inflammation charakterisiert. Es gibt zunehmend Hinweise darauf, dass Signalwege des
angeborenen Immunsystems (einschlieflich der MyD88 oder NLRP3-vermittelten
Signalkaskade), die inflammatorische Aktivitdt der Mikroglia und den Abbau von AP
kontrollieren. Allerdings ist dabei der Effekt auf die Amyloid Pathologie und Neurodegeneration
nicht eindeutig entschliisselt und die zugrundeliegenden pathogenen Mechanismen sind immer

noch unklar.
Diese wissenschaftliche Arbeit fokussiert sich auf zwei Hauptaspekte:

1) Haploinsuffizienz des mikroglialen MyD88 mildert die Alzheimer-Pathologie und
vaskuldre Storungen in APP/PS1-transgenen Méusen. Wir haben das Gen myd88 spezifisch in
Mikroglia von APP/PS1-transgenen Méiusen in einem Alter von sechs Monaten konditionell
ausgeschaltet und die AD-assoziierte Pathologie in einem Alter von neun Monaten analysiert.
Wir konnten beobachten, dass die mikrogliale Deletion von MyD88 die Anzahl der Mikroglia im
Gehirn und die Transkription der pro-inflammatorischen Gene wie tnf-o. und il-1f, sowohl im
Hirngewebe als auch in einzelnen Mikroglia, reduziert. Dies korrelierte mit einer Reduktion des
zerebralen AP Gehalts und einer Verbesserung der kognitiven Funktion. Als moglicher
Mechanismus konnten wir zeigen, das eine mikrogliale MyD88 Defizienz die Rekrutierung der
Mikroglia zu den AP Ablagerungen erhoht, das GefdaBsystem hinsichtlich Verzweigung der
Blutgefifle, Ldnge und Dichte verbessert und die Proteinexpression von LRP1 in zerebralen
Kapillaren der APP/PS1-transgenen Méuse erhoht. Experimente in Zellkulturen zeigten zudem,
dass die Behandlung mit Interleukin-1B die LRP1 Expression in Perizyten, einer Zellgruppe
welche in Kapillaren die Endothelzellen umhiillt, mindert. Zusammenfassend zeigt diese Studie,
dass die Deletion von MyD88 in Mikroglia, im spédten Krankheitsstadium die pro-
inflammatorische Aktivierung und die Amyloid Pathologie mildert und moglicherweise sowohl

die Beeintriachtigung der Mikrovaskulatur, als auch die in AD reduzierte LRP1-vermittelte Af
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Reinigung, im Gehirn von APP/PS1-transgenen Méusen aufhebt. Zusammengenommen schiitzen

diese Effekte die Neurone und verbessern die kognitive Funktion der AD Méiuse.

2) NLRP3 reguliert die besiedelte Fliche und Aktivierung von Perizyten. Immer mehr
Hinweise deuten darauf hin, dass die zerebrale Zirkulation in AD geschidigt ist und dass
zerebrovaskuldre Schiadigungen zur AD Pathogenese beitragen. Perizyten spielen bei der
Regulierung von Struktur und Funktion der Hirnkapillaren eine zentrale Rolle und sind in AD
geschidigt. Die molekularen Mechanismen welche Proliferation und Aktivierung der Perizyten
beeinflussen sind allerdings noch wunklar. In unserer Studie haben wir zundchst die
physiologische Rolle von NLRP3 in Perizyten untersucht. Wir haben Immunférbungen an neun
Monate alten NLRP3-defizienten und Wildtyp-Geschwisterméiusen durchgefiihrt und dabei
beobachtet, dass eine Defizienz von NLRP3 die PDGFRp-positiven Perizyten und Collagen Typ
IV-positive Gefdlle im Hirn reduziert. Western blot Analysen zeigen einen verringerten
Proteingehalt von PDGFRP und CD13 in isolierten zerebralen Mikrogefa3en nach Defizienz von
NLRP3.

Des Weiteren haben wir kultivierte Perizyten mit dem NLRP3 Inhibitor MCC950
behandelt und konnten beobachten, dass die Inhibition von NLRP3 die Zellproliferation mindert.
Zudem verringert eine Inhibition von NLRP3 den Proteingehalt von PDGFRf und CDI3 in
kultivierten Perizyten. Im Gegensatz dazu erhohte die Behandlung mit IL-1f, dem Hauptprodukt
der NLRP3-beeinhaltenden Inflammasomen, den Proteingehalt von PDGFRfB und CDI3 in
Perizyten. Der verdnderte Proteingehalt von PDGFRP und CDI13 korrelierte mit der
Phosphorylierung von AKT. Die Inhibition von AKT wiederum reduzierte beide Proteinmarker
in Perizyten. Daher ist die Aktivierung von NLRP3 moglicherweise notwendig, um Perizyten

unter physiologischen Bedingungen im Gehirn zu erhalten.

Interessanterweise konnten wir nach der Verpaarung von NLRP3 defizienten Mausen mit
Maiusen die das humane Tau Protein exprimieren feststellen, dass die Defizienz von NLRP3 die
Anzahl der Perizyten sowie die Lange und Dichte der Gefd3e im Gehirn der Tau-transgenen AD
Maiuse erhoht. Dies ldsst vermuten, dass NLRP3 moglicherweise die pathogenen Verdnderungen

der Perizyten und Gefa3e unter pathologischen Bedingungen vermittelt.
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Zusammenfassend konnten wir zeigen, dass eine mikrogliale Defizienz von MyD88 im
spiteren Krankheitsstadium die Neuroinflammation mildert und kognitive Funktion der APP-
transgenen Mause verbessert. Zudem konnten wir erstmals zeigen, dass die Neuroinflammation
die Proliferation der Perizyten und deren Eigenschaft durch Aktivierung der Signalwege des

angeborenen Immunsystems wie beispielsweise iiber NLRP3 reguliert.

Daher tragen unsere Ergebnisse zu einem besseren Verstdndnis der AD Pathogenese bei
wodurch moglicherweise neue therapeutische Ziele fiir die AD Therapie identifiziert werden

konnen.



PART I Haploinsufficiency of microglial MyD88 ameliorates
Alzheimer’s pathology and vascular disorders in APP/PS1-

transgenic mice



INTRODUCTION

1. INTRODUCTION

1.1. Alzheimer’s disease: Overview

Alzheimer's disease (AD) is a type of irreversible, neurodegenerative disorder that is fast
becoming one of the most costly, deadly, and burdensome diseases of this century. Its pathology
can progress from asymptomatic to the phase of subjective cognitive decline (SCD), via a stage
of mild cognitive impairment (MCI) and eventually leading to overt dementia, and the process
may stretch over 15-25 years(Bintener C 2020). In healthy aging, with some degree of brain
atrophies but does not lose neurons significantly; however, the damage is extensive in the AD
brain as many neurons stop functioning, lose connections to other neurons or even die. AD
disrupts processes vital to neurons and their neural networks, including communication,
metabolism, and repair. It contributes to the damage or death of neurons involved in memory,
learning, and thinking. As a result, losing neurons and their connections leads to the
characteristic clinical manifestations of AD, such as difficulties with memory, language,
problem-solving, and other thinking skills, which can affect a person's ability to carry out

everyday activities (McKhann 2011, figures 2019).

AD is also the most common form of dementia, with someone developing it every 3
seconds in the world. An estimated 50 million people, mostly older than 60 years, live with AD
or other dementias worldwide (1.7 million in Germany) (figures 2020). Since the leading risk
factor for dementia is age, the continued increase in life expectancy increases the likelihood that
more people will develop AD. According to the latest data, the prevalence of dementia will
double in Europe and triple worldwide by 2050(Bintener C 2020). Nowadays, despite a wealth of
research available providing detailed information about molecular pathogenic events of AD, yet
no curative treatments are available, and we should do more to develop efficient strategies to

slow down or halt this dementia.
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Figurel.l Imaging of AD patients. (a) Comparison between normal brain and AD brain. (b) AD is a
continuum, stretching over a period of 15-25 years. (¢) The T1 weighted MRI images (middle) show
generalized cortical atrophy, left >right; Amyloid PET scan using PIB shows amyloid deposition mainly in the
posterior cingulate region (left); TAU-PET image using AV1451 tracer showing left inferior temporal lobe,
parietal lobe and mild posterior cingulate deposition of tau (right).(Scheltens, De Strooper et al. 2021).

Aging is the most important causative factor in AD. The majority of cases occur after age
65 and are known as late-onset AD (LOAD), while cases that occur between age 30 and mid-60
are pretty rare, just accounting for less than 5% of all cases and are referred to as early-onset AD.
The likelihood of developing AD doubles every five years after the age of 65(Corrada,
Brookmeyer et al. 2010). Approximately 70% of the risk of developing AD can be attributed to
genetics, and causative genes include PSEN1, PSEN2, APP and Sorll(Ballard, Gauthier et al.
2011). Genome-wide association studies (GWASs) have identified more than 40 risk genes,
which are mostly associated with lipid metabolism (APOE4, CLU, ABCB7), immune response
(CR1, CD33, TREM2), and regulation of endocytosis (SORL1, BIN1)(Cacace, Sleegers et al.
2016). Significantly, the APOE &4 allele, is the most potent genetic risk factor of LOAD.
Approximately 25% to 30% of the population carry the APOEe4 allele, of which the presence of
€4 in heterozygotes increases the risk of AD development 3-fold, while in homozygosis it
increased the risk 12-fold. Similarly, variation in the TREM2 gene elevated the risk ratio by
2.9% for AD development. In addition, as AD develops over a long preclinical period of several

decades, that a host of acquired factors may play an important role in the development and

8



INTRODUCTION

course of AD, of particular importance among these factors are cerebrovascular disease,
hypertension, as well as metabolic conditions such as diabetes and obesity. Strong evidence
showed that the incidence of AD might have decreased as a result of effective interventions for
cardiovascular risk in both healthy and cognitively impaired individuals. Based on the Rotterdam
study, the seven most important modifiable risk factors eliminated, overweight, hypertension,
diabetes mellitus, cholesterol, smoking, and education, would lead to a 30% reduction in the

incidence of dementia(de Bruijn, Heeringa et al. 2015).

1.2. Pathophysiology of AD and AB

From the preclinical phase, basic scientists also coin this phase as the cellular phase of AD,
widespread neuronal degeneration and synaptic loss discovered in the brain, affecting areas of
the brain such as the hippocampus and cortex, eventually resulting in diffuse brain atrophy. A
series of molecular and cellular changes in the brain has driven the latent progression of the
disease before cognitive impairment is observed, such as the typical pathology of AD:
extracellular amyloid B peptide (AP) deposition as neurotic plaques, hyperphosphorylated Tau
protein aggregation coalesces to form intracellular neurofibrillary tangles (NTF) along with
microglia-dominated inflammatory activation in the brain parenchyma.The predominant view of
AD pathogenesis is that the accumulation of A precipitates the disease process and triggers a
deleterious cascade involving tau pathology and neurodegeneration. The buildup of AP in the
brain is mainly attributed to increased production or reduced clearance, and in most cases of

LOAD there is an imbalance between the intracerebral production of AP and its removal.
1.2.1. Production of AB

In 1985, Masters et al. first identified the AP peptide as the core protein of amyloid plaques
(Masters, Multhaup et al. 1985). The produce of AP following sequential cleavage of a larger
precursor protein, a large type-I integral membrane protein of 695-770 aa that is APP, by p-
secretase (also known as BACEL) and y-secretase. In nonpathological conditions, APP is
degraded by a-secretase, the cleavage between residues 16 and 17, which produce a secreted
fragment of 612 aa (sAPPa) along with a cellular fragment of 83 aa residue C-terminal fragment
(C83/CTFa) in the membrane, preventing the formation of AP(Bayer, Cappai et al. 1999). While
in the amyloidogenic pathway, the APP is subjected to BACEI cleavage at the N-terminus of Af
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sequence, releasing secreted APPB (sAPPB) and the membrane-bound a 99-residue CTF
(C99/CTEFp) fragment. An intramembrane protease, y-secretase, following cleavage by BACEI
cleaves CTFP to 4 kDa AP and CTFa to a smaller 3 kDa fragment named P3 or Aa(Cole and
Vassar 2007). The y-secretase complex then continues to processes the A C-terminus producing
soluble monomeric AP, and the most common subtypes of AP in the human body are AB1-38,
APB1-40, and AP1-42. The C-terminus of APB42 has increased hydrophobicity and therefore a
greater propensity for aggregation than other form peptides, AB42 is considered being especially
toxic(Long and Holtzman 2019).
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Figurel.2 APP processing and A toxicity. (A) Mechanisms of Ap toxicity. (B) APP processed through non-
amyloidogenic and amyloidogenic pathways In nonpathological conditions, APP is cleaved by a-secretase to
produce sAPP-a and C83, ¢83 is further cleaved by y-secretase to produce AICD and p3; in the amyloidogenic
pathway, APP Cleavage by beta- secretase generates SAPP-beta and C99, then C99 is cleaved by gamma-
secretase, generating AICD and AB.(Sun, Chen et al. 2015).
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1.2.2. Clearance of A

AP accumulation is thought to be a trigger, or even a driver, for the pathological process of
AD. In general, the production and degradation of AP are in a dynamic equilibrium. Recent
studies strongly showed that AP clearance, but not its production, is impaired in AD
patients(Wildsmith, Holley et al. 2013). Then the deficient clearance of AP in AD patients can,
thus, contribute to its aggregation within the brain. It is now recognized that misfolded or other
abnormally modified proteins in the brain, such as AP and Tau, can be eliminated by different
clearance mechanisms. The principal pathways that are involved in clearing soluble AB from the
brain include 1) enzymatic degradation(Leissring 2016), 2)internalization by glial cells(Tarasoft-
Conway, Carare et al. 2015), 3)transportation to the periphery by the blood-brain barrier (BBB)
(Zhao, Nelson et al. 2015), and 4) washing-away by interstitial fluid (ISF) bulk-flow along the
perivascular space and thereafter by drainage of the meningeal lymphatic system (Engelhardt,
Carare et al. 2016, Da Mesquita, Louveau et al. 2018) and cerebrospinal fluid
absorption(Baranello, Bharani et al. 2015, Tarasoff-Conway, Carare et al. 2015).

1.2.2.1. Degradation clearance

The majority of intracellular AP is degraded by two main protein clearance mechanisms of
the proteostasis network, the ubiquitin-proteasome pathway (UPS) and the autophagy-lysosomal
system (Ihara, Morishima-Kawashima et al. 2012). The UPS is a complex enzymatic pathway
that is a key component of the proteostasis network to remove damaged proteins. Evidence
suggests that the accumulation of hyperphosphorylated tau oligomers at human AD synapses is
correlated with an increase in ubiquitinated substrates and proteasomal components, in line with
dysfunction of the ubiquitin-proteasome system(Vilchez, Saez et al. 2014, Bellia, Lanza et al.
2019). Both intracellular AP oligomers and aggregated tau proteins inhibit proteasome activity,
as evidenced by the significantly lower proteasome activity in AD patients compared to age-
matched controls (Keller, Hanni et al. 2000). The autophagic degradation system is an
intracellular catabolic process that internalize most extracellular and some cell surface proteins
and degraded within lysosomes. Autophagy declines as AD disease progresses, accompanied by
maturation of autophagosomes and transport impairment, which results in a large number of

autophagic vesicles containing high levels of AB in AD neurons (Yu, Cuervo et al. 2005) Loss-
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of-function experiments have shown that autophagy deficiency decimated extracellular AP
plaque burden, this reduction was because of the impaired exocytosis which inhibits A} secretion,
leading to the accumulation of AP in intracellular vesicles ultimately inducing cell damage and
death(Nixon and Yang 2011, Nilsson, Loganathan et al. 2013). In addition, protein aggregation-
induced activation of proteasomes or autophagy can further activate macroautophagy, implying

there exists an interaction between proteasomes and autophagy(Massey, Kaushik et al. 2006).

Proteases secreted by neurons or astrocytes can also clear extracellular A, include
neprilysin (NEP), insulin-degrading enzyme (IDE), matrix metalloproteinases (MMPs),
angiotensin-converting enzyme (ACE), endothelin-converting enzyme (ECE), and
plasmin(Miners, Baig et al. 2008). Of these, the most widely studied enzymes are NEP and IDE.
NEP, a membrane-bound zinc metalloendopeptidase, is the most efficient hydrolytic enzyme
degrading AP(Bulloj, Leal et al. 2008). The fact that the decline in NEP in the brain was
associated with increased AP deposition notably supported the role of NEP for the degradation of
AP, especially in vulnerable regions such as the hippocampus and mid-temporal gyrus (Yasojima,
McGeer et al. 2001, Wang, Iwata et al. 2003). IDE, a zinc-endopeptidase, was initially
recognized as the significant proteolysis enzyme for insulin and was the first identified AB-
degrading proteases. Both AP and insulin are ligands of IDE, and hyperinsulinemia may induce
AP accumulation through competition between them to result in reduced clearance of
APB(Gasparini and Xu 2003, Sims-Robinson, Kim et al. 2010). Although IDE is mainly located in
the intracellular, reports suggest it may be membrane-associated in neurons and even secreted
into the intercellular fluid. Its activity was detected in the medium, implying that it may be also
degrade secreted AP(McDermott and Gibson 1997). Wang et al. (Wang, He et al. 2015)
demonstrated a link between the IDE gene's polymorphisms and LOAD susceptibility in the
Xinjiang Han population. Research in IDE deficiency animals showed a >50% decrease in A}
degradation and a chronic elevation of cerebral accumulation of endogenous Ap(Farris,

Mansourian et al. 2003).
1.2.2.2. Blood-brain barrier clearance

Interstitial proteins also can be cleared to peripheral circulation directly through the BBB.

The BBB is mainly composed of endothelial cells and mural perivascular pericyte, and it is a

12



INTRODUCTION

highly selective barrier between blood and CNS that prevents AD-related proteins such as A
and tau from free into the peripheral circulation(Abbott, Patabendige et al. 2010). Transport A
from the brain to blood must instead be through specialized transporters. High-resolution MRI
analysis of regional BBB permeability in the living human brain shown that age-dependent early
BBB breakdown in the hippocampus and its CAl is accelerated in individuals with mild
dementia(Montagne, Barnes et al. 2015). Post-mortem human studies have observed the
accumulation of blood-derived proteins (e.g., IgG, albumin, fibrin, and thrombin) in the
hippocampus and cortex, particularly in individuals carrying APOE4 gene(Halliday, Rege et al.
2016, Montagne, Nation et al. 2020), and degeneration of BBB-associated pericytes(Sengillo,
Winkler et al. 2013), suggesting the BBB is damaged in AD. Specifically, some evidence
suggests that the low-density lipoprotein receptor-related protein 1 (LRP1), an apolipoprotein E
(apoE) receptor, is expressed at the abluminal membrane of the BBB and is a leading efflux
transporter that mediates soluble AP clearance through the BBB(Liebner, Dijkhuizen et al. 2018,
Ma, Zhao et al. 2018). However, some studies revealed that LRP1 not only acts as an essential
mediator for the clearance of extracellular A, but it also enhances the generation of A through
internalization of the APP, and hence it is amyloidogenic processing(Van Gool, Storck et al.
2019). Another system involved in local soluble AP efflux is ATP-binding cassette (ABC)
transporters(Miller 2015, Zhao, Nelson et al. 2015), of which ABCBI1 (also known as P-
glycoprotein 1 or MDRI1) is the main protein responsible for the efflux of AP, which directly
exports AP into the circulation. Conversely, free AP in the bloodstream can reenter the brain
interstitium via RAGE receptor (advanced glycosylation end product-specific receptor)(Deane,
Singh et al. 2012). Studies have revealed that the expression of the blood efflux transporters
LRP1(Sweeney, Sagare et al. 2018) and ABCB1(Gil-Martins, Barbosa et al. 2020) is decreased
in AD, whereas the blood influx transporter RAGE(Byun, Yoo et al. 2017) is upregulated, these

results suggest that removal of AP through BBB is impaired in AD.
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Figurel.3 Various pathways involved in removal of AP in the brain. Soluble A can be cleared from the
brain via two main pathways: degradation (phagocytic degradation by activated microglia and peptidase
degradation) or transport across the BBB and exported out of the brain into the blood stream.(Tanzi, Moir et al.

2004).

1.2.2.3. Microglial clearance (Discussed in detail in the following sections 1.3)
1.2.2.4. Glymphatic clearance

Although there are no lymphatic vessels lined with endothelial cells in the central nervous
system, the lymphatic drainage in the brain clearly exists, which is of great significance for
maintaining the physiological functions of the brain. Compared with other organs in the human
body, the lymphatic clearance pathway of the brain is different , This is a topic that people have
been discussing (Yoo HS, et al. 2020; Thomas JL, et al. 2019). Because of the complex etiology

and pathogenesis of AD, the current related research has not made breakthrough progress.
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Therefore, new perspectives have been given more attention to the research on the lymphatic
drainage pathways in the brain (Natale G, et al. 2021; Silva I, et al. 2021).
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Figurel.4 Glymphatic system, neurovascular unit (NVU), and the blood-brain-barrier(BBB). The
glymphatic system contributes to the transport of nutrients and signaling molecules into the brain
parenchyma meanwhile promoting the clearance of proteins and interstitial waste solutes out of the

brain.(Natale G, Limanaqi F., Busceti CL. et al. Glymphatic System as a Gateway to Connect

Neurodegeneration From Periphery to CNS. Front Neurosci. 2021:15:639140.)
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Under normal circumstances, the soluble AP produced in the central nervous system can
enter the bloodstream, enzyme clearance, cell phagocytosis, and clearance of the perivascular
space through receptor-mediated pathways and clear out of the brain in time, without causing AP
deposition. When AP is excessively produced or obstructed in removal, it will cause abnormal
aggregation to form neurotoxic insoluble fibers. The transport of abnormally aggregated A
fibers across endothelial cells is blocked. At this time, cerebral lymphatic circulation becomes
the main way to clear it (Liu Q et al. 2020). In recent years, there has been heated discussion
about the lymphatic circulation of the central nervous system. Researchers believed that the
discovery of the meningeal lymphatic system is a new development in neurophysiology (Da
Mesquita S, et al. 2018). With the increase of age, meningeal lymphatic function damage or
obstruction is considered to be an aggravating factor of AP accumulation (Goodman JR, et al.
2018). To clarify the relationship between meningeal lymphatic circulation and cerebrospinal
fluid and interstitial fluid, and to start research on related targeted drugs from the protection and
repair of damaged meningeal lymphatic system, may be a potential target for the prevention and

treatment of AD.

Recent studies indicate that the molecular tracers in the cerebrospinal fluid are mainly
discharged from the lymphatic vessels of the meninges, emphasizing the importance of draining
lymphatic pathways for clearing molecules from the brain (Satoh JI, et al. 2018; De Luca C, et al.
2018)This research challenges the traditional concept of cerebrospinal fluid homeostasis. It
believes that meningeal lymphatic vessels can contact cerebrospinal fluid , under healthy
conditions, continuously discharge their molecules and cell contents into the cervical lymph
nodes (Cervical lymphnode, CLNs). The reduction in the production and clearance of
cerebrospinal fluid is considered to be a contributing factor to the severity of different
neuropathological models such as hydrocephalus and ischemia, and leads to the decline of brain
function in aging and aging-related neurodegenerative diseases such as AD. With aging, the
protein content in cerebrospinal fluid will be increased, and this proportion is even higher in AD

patients (Skillback T, et al. 2017).

In AD, the situation is further worsened due to amyloid vascular disease in the brain
(Montagne A,et al. 2015; Zhao Z, et al. 2015). Several genetic risk factors for late-onset AD,
such as apolipoprotein E4 (ApoE4) gene mutation(Silva I, et al. 2021), gene encoding protein
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cluster protein and PICALM (Harold D, et al. 2009), single nucleotide polymorphisms, and
blood brain Barrier dysfunction is related to impaired AP clearance through blood vessels (Zhao
Z, et al. 2015). In AD transgenic mice, Evans blue injected into the brain was detected in deep
cervical lymphnode (dCLN), suggests that the cerebral lymphatic system is another way to
transport AP from the brain to the periphery (Louveau A, et al. 2017). The mechanism of action
of meningeal functional lymphatic vessels on subarachnoid particles and cerebrospinal fluid
inflow/intercellular fluid efflux is still unclear. This may be a new mechanism that helps the
brain to resist neurodegenerative diseases and needs to be studied. Starting from the protection
and repair of the damaged meningeal lymphatic system and enhancing the clearing ability of the

AP lymphatic circulation pathway, it may be a potential therapeutic target for AD.

1.3. Microglia in AD pathogenesis

Microglia are the first immune sentinels in the central nervous system (CNS), and human
genetic data have shown that microglia play a key role in the pathogenesis of AD. Although
microglia are thought to be macrophages in the brain, in contrast to other tissue-resident
macrophages, they are not generated by bone marrow precursors but originate from
erythromyeloid progenitor cells in the embryonic yolk sac which then migrate and colonize the
brain parenchyma before the cerebrovascular system and the blood-brain barrier are fully formed
(Ginhoux, Greter et al. 2010, Ginhoux, Lim et al. 2013). The capability of microglia to divide
and self-renew in situ throughout life is essential for microglia to maintain their normal function
(Ajami, Bennett et al. 2007). In AD mouse models, which over-express Alzheimer’s amyloid
precursor protein (APP) in neurons, microglia are activated and recruited to AP deposits and are
strongly associated with impaired cognitive performance(Bolmont, Haiss et al. 2008). Positron
emission tomography (PET) scans have shown that a longitudinal increase of microglial
activation in patients with AD, and the persistent neuroinflammation following microglial
activation is associated with synaptic dysfunction and reduced glucose metabolism (Fan, Okello
et al. 2015). Recent data suggest that microglia may even contribute to AP plaque dispersion as
the elimination of microglia at a later stage of the disease prevents synaptic and neuronal loss in

APP transgenic mice (Spangenberg, Lee et al. 2016).
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A key event in the pathophysiology of AD is neuroinflammation, making the inflammatory
process of microglia one of its most investigated functions in AD. Microglia, the primary
immune cells in the brain, has played a vital role in coordinating inflammation in the brain. As
we all know, a distinguishing feature of inflammation is cytokine release. Studies have shown
that high expression of proinflammatory cytokines, including tumor necrosis factor (TNF),
interleukin (IL)-1pB, and IL-6, is observed in the brain, cerebrospinal fluid, and serum of AD
patients(Heneka, Kummer et al. 2014, Labzin, Heneka et al. 2018), these proinflammatory
mediators are secreted mainly by microglia. There is a widely accepted hypothesis that these
inflammatory cytokines can cause microglia dysfunction, particularly their phagocytic capacity.
Proinflammatory cytokines produced in response to AP deposition have been shown to accelerate
AP accumulation by down-regulating the expression of genes involved in AP clearance, thereby
promoting neurodegeneration (Hickman, Allison et al. 2008). Moreover, in AD, microglia can
rapidly enter a hyperactivation state and release reactive oxygen species and nitric oxide, which

can be directly cytotoxic to neurons (Block, Zecca et al. 2007).

Microglia appear to play an integral role in amyloidosis. A recent study has shown a failure
to form AP plaques in the brain parenchyma after pharmacological depletion of microglia in the
5xFAD mouse model of AD (Spangenberg, Severson et al. 2019), suggesting that microglia play
a role in exacerbating amyloid pathology. Microglial-derived exosomes appear necessary for tau
propagation, and microglia contributes to neuron death in models of tau-mediated
neurodegeneration (Asai, lkezu et al. 2015). There is further evidence that IL-1B and IL-6 can
promote tau hyperphosphorylation (Zilka, Kazmerova et al. 2012). There is no doubt that the
accumulation of AP and phosphorylated Tau proteins can also induce microglial inflammatory
activation. Collectively, microglia may exacerbate neurodegeneration by promoting progressive

pathological responses of AD by interacting with AP and tau.

A majority of genetic variants associated with AD risk identified by genome-wide
association studies are preferentially or exclusively expressed in microglia, which include
triggering receptor expressed on myeloid cells 2 (TREM2)(Guerreiro, Wojtas et al. 2013), luster
of differentiation 33 (CD33), ATP-binding cassette sub-family A member 7
(ABCBT7)(Apostolova, Risacher et al. 2018). TREM2 is another significant risk gene associated

with AD in addition to APOE, which is the most commonly known genetic variant associated

18



INTRODUCTION

with AD. TREM?2 is a cell surface receptor exclusively expressed on cells within the myeloid
lineage, its expression in the brain is dominant in microglia. Soluble Trem2 (sTrem2) levels in
CSF were significantly higher in individuals with MCI or AD dementia compared to controls and
were correlated with attenuated cognitive and clinical decline (Ewers, Franzmeier et al. 2019).
TREM2 expression is elevated in plaque-associated microglia, and modulation of its expression
alters microglia morphology interacting with AP and reprograms microglia responses(Lee,
Daggett et al. 2018), implying that TREM2 is essential for the microglial response to the A
deposit. Besides, a recent study demonstrated that TREM?2 is a receptor necessary for complete
activation of disease-associated microglia (DAM), a subset of microglia that might play a
protective role in neurodegeneration, pointing out the critical role of TREM2 in microglial
activation(Keren-Shaul, Spinrad et al. 2017). CD33 is also a microglia receptor in which the
genetic locus is strongly associated with the risk of AD. Its expression is increased in AD
patients' brains and is associated with increased plaque burden and swifter disease
progression(Jiang, Yu et al. 2014). ABCB7 is a membrane transporter protein highly expressed
in neurons, microglia, oligodendrocytes, and endothelial cells. Still, it appears to affect AD
pathology mainly by regulating the action of microglia on apoptotic cells and AP
phagocytosis(De Roeck, Van Broeckhoven et al. 2019).

While the traditional view that microglia play a detrimental role in AD pathology, emerging
studies on the effects of microglia on AP pathology and neuronal degeneration revealed activated
microglia also exert protective effects in AD pathophysiology. A remarkable benefit on neurons
in AD mice by microglia is the engulfment and clearance of AP peptides (Michaud, Bellavance
et al. 2013). Many studies on AD have demonstrated that TREM2 is associated with the
microglia-mediated phagocytosis of APB. A certain mutation in TREM2 (such as p.T66M)
reduces the ability of microglia to phagocytose AP fibrils; in line with this, primary microglia
from TERM2 knockout mice (TREM2—/—) showed a reduced phagocytic capacity to AP
compared to wild-type controls(Kleinberger, Yamanishi et al. 2014). These observations support
the concept that impaired microglia phagocytosis promotes the development of amyloidosis.
Beyond clearance of AP, another important function of microglia in AD is to clean up debris
from damaged or dying cells(Streit 2002). On the other hand, recent evidence suggests that

microglia constitute a protective barrier around amyloid deposits, shielding them off from
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neurons, and reducing neuritic tau hyperphosphorylation and axonal dystrophy in nearby
neuropil, thereby exerting a neuroprotective effect (Condello, Yuan et al. 2015, Yuan, Condello
et al. 2016). Moreover, microglia-mediated neuroinflammation promotes neuronal autophagy,

facilitating the degradation of phosphorylated tau proteins in neurons(Qin, Liu et al. 2016).
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Figurel.5 Microglia ontogeny and their physiological role in normal and pathological conditions. (a)
Microglia derived from erythromyeloid progenitor cells in the yolk sac. (b) The role of microglia in
maintaining CNS homeostasis, including synaptic pruning and plasticity as well as phagocytosis of dying
neurons and activation of programmed cell death to regulate neurogenesis. (c) The aggregation of Ap and
myelin fragments triggers microglia activation, and activated microglia increase phagocytic activity and

produce various cytokines.(Gogoleva, Drutskaya et al. 2019).

1.4. Innate immune signalling in AD

Microglia, the principal effector cells of the immune system in the brain, are armed with
an extensive repertoire of pattern recognition receptors including Toll-like receptors 2 (TLR2),
TLR2, TLR6, TLRY, and their co-receptors CD36, CD14, and CD47. These innate immune
receptors mainly identify two types of molecular structures for activation, that are pathogen-
associated molecular patterns produced by microbial pathogens, and damage-associated
molecular patterns derived from damaged cells, such as misfolded or aggregated proteins(Akira,
Takeda et al. 2001, Bsibsi, Ravid et al. 2002). Following ligands binding, CD14/TLR signaling is
transduced through the common adaptor protein MyD88 and its downstream kinases, including
inhibitor of NF-«xB kinase (IKK), p38 mitogen-activated protein kinase (p38-MAPK), and c-Jun
N-terminal kinase (JNK), activating AP-1, CREB, and NF- kB transcription factors, which
regulate the expression of many crucial immune response genes(Akira, Takeda et al. 2001,

O'Neill, Golenbock et al. 2013).

To date, multiple frequent variants associated with AD risk identified by GWAS are present
in myeloid cells, including microglia, confirming the importance of the microglia response in
AD progression (Mhatre, Tsai et al. 2015). An epigenomic analysis (Gjoneska, Pfenning et al.
2015) showed that AD-associated genetic variants were particularly enriched in enhancer
sequences associated with innate immunity, implicating a crucial role for activation of the innate
immune system as a disease-promoting factor in AD. As the primary immune cells in the brain,
microglia use an ensemble of surface receptors composed of innate immune receptors to interact
directly with AP and activate downstream signaling events that mediate innate immunity (Reed-
Geaghan, Savage et al. 2009). Many studies through cross-breeding or bone marrow
reconstruction have shown that the innate immune signaling regulates microglial activation in

AD mice. As previously studied, chronic microglial neuroinflammation leads to neuronal
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damage and death through various pathways, including the production of toxic substances that
directly damage or kill neurons and activation of neuronal inflammasomes that can induce
neuronal damage and death, or stressed neurons be phagocytosed by activated microglia (Brown

and Vilalta 2015).
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Figurel.6 TLRs signaling pathway involved in innate immunity. TLR recognition of PAMP triggers
activation of MyD88-dependent pathways: TLR4-MD2-LPS complex initially transmits signals for the early-
phase activation of NF-xB by recruiting the TIR domain—containing adaptors TIRAP; TLR2-TLR1 and TLR2-
TLR6 induce NF-kB activation through recruitment of TIRAP and MyD8S8; and TLRS activates NF-xB
through MyD88. Activation of NF-kB induces the secretion of inflammatory cytokines.(Kawai and Akira
2010).

However, results are often contradictory regarding the effects of innate immunity on AP
pathology and neuronal degeneration in murine AD models. On the one hand, many studies
indicated that deficiency of CD14(Reed-Geaghan, Reed et al. 2010), TLR2(Liu, Liu et al. 2012),
TLR4(Song, Jin et al. 2011), MyD88(Hao, Liu et al. 2011), interleukin receptor-associated
kinase 4 (IRAK4)(Cameron, Tse et al. 2012), IKKB(Liu, Liu et al. 2014), or NLRP3(Heneka,
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Kummer et al. 2013) attenuates the degree of inflammation, shifts inflammatory activation from
pro-inflammatory to anti-inflammatory profiles, or both in the brain of APP-transgenic mice.
TLR4 mutations reduced microglial activation, increased AP deposition, and exacerbated
cognitive dysfunction in a mouse model of AD(Song, Jin et al. 2011). Pharmacological inhibition
of TLR4 activation reduced microglia activation associated with cortical amyloid plaque
formation and prevented the pro-inflammatory effects of fibrilla Ap on microglia(Capiralla,
Vingtdeux et al. 2012). A recent study indicates that soluble AP aggregates lead to long term
potentiation (LTP) deficits and neuronal death through an autocrine/paracrine mechanism of
TLR4 signaling(Hughes, Choi et al. 2020). A common upregulation of TLR2 and CD14 have
been found both in murine models of AD and human post-mortem brain tissues(Letiembre, Liu
et al. 2009). Treatment with an anti-TLR2 antibody (¢ TLR2) in AD mouse models mitigated the
AB-mediated impairment in LTP of hippocampal synaptic activity and attenuated the
inflammatory response in microglia(Costello, Carney et al. 2015). Additionally, our group
demonstrates that inhibition of TLR2 may be beneficial in AD, and that TLR2 deficiency leads
to microglia conversion from the M1 to the M2 state in the brains of APP/PS1 transgenic mice,
while improving BDNF expression and neuronal functions(Liu, Liu et al. 2012). IRAK4 is an
essential intracellular signaling molecule for fibrillar AP to activate the TLR downstream
signaling pathway, loss of IRAK4 function leads to reduced AP levels in a mouse model of AD,
which is associated with a reduction in microglia and astrocytes in aged mice as well as
promoting amyloid clearance mechanisms, including increased expression of insulin-degrading

enzymes(Cameron, Tse et al. 2012).
1.4.1. MyD88-dependent pathways in AD

Myd88, an adaptor protein, bridges intracellular signals from most innate immune receptors
to the nucleus. It has been reported that MyD88 deletion ameliorate 3-amyloidosis by enhancing
microglia phagocytosis through fractalkine (the ligand of CX3CR1) signaling and promoting
apoE-mediated clearance of AP from the brain(Lim, Kou et al. 2011). Furthermore, microglia
immunological receptors may act together and augment the response to AP exposure. For
example, a study revealed that a fibrillar AP induced a complex of TLR4, TLR6, and CD36 as a
hallmark of AD and that the scavenger receptor CD36 promotes inflammatory signaling through
a heterodimer of Toll-like receptors 4 and 6 in microglia (Stewart, Stuart et al. 2010). Galia and
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colleagues conducted an in vitro study that further showed interfering with TLR4-TLR6 dimer
assemble with a TLR4-derived peptide reduced the secretion of pro-inflammatory mediators
from microglia and ultimately rescued neuronal death(Shmuel-Galia, Klug et al. 2017). This
hypothesis is further reinforced by the fact that disrupting the interaction between microglia
immunological receptors can improve AD’s pathology. TLR2 and MyD88 levels are elevated in
the hippocampus and cortex of patients with AD and in a SXFAD mouse model of AD, while
selective disruption of TLR2-Myd88 interaction delays the disease process by inhibiting

inflammation(Rangasamy, Jana et al. 2018).

All the data mentioned above strongly suggest that activation of the TLRs and its
downstream signaling pathways may contribute to the deterioration of AD and that inhibition of
its function may control disease progression. However, Toll-like receptors are also involved in
the removal of AP by microglia. It was found that destructive mutations of TLR4 increased A
deposition compared to the TLR4 wild-type AD mouse model, and microglia (BV-2 cells)
stimulate with innate immune ligands of TLR2, TLR4, and TLR9 speed up AP ingest in
vitro(Tahara, Kim et al. 2006, Scholtzova, Kascsak et al. 2009). Also, peptidoglycan (PGN)
activates TLR2 on microglia, promoting AP uptake via ERK1/2 and p38-MAPKs signaling
pathways(Chen, Iribarren et al. 2006). A study further validates this concept that TLR2
deficiency in APP transgenic mice increased levels of AB1-42 and accompanying cognitive
decline compared with TLR2-wild-type mice; more importantly, using a lentiviral construct
restore TLR2 gene expression in APP-TLR2-/- mouse had beneficial effects by rescuing the
cognitive impairment(Richard, Filali et al. 2008). Rivest and colleagues demonstrated that
MyD88 expression was reduced more than 50% in the AD mouse model, resulting in accelerated
spatial learning and memory deficits, while impaired MyD88 signaling in APP"¢/PS1 mice
resulted in increased levels of soluble AP oligomers and reduced brain IL-1p gene expression
(Michaud, Richard et al. 2011). Similarly, wild-type MyDS88 was also reported to promote Af
clearance and protect neurons(Michaud, Richard et al. 2012). There was a study even showing
that complete deletion of the MyD88 in AD mice have no effect on neuroinflammation or Af

deposition(Weitz, Gate et al. 2014).

It is difficult to explain the conflicting results delivered from different animal models and

different experimental methods. However, these studies suggest that the innate immune system
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and TLRs are involved in AD. MyDS8S8 is essential for the activation of TLRs and its downstream
signaling(Akira, Uematsu et al. 2006) and is also imperative to trigger microglial innate immune
gene expression following exposure to exogenous and endogenous toxic stimuli(Kang and Rivest
2007, Naert, Laflamme et al. 2009). However, in the investigation of MyD88 and AD, it should
be noted that MyD88 functions not only in microglia but also in other brain cells (e.g., neurons,
astrocytes, and endothelial cells)(Gosselin and Rivest 2008, Shen, Qin et al. 2016, Hung, Chen et
al. 2018) and that overall deletion of MyD88 in AD mice alters brain development and is
potentially lethal(Michaud, Richard et al. 2011, Schnoder, Gasparoni et al. 2020). Therefore, to
elucidate the pathogenic role of MyD88 in AD, MyD88 expression should be manipulated

specifically in microglia or other brain cells within a designed time window in AD animals.
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2. AIM OF THIS WORK

Increasing evidence suggests that the innate immune signaling pathways drive chronic
inflammatory activation, control cerebral A load, and subsequently affect neuronal degeneration
in the AD brain. Recently, our group and others have observed that deficiency in certain innate
immune molecules in microglia, such as CD14 (Reed-Geaghan et al., 2010), Toll-like receptor 2
(TLR2) (Liu et al., 2012), TLR4 (Song et al., 2011), interleukin receptor-associated kinase 4
(IRAK4) (Cameron et al., 2012), inhibitor of nuclear factor k -B kinase subunit 3 (IKK) (Liu et
al., 2014), and NLRP3 (Heneka et al., 2013) attenuates the degree of neuroinflammation, shifts
inflammatory activation from pro-inflammatory to anti-inflammatory profiles, or both. However,
results on the effects of innate immunity on AP pathology and neuronal degeneration in AD mice
are often contradictory. For example, other reports state that wild-type MyD88 is necessary for
clearing AP from the brain and protecting cognitive function (Michaud et al., 2011; Michaud et
al., 2012).

Therefore, this study is aimed to investigate the pathogenic effects of microglial MyD88 on
neuroinflammatory activation, cerebral AP load and neuronal function. We also plan to
investigate whether microglia play an important role in the interaction between parenchymal Af
and vascular lesions.

The detailed purposes of this study are listed below:

1. To investigate the role of microglial MyD88 in the neuroinflammatory activation, cerebral
AP load and neuronal function in APP-transgenic mice.
2. To investigate depletion of microglial MyD88 affect Ap deposition in the cerebral blood

vessels and the structure and function of BBB.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Instruments

Instruments

Company

7500 Fast Real-Time PCR System

Applied Biosystems (Darmstadt, Germany)

Accu jet Pipettes Control

BrandTech Scientific (Essex, CT, USA)

Autoclave 3870 ELV

Systec (Wettenberg, Germany)

Autoclave V-150

Systec (Wettenberg, Germany)

Axiovert 25 invetiertes Microscope

Carl Zeiss Microscopy (Jena, Germany)

Axiovert 40 CFL Microscope

Carl Zeiss Microscopy (Jena, Germany)

Barnes Maze

Noldus Information Technology (Oberreifenberg, Germany)

Biofuge 13 Centrifuge

Heraeus (Hanau, Germany)

Biowizard KR-200 Bench

Kojair Tech Oy (Vilppula, Finland)

Coolbox KB 1001

Liebherr (Lindau, Germany)

Drying cabinet

Heraeus (Hanau, Germany)

Eclipse TS100 Invetiertes Microscop

Nikon Instruments (Melville, NY, USA)

Eclipse E600 Fluorescence Microscopy

Nikon Instruments (Melville, NY, USA)

FACSCanto II Flow Cytometer

BD Biosciences (Heidelberg, Germany)

Freezer Premium no frost

Liebherr (Lindau, Germany)

Freezer UF75-110 T

Colora (Frankfurt, Germany)

General Rotator STR4

Stuart Scientific (Staffordshire, UK)

HERAcell CO; Incubators

Heraeus (Hanau, Germany)

HERAcell 1501 CO; Incubators

Thermo Scientific (Langenselbold, Germany)

HERAsafe HS 12 biological safety cabinet

Heraeus (Hanau, Germany)

Ice Machine

Eurfrigor Ice Makers Srl (Lainate, Italy)

Incubations hood TH-30

Edmund Biihler GmbH (Hechingen, Germany)

InoLab pH 720 pH-meter

WTW (Weilheim, Germany)

Jouan B4i Centrifuge

Thermo Scientific (Langenselbold, Germany)

Laboshaker

Gerhardt Analytical Systems (Konigswinter, Germany)

Liquid Nitrogen Container

KGW-Isotherm (Karlsruhe, Germany)

Microwelle HF 26521

Siemens (Miinchen, Germany)

Mini-PROTEAN 3 Electrophoresis system

Bio-Rad Laboratories (Miinchen, Germany)

Mini Trans-Blot Cell

Bio-Rad Laboratories (Miinchen, Germany)

Multipette Plus

Eppendorf (Hamburg, Germany)

INalgene Mr. Frosty Freezing Container

A. Hartenstein (Wiirzburg, Germany)
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Nanodrop ND-1000 Spectrophotometer

PEQLAB Biotechlonogie (Erlangen, Germany)

Optima Max Ultracentrifuge

Beckman Coulter (Krefeld, Germany)

Perfection V700 Photoscanner

Epson (Meerbusch, Germany)

Pipette PIPETMAN

Gilson (Middleton, WI, USA)

Pipette Single-Channel

Eppendorf (Hamburg, Germany

Pipette Pipetus

Hirschmann (Eberstadt, Germany)

PowerPac 200 Power Supply

Bio-Rad Laboratories (Miinchen, Germany)

Precision Balance scale 770

Kern & Sohn (Balingen, Germany)

Precision Balance scale CP 42023

Sartorius (Gottingen, Germany)

PS250 Power Supply

Hybaid (Heidelberg, Germany)

PTC 200 DNA Engine Thermal Cycler

MJ Research (St. Bruno, Canada)

PURELAB Ultra Water Purification
system

Elga (Celle, Germany)

QuadroMACS™ Separator

Miltenyi Biotec(Bergisch Gladbach,Germany)

Refrigerated Laboratory Centrifuge

Eppendorf (Hamburg, Germany)

Refrigerator KG39VVI30

Siemens (Miinchen, Germany)

Refrigerator Premium

Liebherr (Lindau, Germany)

Refrigerator V.I.P. Series -86 °C Freezer

Sanyo (Wood Dale, IL, USA)

Rocky 3D

Labortechnik Friibel (Lindau, Germany)

Savant SpeedVac DNA 110

Thermo Scientific (Langenselbold, Germany)

Shakers SM-30

Edmund Biihler (Hechingen, Germany)

SmartSpec 3000 Spectralphotometer

Bio-Rad Laboratories (Miinchen, Germany)

Sunrise Microtiter plate reader

Tecan (Mannedorf, Schweiz)

Tabletop Centrifuge 4K10

Sigma Laborzentrifugen (Osterode am Harz, Germany)

Tabletop Centrifuge 4K15C

Sigma Laborzentrifugen (Osterode am Harz, Germany)

Thermoblock TDB-120

BioSan (Riga, Latvia)

Thermomixer comfort

Eppendorf (Hamburg, Germany)

TLA-55 Rotor Package, Fixed Angle

Beckman Coulter (Krefeld, Germany)

Transsonic Ultrasonic Cleaning Units

Elma (Singen, Germany)

Ultrospec 3100 pro Spectralphotometer

Amersham Biosciences (Miinchen, Germany)

Vortex Genie 2

Scientific Industries (Bohemia, NY, USA)

'Vortex Shaker REAX 2000

Heidolph (Schwabach, Germany)

'Water bath

Kottermann (Hénigsen, Germany)

XCell SureLock Mini-Cell Electrophoreses
system

Invitrogen (Darmstadt, Germany)

3.1.2. Experimental material

Experimental materials

| Company
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Amersham Hyperfilm ECL

GE Healthcare (Buckinghamshire, UK)

Beackers

VWR (Darmstadt, Germany)

Biosphere Filter Tips (10 pl, 200 pl, 1000 pl)

Sarstedt (Niimbrecht, Germany)

Blotting Paper Grade GB003

Whatman (Dassel, Germany)

Cell Scrapers

TPP (Trasadingen, Schweiz)

Centrifugentubes (15 ml, 50 ml)

Sarstedt (Niimbrecht, Germany)

Combitips Plus (5 ml, 10 ml)

Eppendorf (Hamburg, Germany)

CryoPure tubes 1.8 ml

Sarstedt (Niimbrecht, Germany)

Cuvettes

Sarstedt (Niimbrecht, Germany)

Erlenmeyer Flasks

Schott (Mainz, Germany)

Falcon Multiwell Cell Culture Plates

BD Biosciences (Heidelberg, Germany)

Falcon Round bottom test tubes 5 ml

BD Biosciences (Heidelberg, Germany)

Filtropur Cell Strainer

Sarstedt (Niimbrecht, Germany)

Filtropur Syringe Filter

Sarstedt (Niimbrecht, Germany)

Glass Bottles

Fisher Scientific (Schwerte, Germany)

Gloves, Latex

VWR (Darmstadt, Germany)

Gloves, Nitril

'VWR (Darmstadt, Germany)

Hemocytometer

Brand (Wertheim, Germany)

LS Columns

Miltenyi Biotec (Bergisch Gladbach, Germany)

MicroAmp Optical 96-Well Reaction Plate

Applied Biosystems (Darmstadt, Germany)

MicroAmp Optical Adhesive Film

Applied Biosystems (Darmstadt, Germany)

Microlance™ needles

BD Biosciences (Heidelberg, Germany)

Microlon 600 96-Well Microplate

Greiner Bio-One (Frickenhausen, Germany)

Microscopic cover glasses 12x12 mm

R. Langenbrinck (Emmendingen, Germany)

Microtestplate 96-Well

Sarstedt (Niimbrecht, Germany)

Mini-PROTEAN 3 Short Plates

Bio-Rad Laboratories (Miinchen, Germany)

Mini-PROTEAN 3 Spacer Plates 1,5 mm

Bio-Rad Laboratories (Miinchen, Germany)

Mini-PROTEAN Comb (15 Wells, 1,5 mm)

Bio-Rad Laboratories (Miinchen, Germany)

Myelin Removal Beads I1

Miltenyi Biotec (Bergisch Gladbach, Germany)

Nunc MaxiSorp 96-Well Plate, black

Thermo Scientific (Langenselbold, Germany)

Overhead Transparencies

R. Langenbrinck (Emmendingen, Germany)

Pasteur Pipettes

VWR (Darmstadt, Germany)

PCR Soft Tube 0.2 ml

Biozym Scientific (Oldendorf, Germany)

Pipette Tips (10 pl, 200 pl, 1000 pl)

Sarstedt (Niimbrecht, Germany)

Polyallomer Tube, 1.5 ml, Snap-On Cap

Beckman Coulter (Krefeld, Germany)

Precision Wipes Kimtech Science

Kimberly-Clark (Koblenz, Germany)

Pro-Gel 10-20% Tris-Tricin-Gel

Anamed Elektrophorese (Grof3-Bieberau/Rodau, Germany)

Protran Nitrocellulose Transfermembranes

Whatman (Dassel, Germany)

PVDF Western Blotting Membranes

Roche (Mannheim, Germany)
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Safe-Lock Tubes (0.5 ml, 1 ml, 2 ml)

Eppendorf (Hamburg, Germany)

Scalpel Blades

B. Braun (Melsungen, Germany)

Serological Pipettes (5 ml, 10 ml, 25 ml)

Sarstedt (Niimbrecht, Germany)

Slide Box

neoLab (Heidelberg, Germany)

Standing Cylinders

VWR (Darmstadt, Germany)

Syringes

B. Braun (Melsungen, Germany)

Tissue Culture Dish

Sarstedt (Niimbrecht, Germany)

Tissue Culture Flask

Sarstedt (Niimbrecht, Germany)

UV Quartz cuvette 10 mm

Hellma (Miillheim, Germany)

3.1.3. Chemicals

Chemicals Company
0.05% Trypsin/EDTA (1x) Invitrogen (Darmstadt, Germany)
AKT Inhibitor VIII Sigma Aldrich (Taufkirchen, Germany)

(3-Aminopropyl) triethoxysilane

Sigma Aldrich (Taufkirchen, Germany)

B-Mercaptoethanol

Sigma Aldrich (Taufkirchen, Germany)

B-Secretase Substrate IV, Fluorogenic

Merck (Darmstadt, Germany)

v-Secretase Substrate , Fluorogenic

Merck (Darmstadt, Germany)

Agarose

Biozym (Oldendorf, Germany)

Ammoniumpersulfat (APS)

Sigma Aldrich (Taufkirchen, Germany)

Antibiotic-Antimycotic 100x

Invitrogen (Darmstadt, Germany)

Bovine Serum Albumin (BSA)

Sigma Aldrich (Taufkirchen, Germany)

Borat

'VWR (Darmstadt, Germany)

Bromphenol blue

Sigma Aldrich (Taufkirchen, Germany)

Casein

Fluka (Buchs, Switzerland)

Chloroform

Applichem (Darmstadt, Germany)

Citrate acid

Serva (Heidelberg, Germany)

Congo red

Sigma Aldrich (Taufkirchen, Germany)

Collagen Coating Solution

Sigma-Aldrich (Taufkirchen, Germany)

Dimethylsulfoxid (DMSO)

Sigma Aldrich (Taufkirchen, Germany)

Diaminobenzidin-Hydrochlorid (DAB)

Sigma Aldrich (Taufkirchen, Germany)

DNA Ladder (100 bp, 1 kb)

New England Biolabs (Frankfurt am Main, Germany)

dNTP Mix

Roche (Mannheim, Germany)

Dithiothreitol (DTT)

Sigma Aldrich (Taufkirchen, Germany)

Digest-All 3 (Pepsin)

Thermo Fisher Scientific (Mannheim, Germany)

Dulbecco's Modified Eagle Medium (DMEM)

Invitrogen (Darmstadt, Germany)

Entellan®mouting media

VWR (Darmstadt, Germany)

Ethidiumbromid

Carl Roth (Karlsruhe, Germany)
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Ethanol

Sigma Aldrich (Taufkirchen, Germany)

Ethylendiaminetetraacetat acid (EDTA)

Sigma Aldrich (Taufkirchen, Germany)

Ethylene glycol tetraacetic acid (EGTA)

Sigma Aldrich (Taufkirchen, Germany)

Fetal Bovine Serum (FBS)

Invitrogen (Darmstadt, Germany)

Glycine

Carl Roth (Karlsruhe, Germany)

Glycerol

Sigma Aldrich (Taufkirchen, Germany)

Guanidine Hydrochloride

Sigma Aldrich (Taufkirchen, Germany)

H202 Otto Fishar (Saarbrueken, Germany)
H>SO4 Fluka (Buchs, Switzerland)
HCI Sigma Aldrich (Taufkirchen, Germany)

Ham's F-12 Medium

Invitrogen (Darmstadt, Germany)

Hank's Buffered Salt Solution (HBSS)

Sigma Aldrich (Taufkirchen, Germany)

Hexamer Random Primer

Invitrogen (Darmstadt, Germany)

HiLyte Fluor™ 488-conjugated A342

AnaSpec(Fremont, USA)

Isoflurane

Baxter (UnterschleiBheim, Germany)

Isopropanol Carl Roth (Karlsruhe, Germany)
KHCO;3 Merck (Darmstadt, Germany)

KClI Merck (Darmstadt, Germany)
Lipopolysaccharide (LPS) Axxora (Lorrach, Germany)

MgCl, Fluka (Buchs, Switzerland)

MgSOq4 Fluka (Buchs, Switzerland)
Methoxy-X04 Bio-Techne GmbH

Methanol Sigma Aldrich (Taufkirchen, Germany)
MCC950 Sigma Aldrich (Taufkirchen, Germany)
Milk powder Carl Roth (Karlsruhe, Germany)

NaCl Merck (Darmstadt, Germany)

NaF Merck (Darmstadt, Germany)
Na;HPO4 Carl Roth (Karlsruhe, Germany)
NaH,>PO4 x H>O Merck (Darmstadt, Germany)

NasP.07 Sigma Aldrich (Taufkirchen, Germany)
Naz;VOs Sigma Aldrich (Taufkirchen, Germany)
NH4Cl Sigma Aldrich (Taufkirchen, Germany)
Okadic acid Sigma Aldrich (Taufkirchen, Germany)
Orange G Merck (Darmstadt, Germany)

PageRuler Prestained Protein Ladder

Invitrogen (Darmstadt, Germany)

Pam3CSK4

Invivogen (San Diego, CA, USA)

Paraformaldehyd (PFA)

Merck (Darmstadt, Germany)

Protease inhibitor Cocktail

Roche (Mannheim, Germany)

Pericyte medium(PM)

Sciencell Research Laboratories(Carlsbad, CA, USA)
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Pericyte growth factors

Sciencell Research Laboratories(Carlsbad, CA, USA)

Penicillin-streptomycin

Sciencell Research Laboratories(Carlsbad, CA, USA)

Rotiphorese Gel 30

Carl Roth (Karlsruhe, Germany)

RPMI 1640

Invitrogen (Darmstadt, Germany)

Recombinant human IL-1§

R&D Systems(Wiesbaden, Germany)

Sodium actate

Merck (Darmstadt, Germany)

Sodium dedecylsulfat (SDS)

Carl Roth (Karlsruhe, Germany)

Sucrose

VWR (Darmstadt, Germany)

Tetramethylethylendiamin (TEMED)

Serva (Heidelberg, Germany)

Tricine Carl Roth (Karlsruhe, Germany)

Trizma®base Sigma Aldrich (Taufkirchen, Germany)
Triton X-100 Sigma Aldrich (Taufkirchen, Germany)
TRizol Sigma Aldrich (Taufkirchen, Germany)
Tween 20 Sigma Aldrich (Taufkirchen, Germany)

Western Lightning ECL Substrate

Perkin Elmer (Rodgau, Germany)

Xylene

Otto Fischar (Saarbriicken, Germany)

Xylene cyanol

Molekula (Miinchen, Germany)

3.1.4. Kits

Title

Company

Bio-Rad Protein Assay

Bio-Rad Laboratories (Miinchen, Germany)

DyNAmo™ Flash probe qPCR Kit

Thermo Scientific (Bonn, Germany)

DyNAmo™ Flash SYBR Green qPCR Kit

Thermo Scientific (Bonn, Germany)

Mouse TNF alpha ELISA Ready-SET-Go!

eBioscience (San Diego, CA, USA)

MTT-based Cell Proliferation Kit I

Roche (Mannheim, Germany)

Neural Tissue Dissociation Kit (papain-based)

Germany)

Miltenyi Biotec (B.V. & Co. KG, Bergisch Gladbach,

OptEIA™ TMB Substrate Reagent Set

BD Bioscience (Heidelberg, Germany)

RNeasy® Plus Mini Kit

Qiagen (Hilden, Germany)

RQ1 RNase-free DNase

Promega (Mannheim, Germany)

SuperScript® II Reverse Transcriptase

Invitrogen (Darmstadt, Germany)

'VECTOR Blue Alkaline Phosphatase Substrate kit

Vector Laboratorie (Burlingame, USA)

'VectaStain Elite ABC kit

Vector Laboratorie (Burlingame, USA)
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VectaStain Elite ABC-AP kit

Vector Laboratorie (Burlingame, USA)

3.1.5.

Oligonucleotides

Table 3.1 Primers for the Real-Time-quantitative-PCR (SYBR® Green method)

Gen Primer forward 5' - 3' Primer reverse 5' - 3'
mouse Z)Zij NN |\ GCCATGAGTCAAGTCAGC  [TGTGGCTGTGAAACTTGTGG
mouse vegf CCCTTCGTCCTCTCCTTACC AGGAAGGGTAAGCCACTCAC

CAAAGACCACATGCTTGCCATCCA

mouse ppia AGCATACAGGTCCTGGCATCTTGT

mouse ccl-2 AAGAGATCAGGGAGTTTGCT CTGCCTCCATCAACCACTTT

mouse gapdh ACAACTTTGGCATTGTGGAA GATGCACGGATGATGTTCTG
mouse il-15 GAAGAAGAGCCCATCCTCTG TCATCTCGGAGCCTGTAGTG

mouse il-10 AGGCGCTGTCATCGATTTCTC TGCTCCACTGCCTTGCTCTTA
mouse inos ACCTTGTTCAGCTACGCCTT CATTCCCAAATGTGCTTGTC
mouse tnf-a ATGAGAAGTTCCCAAATGGC CTCCACTTGGTGGTTTGCTA
3.1.6. Antibody
Table 3.2 Antibodies used in this work
Antibody Company

Clone:DM1A

mouse monoclonal anti a-tubulin

Abcam (Cambridge, UK)

rabbit polyclonal anti f-actin,clone: 13E5

Europe)

Cell Signaling (Cell Signaling Technology

Clone: W02

mouse monoclonal anti Amyloid f

Millipore (Schwalbach, Germany)

Clone:6F/3D

mouse monoclonal anti Amyloid f

Dako (Hamburg, Germany)

Clone:2.4G2

rat monoclonal anti CD16/CD32

BD Pharmingen (NJ, USA)

28E1

rabbit monoclonal anti PDGFRp,clone:

Cell Signaling (Cell Signaling Technology
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Europe)

rabbit monoclonal anti CD13/APN,clone:
D6VIW

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti cleaved caspase-
3 ,clone: 5AIE

Cell Signaling (Cell Signaling Technology
Europe)

mouse monoclonal anti proliferating cell
nuclear antigen (PCNA) clone: PC10

Cell Signaling (Cell Signaling Technology
Europe)

rabbit polyclonal anti Collagen type IV

Abcam (Cambridge, UK)

Mouse anti-NLRP3/NALP3, mAb (Cryo-2)
(AG-20B-0014)

AdipoGen (San Diego, USA)

Griffonia Simplicifolia Lectin I isolectin B4
(Catalog: B-1205;

Vector Laboratories( Burlingame, CA, USA)

chicken polyclonal anti GFP

Abcam (Cambridge, UK)

mouse monoclonal anti Ibal

Clone:20412.1

Millipore (Schwalbach, Germany)

rabbit polyclonal anti Ibal

Wako (Neuss, Germany)

rabbit polyclonal anti phosphorylated AKT
(Serd73)

Cell Signaling (Cell Signaling Technology
Europe)

rabbit polyclonal anti AKT

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti phosphorylated
ERK1/2 (Thr202/Tyr204)clone: D9E

Cell Signaling (Cell Signaling Technology
Europe)

mouse monoclonal anti ERK1/2 ,clone:
L34F12

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti phosphorylated
NF&B p65 (S536), clone: D13.14.4F

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti NFxB
p65,clone:DI4E]2

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti Ki67

Clone, SP6

Abcam (Cambridge, UK)

rabbit polyclonal anti Muncli8-1

Cell Signaling (Cell Signaling Technology
Europe)
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mouse monoclonal anti NeuN

Clone, A60

Millipore (Schwalbach, Germany)

rabbit monoclonal anti phosho-p65
Clone, 93H1

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti p65

Clone, DI4E12

Cell Signaling (Cell Signaling Technology
Europe)

mouse monoclonal anti PSD95

Clone, 6G6-1C9

Abcam (Cambridge, UK)

rabbit polyclonal anti RFP

Rockland (Gilbertsville, USA)

mouse monoclonal anti S100

Clone:4C4.9

Abcam (Cambridge, UK)

rabbit polyclonal anti phosho-GSK-3
(Ser9)

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti GSK-3f
Clone:3D10

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti ABCB1
Clone: E1Y7S

Cell Signaling (Cell Signaling Technology
Europe)

rabbit polyclonal anti LRP-1

Cell Signaling (Cell Signaling Technology
Europe)

rabbit monoclonal anti vinculin

Clone: EIE9V

Cell Signaling (Cell Signaling Technology
Europe)

rabbit polyclonal anti tight junction protein
1 (TJP1); NBP1-85047

Novus Biologicals( Wiesbaden-Nordenstadt,
Germany)

rabbit monoclonal anti Claudin-5

Thermo Fisher Scientific(Bonn, Germany)

mouse monoclonal anti aquaporin 4 (AQP4)

Proteintech Europe (Manchester, United
Kingdom)

goat anti chicken Alexa 488 Conjugate

Invitrogen (Darmstadt, Germany)

goat anti rabbit Alexa 488 Conjugate

Invitrogen (Darmstadt, Germany)

goat anti rabbit cy3 Conjugate

Cell Signaling (Cell Signaling Technology
Europe)

goat anti mouse Alexa 546 Conjugate

Invitrogen (Darmstadt, Germany)

goat anti mouse Alexa 594 Conjugate

Invitrogen (Darmstadt, Germany)

goat anti rabbit biotin Conjugate

Vector Laboratorie (Burlingame, USA)
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goat anti rat biotin Conjugate

Vector Laboratorie (Burlingame, USA)

goat anti mouse HRP Conjugate

Dako (Hamburg, Germany)

goat anti rabbit HRP Conjugate

Promega (Mannheim, Germany)

3.1.7. Buffer

Table 3.3 Recipe of solution

Recipe Chemicals Amount Concentration
10x Citric buffer Citric acid 2.014¢g 10mM
Up tol Liter

10x PBS NaCl 400 g 1.37M
KCl 10g 27 mM
Na;HPO4 71g 100 mM
NaH»PO; x H,O 69¢g 100 mM
dest. H.0 Up to5 Liter
Adjust to pH 7.4

10x TBS Tris 3025¢g 500 mM
NaCl 425 ¢ 1.45M
dest. H,O Up to 5 Liter
Adjust to pH 7.4

5x DNA-Loading buffer Bromphenol blue 1 mg 0.1%
Xylene cyanol 2 mg 0.2%
Orange G 2 mg 0.2%
Sucrose 500 mg 50%
0.5 M EDTA [pH 8.0] 2 pl 1 mM
dest. H.O Up to 1 ml

5x TBE Tris 270 g 446 mM
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Borat 1375¢ 446 mM
0.5 M EDTA [pH 8.0] 100 ml 10 mM
dest. H.O Up to 5 Liter

3x SDS-PAGE Loading buffer 1 M Tris/HCI [pH 6.8] 187.5 ul 187.5 mM
20% SDS 300 pl 6%
Glycerol 300 pl 30%
B-Mercaptoethanol 150 pl 15%
3% Bromphenol blue (w/v) 10 pl 0.03%
dest. H.O Up to 1 ml

10x SDS-Tris-Glycine Running buffer|Tris 1515¢ 250 mM
Glycine 7205 g 1.92M
SDS 50g 1% (w/v)
dest. H.0O Up to 5 Liter

10x SDS-Tris-Tricine running buffer (Tris 121 g IM
Tricine 171g IM
SDS 10g 1% (w/v)
dest. H,O Up tol Liter

10x Transfer buffer Tris 30g 248 mM
Glycine 138 g 1.84 M
dest. H.O Up to 1 Liter

* for use mix 100 mL 10X Transfer buffer with 200 mL methanol and 700 mL dest. H2O

Blocking buffer Nonfatty milk 5g 10%
1x PBS Up to 50 ml
Dulbecco's Modifed Eagle Medium

DMEM media 445 ml 89%
(DMEM)(High Glucose)
Fetal bovine serum 50 ml 10%
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Antibiotic-antimycotic(100x ) Sm 1%

* Fetal bovine serum should be inactivated in 56°C water bath for 30 min.

RPMI media RPMI 1640 Medium 445 ml 89%
Fetal bovine serum 50 ml 10%
Antibiotic-antimycotic(100x ) 5ml 1%

* Fetal bovine serum should be inactivated in 56°C water bath for 30 min.

SDS-Cell lysis buffer 1 M Tris/HCI [pH 7.5] 2.5 ml 50 mM
0.5 M EDTA [pH 8.0] 200 ul 2 mM
0.5 M EGTA [pH 8.0] 200 pl 2 mM
Protease inhibitor Cocktail 1 Tablet Ix
20 uM Okadic acid 125 pl 50 mM
0.25 M NasP>0O7 1 ml 5mM
1 M NazVOq 100 pl 100 uM
1 MDTT 50 ul 1 mM
1 M NaF 2.5 ml 50 mM
20% SDS 5ml 2%
dest. H.0O Up to 50 ml

3.1.8. Mice and Cross-breeding

APP/PS1-double transgenic mice over-expressing human mutated APP (KM670/671NL)
and PS1 (L166P) under Thy-1 promoters (Radde et al., 2006) were kindly provided by M. Jucker,
Hertie Institute for Clinical Brain Research, Tiibingen, Germany; myd88-floxed mice
(B6.129P2[SJL]-Myd88tm1Defr/J; MyDS88fl/fl; Stock number: 008888) (Hou, Reizis, &
DeFranco, 2008) were imported from the Jackson Laboratory, Bar Harbor, ME, USA; and
Cx3Crl1-CreERT2 mice that express a fusion protein of Cre recombinase and an estrogen
receptor ligand binding domain under the control of endogenous cx3crl promoter/enhancer
elements (Goldmann et al., 2013) were kindly provided by M. Prinz, University of Freiburg,
Germany. APP/PS1-transgenic mice were cross-bred with MyD88fl/fl and Cx3Cr1-Cre mice to
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obtain mice with the following genotypes: APPtg or wt MyD88fl/wtCre+/- and APPtg or wt
MyD88fl/wtCre-/-. In order to minimize potential toxic effects of MyD88 deficiency, we used
heterogenous myd88-floxed mice (MyD88fl/wt) in the whole study. To induce the recombination
of myd88 gene, 6-month-old mice were injected (i.p.) with tamoxifen (Sigma-Aldrich Chemie
GmbH, Munich, Germany; 100 mg/kg) in corn oil once a day over 5 days. The phenotype of
APP/PS1-transgenic mice with or without MyD88 deletion was compared between siblings. All
animal experiments were performed in accordance with relevant national rules and authorized by

Landesamt fiir Verbraucherschutz, Saarland, Germany (permission numbers: 29/2016).

X
—| myd88 (exon 2)}—” myd88 (exon 3) H myd88 (exond) |—

|

Microglia—| myd88 (Aexon 3) b—
X

|

APP-transgenic mice with
deficiency of myd88 in microglia

Fig 3.1 APP/PS1-transgenic mice with deficiency of myd88 in microglia. APP/PSI-transgenic mice were
cross-bred with MyD88fl/fl and Cx3Crl-Cre mice to obtain mice with the following genotypes: APPtg or wt
MyD88%""'Cre* and APPtg or wt MyD88%"Cre”. (Fig from Alex Liu)

All animal experiments were approved by the regional ethical committee of the regional

council in Saarland, Germany.

3.2. Methods

3.2.1. Culture of pericytes

Human primary brain vascular pericytes (HBPC) were immortalized by infecting cells with

tsSV40T lentiviral particles (Umehara et al., 2018). The selected immortalized HBPC clone 37
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(hereafter referred to as HBPC/ci37) was used for our study. HBPC/ci37 cells were cultured at
33 °C with 5% CO2/ 95% air in pericyte medium (Catalog: # 1201; Sciencell Research
Laboratories, Carlsbad, CA, USA) containing 2% (v/v) fetal bovine serum, 1% (w/v) pericyte
growth factors, and penicillin-streptomycin. Culture flasks and plates were treated with Collagen
Coating Solution (Catalog: # 125-50; Sigma-Aldrich). HBPC/ci37 cells were used at 40 ~ 60

passages in this study.

3.2.2. Pericyte treatments

To investigate the effects of inflammatory activation on expression of LRP1, PDGFR B

and CD13, pericytes were cultured in 12-well plate at 5.0 x 105 cells/well. Before experiments,
we replaced culture medium with serum-free pericyte medium and cultured cells at 37°C for 3
days to facilitate cell differentiation (Umehara et al., 2018). Thereafter, pericytes were treated for
24 hours with recombinant human IL-1f (Catalog: # 201-LB; R&D Systems, Wiesbaden,
Germany) at 0, 5, 10 and 50 ng/ml, at 0, 5, 10 and 50 ng/ml for 24 hours, or for 8 days with and
without withdrawal of IL-1p for the last 3 days. At the end of experiments, cultured cells were
lysed in RIPA buffer supplemented with protease inhibitor cocktail. Protein levels of LRPI,
PDGFRp and CD13 were detected with quantitative Western blot as described in section 3.2.13.
For Quantitative Western blot, the following antibodies were used: rabbit monoclonal antibodies
against PDGFRp, CD13/APN, f-actin, GAPDH (clone: 28E1, D6V1IW, 13ES, and 14C10,
respectively; Cell Signaling Technology Europe), a-tubulin (clone: DM1A; Abcam).

3.2.3. Positive selection of CD11b-positive microglia in the adult mouse brain

To determine the gene expression in microglia, CD11b-positive cells were isolated from the
entire cerebrum of 9-month-old APP/PS1-transgenic mice with our established protocol (Y. Liu
et al., 2014). A single-cell suspension was prepared with Neural Tissue Dissociation Kit (papain-
based) (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) and selected with
MicroBeads-conjugated CD11b antibody (Miltenyi Biotec). Lysis buffer was immediately added
to CD11b-positive cells for isolation of total RNA with RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany).

Procedure is as follows:
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10.

1.

12.

13.
14.
15.

16.

. Prepare 1950 pl enzyme mix 1 for up to 400 mg tissue and vortex. Pre-heat the mixture at

37 °C for 10 minutes before use.

Remove the mouse brain. Determine the weight of tissue in 1 ml of cold HBSS to make
sure the 400 mg limit per digestion is not exceeded.

Place the brain on the lid of a 100 mm diameter petri dish, remove the meninges, and cut
brain into small pieces using a scalpel.

Using a 5 ml pipette, add 5 ml of HBSS (w/0) and pipette pieces back into an
appropriate-sized tube. Rinse with HBSS (w/0).

Centrifuge at 300 g for 7 minutes at room temperature and aspirate the supernatant
carefully.

Add 1950 pl of pre-heated enzyme mix 1 (Solutions 1 and 2) per up to 400 mg tissue.
Incubate in closed tubes for 15 minutes at 37 °C under slow, continuous rotation.
Prepare 30 pl enzyme mix 2 per tissue sample by adding 20 pl of Solution 3 to 10 pl of
Solution 4. Then add to samples.

Invert gently to mix. Do not vortex.

Dissociate tissue mechanically using the 17G needles by pipetting up and down 8 times
slowly. Avoid forming air bubbles.

Incubate at 37 °C for 10 minutes.

Dissociate tissue mechanically using the 22G needles. Pipette slowly up and down 5
times with each pipette, or as long as tissue pieces are still observable. Be careful to avoid
the formation of air bubbles.

Incubate at 37 °C for 10 minutes.

Apply the cell suspension to a 70um cell strainer, placed on a 50 ml tube.

Discard cell strainer and centrifuge cell suspension at 300 g for 10 minutes at room
temperature. Aspirate supernatant completely.

Suspend cells with buffer to the required volume for further applications.

After pelleting cells by centrifugation, 80ul of blocking buffer containing 25ug/ml rat anti-

mouse CD16/CD32 antibody (2.4G2, BD), 10% FBS was added to prevent non-specific binding.
Thirty minutes after blocking at 4 °C, 20l MicroBeads-conjugated CD11b antibody (Miltenyi
Biotec GmbH) was directly added to the cells. After 1 more hour of incubation at 4°C, cells were

washed with buffer and loaded onto MACS LS Column (Miltenyi Biotec GmbH) to separate
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CDl11b-positive and negative cells. Lysis buffer was immediately added to both the CD11b-
positive and the CD11b-negative cells for isolation of total RNA using RNeasy Plus Mini Kit
(Qiagen GmbH).

3.2.4. Morris water maze test

The Morris water maze test, consisting of a 6-day training phase and a 1-day probe trial,
was used to assess the cognitive function of APP/PS1-transgenic mice and their wild-type
littermates, as previously described (Qin et al., 2016; Schnoder et al., 2020). During training
phase, water was made opaque with nontoxic white paint to prevent animals from seeing the
platform. The circular platform was hidden 1 cm beneath water surface at a fixed position. Mice
were trained to find the hidden escape platform. There were four trials per training day, with a
trial interval of 15 min. Mice were placed into the pool facing the sides at one of four starting
locations. Latency time, path length, and velocity were recorded with Ethovision video tracking
equipment and software (Noldus Infor-mation Technology, Wageningen, the Netherlands). After
6 training days, there was 1 day of rest, followed by a probe trial on the 8th day. During the
probe trial, the platform was removed and the swimming path was recorded during 5 min. Time
spent in each quadrant as well as path length, velocity, latency of first entrance and frequency of

entries in the target quadrant, and the location of original platform were measured.

insertion point N

insertion point insertion point
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o
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Fig 3.2 Morris water maze test. For Morris water maze test, a hidden platform (10cm diameter) was located
lcm below water level in a water bath (150cm diameter, 60cm depth). Four visual landmarks were placed on
the walls of the water bath so that the mice can position themselves during the testing days (insertion points N
S W E, example of landmark: yellow star). These cues allow the experimenter to virtually divide the water
bath into four quadrants for further analysis of the results. The quadrant containing the platform was named ql,
while the three other quadrants were named oq (other quadrants). (De Castell, S., Jenson, J., & Larios, H.
(2015). Gaming Experience and Spatial Learning in a Virtual Morris Water Maze. Journal For Virtual Worlds
Research, 8(1)).

3.2.5. Tissue collection

Animals were euthanized at 6 or 9 months of age by inhalation of isofluorane (Abbott,
Wiesbaden, Germany). Whole blood was collected via intracardial puncture and kept in EDTA-
containing Eppendorf tubes. Mice were then rapidly perfused transcardially with ice-cold PBS
and the brain removed and divided. The left hemi-brain was immediately fixed in 4%
paraformaldehyde (PFA, Sigma) for immunohistochemistry. A 0.5mm thick piece of tissue was
sagittally cut from the right hemi-brain. The cortex and hippocampus were carefully separated
and homogenized in Trizol (Life Technologies) for RNA isolation. The remainder of the right
hemi-brain was snap frozen in liquid nitrogen for biochemical analysis (Fig 3.3) (Hao et al., 2011;

Liu et al., 2012; Xie et al., 2013).
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Modified from J Newrosci 2001, 21(14):5080-109

Fig 3.3 Schematic figure of brain sample sections preparation. The brain was divided into 4 parts. The left

hemi-brain was immediately fixed in 4% PFA and stored at 4 °C for immunohistochemistry process. A 0.5
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mm-thick piece of cerebral tissue was sagittally cut from the right hemi-brain, homogenized in TRIzol for
RNA isolation. The rest of right hemi-cerebral was snap frozen in liquid nitrogen for biochemical analysis. The

remained part was frozen is liquid nitrogen as well(Picture from: Shirong Liu).

3.2.6. Isolation blood vessels of mice brain

Animals were euthanized at 9 months of age by inhalation of isofluorane. Mice were then
perfused with ice-cold PBS, and the brain was removed and divided. The left hemisphere was
immediately fixed in 4% paraformaldehyde (Sigma-Aldrich Chemie GmbH) in PBS and
embedded in paraffin for immunohistochemistry. For one part of mice, A 0.5-um-thick sagittal
piece of tissue was cut from the right hemisphere. The cortex and hippocampus were carefully
separated and homogenized in TRIzol (Thermo Fisher Scientific, Darmstadt, Germany) for RNA
isolation. The remainder of the right hemisphere was snap-frozen in liquid nitrogen and stored at

-80°C until biochemical analysis.

For the other part of mice, the cortex and hippocampus from right hemisphere were
carefully dissected and brain vessel fragments were isolated according to the published protocol
(Boulay, Saubamea, Decleves, & Cohen-Salmon, 2015). Briefly, brain tissues were homogenized
in HEPES-contained Hanks' balanced salt solution (HBSS) and centrifuged at 4,400 g in
HEPES-HBSS buffer supplemented with dextran from Leuconostoc spp. (molecular weight
70,000; Sigma-Aldrich Chemie GmbH) to delete myelin. The vessel pellet was re- suspended in
HEPES-HBSS buffer supplemented with 1% bovine serum albumin (Sigma- Aldrich Chemie
GmbH) and filtered with 20um-mesh. The blood vessel fragments were collected on the top of

filter and stored at -80°C for biochemical analysis.

Procedure is as follows:
1. Prepare isolation vessel solutions: B1, add 1.5 ml of HEPES 1M to 150 ml of HBSS;
B2, add 3.6 g of Dextran 7000 to 20 ml of B1; B3, add 1 g of BSA to 100 ml of BI.

2. Modify the filter holder by cutting the bottom off the upper screwing part.

3. Prepare immunostaining solutions: Fixation solution, 4% Paraformaldehyde in
PBS (pH 7.4) ; Permeabilization/blocking solution, dilute goat serum to 5% and
Triton X100 to 0.25% in PBS (pH 7.4).
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. Prepare a 50 ml beaker with 20 ml of B1 solution. Keep on ice and cover with

parafilm to avoid air contamination.

. Deeply anesthetize the mouse under a hood with a small paper towel soaked in 1 ml
of pure Isoflurane that is added into the cage. Anesthesia is verified by a lack of

reaction to a toe pinch. Kill the mouse by cervical dislocation.

. Section the skin with a scalpel from the neck to the nose and pull it away. Remove

all contaminating hairs with 1x PBS buffer.

. To open the skull, first insert scissors anteriorly to the olfactory bulb, and open the

scissors to rupture the skull in two parts.

. Carefully remove the brain using a brain spatula. Dissect out the choroid plexus

from the lateral ventricles as they would contaminate the blood vessel preparation.

. Transfer the brain into the beaker containing B1 solution on ice. Up to 8§ brains can

be treated together.

10. Using two scalpels, manually and vigorously beat the brain in the B1 solution

subsequently obtaining small pieces of about 2 mm.

11. Homogenize the preparation with an automatized Dounce homogenizer,

performing 20 strokes at 400 rpm. Ensure that the glass tube is maintained in ice
and that the upper part of the douncer is in solution when moving up and down, so
as to prevent the formation of air pockets. If several samples are prepared, wash the

douncer with ionized water between each homogenization.

12. Transfer the homogenate into a 50 ml plastic tube and proceed to the

centrifugation at 2,000 g for 10 min at 4 °C. A large white interface (mostly myelin)

will form on the top of the vessel pellet (red if no perfusion was performed) .

13. Discard the supernatant. The vessel pellet and the white interface will remain

attached together. Add 20 ml of ice-cold B2 solution and shake the tube manually

and vigorously for 1 min.
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14. Proceed to the second centrifugation at 4,400 g for 15 min at 4 °C. The myelin

will now form a dense white layer at the surface of the supernatant.

15. Carefully detach the myelin layer from the tube walls by holding the tube and
slowly rotating it to allow the supernatant to pass along the walls. Discard myelin
with the supernatant. The pellet containing the vessels remains attached at the

bottom of the tube.

16. Blot the inside wall of the tube with an absorbent paper wrapped around a 5 ml
plastic pipette and remove all residual fluids, avoid touching the vessel pellet. Keep

the tube upside-down on an absorbent paper to drain any remaining liquid.

17. Suspend the pellet in 1 ml of ice-cold B3 solution by pipetting up and down with
low-binding tips , keeping the tube on ice, then add another 5 ml of B3 solution.
Make sure that vessels are dispersed as much as possible and do not form

aggregates.

18. Prepare a beaker on ice with 30 ml of ice-cold B3 solution. Cover with parafilm to

avoid air contamination.

19. Place a 20 um-mesh filter on a modified filter holder on the top of a becker flask
and equilibrate by applying 10 ml of ice-cold B3 solution.

20. Pour the vessel preparation on the filter and rinse the vessels with 40 ml of ice-

cold B3 solution.

21. Recover the filter using clean forceps and immediately immerse it in the beaker

containing the B3 solution. Detach the vessels from the filter by shaking it gently.

22. Pour the beaker content in a 50 ml plastic tube and centrifuge at 2,000 g for 10

min at 4 °C.

23. Add 1 ml B3 solution into the 50 ml plastic tube and transfer to a 1.5ml tube,
2,000 g for 5 min at 4 °C.
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24. Add 50ul RIPA solution into the blood vessel sediment , Use the Ultrasonic
cracker treat for 1 min. Protein levels of ABCB1,LRP1, PDGFRf, CD13 and

others antibody were detected with quantitative Western blot as described in section

3.2.13.

[ Dissection of the brain J

1
Hemogenization in B1
{400 rpm, 20 strokes)
Centrifugation (2000 g,
10 min, 4°C)
( Resuspension of the ]

pellet in B2
——
Centrifugation (4400 g.J

15 min, 4°C)

sion of the nsion of the

retained fraction in B3 retained fraction in B3

Resuspension of the
retained fraction in B3

Fig3.4 Summary Scheme of the Brain Vessel Purification Protocol. The principal steps are presented. This

sketch indicates the three possible vessel fractions that can be obtained depending on the filters used (20 or 100

pm-mesh). S1: microvessels and large vessels, S2: large vessels and S3: microvessels.( Boulay, A.C.,
Saubaméa, B., Decleves, X., Cohen-Salmon, M. Purification of Mouse Brain Vessels. J. Vis. Exp. (105),
€53208,doi:10.3791/53208 (2015). )
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3.2.7. Quantify vasculature of mice brain

To quantify vasculature in the brain, our established protocol was used (Decker et al., 2018).
Four serial paraffin-embedded sections per mouse with 300um of distance in between were
deparaffinized, heated at 80°C in citrate buffer (10mM, pH = 6) for 1 hour and digested with
Digest-All 3 (Pepsin) (Thermo Fisher Scientific) for 20 minutes. Thereafter, brain sections were
stained with rabbit anti-collagen IV polyclonal antibody (Catalog: # ab6586; Abcam, Cambridge,
UK) and Alexa488-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific). After being
mounted, the whole hippocampus was imaged with Microlucida (MBF Bioscience). The length,
branching points and density of collagen type IV staining-positive blood vessels were analyzed

with a free software, AngioTool (http://angiotool.nci.nih.gov) (Zudaire, Gambardella, Kurcz, &

Vermeren, 2011). The mean diameter of blood vessels was calculated by dividing total area of
blood vessels with the total length of vessels. The parameters of analysis for all compared

samples were kept constant. The length and branching points were adjusted with area of interest.
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Fig 3.5 AngioTool’s GUI and analysis flow. (A) AngioTool GUI for analysis of angiogenesis networks. A
detailed quick analysis guide can be accessed through the help button. (B) Representation of the logical
analysis flow performed by AngioTool which is based on identification of vessels using multiscale Hessian

analysis and skeletonization. The analysis process is mostly automated (yellow boxes) with minimal user
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intervention required to select the test image and during the visual identification of vessels (green
squares).(Zudaire E, Gambardella L, Kurcz C, Vermeren S. A computational tool for quantitative analysis of

vascular networks. PLoS One. 2011;6(11):e27385. doi: 10.1371/journal.pone.0027385.)

3.2.8. Immunohistochemistry for AB staining

In order to evaluate AP load, the sections throughout the entire hippocampus were
randomly selected according to the random sampling method described in the last section.
Volumes of AP, congo red staining and brain tissues (hippocampus and cortex) were estimated
with the Cavalieri probe (Gundersen and Jensen, 1987) with 20um of a grid size, which provided
CE estimates <0.04. The AP load was demonstrated as the ratio of AP volume to relevant brain
tissue volume. Detailed procedures are as follows:

1. The slides were serially deparaffinized in the solutions (2 x 5 min Xylene, 2 X 5 min
100% ethanol, 5 min 96% ethanol, 5 min 70% ethanol, and 5 min 50% ethanol).

2. Antigen retrieval by cooking the sections in HCI solution (2 mM) in a microwave
oven, 560 watts, 3 min x 5 times. Refill with solution between each cooking. Cool
down with distill water after cook and incubate in formic acid for 1 min.

3. Wash slides with TBS, 5 min % 2 times and then with TBS-T, 5 min, once.

4. Block with blocking buffer (0.2% casein + 0.1% Tween 20 +0.01% Triton X-100 in
PBS), RT, 1h.

5. st Antibody reaction: with 1:50 dilution of the mouse monoclonal anti-human Af
antibody (clone 6F/3D, Dako, Hamburg, Germany) in dilution buffer (0.02% casein +
0.01% Tween 20 +0.01% Triton X-100 in PBS), incubate at 4 °C, overnight.

6. Wash as step 3.

7. 2nd Antibody reaction: with the 1:200 diluted HRP-conjugated goat anti-mouse IgG
(Dako) in dilution buffer, RT, 1h.

8. Wash as step 3.

9. Develop with DAB, 120 sec, and then wash with dH-O, 3 times.

10. Dehydration: serially treat the slides in the following solutions: water, 3 min, 50%
ethanol, 3 min 70% ethanol, 3 min 96% ecthanol, 2 x 3 min 100% ethanol, 2 x 5

min Xylene.
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11. Mount the slides with Entellan® Neu (Merck), and then cover the tissue with cover
glass.

All images were acquired by Zeiss Axiolmager.Z2 microscope (Carl Zeiss, Gottingen,
Germany) equipped with a Stereo Investigator system (MicroBrightField, Williston, USA). The
stereological technique was used to count the number of microglia. Briefly, after systematic
random sampling of every 10" section throughout the entire hippocampus and cortex dorsal to
the hippocampus, the Optical Fractionator as the stereological probe was used to quantify Iba-1-
labelled cells with 120 x120x 18 um of a disector and 400 x400 um of a sampling grid. The
estimated coefficient of error (CE) was less than 0.08. Tissue thickness was measured at each
disector location, using a focus drive with £0.1um accuracy. In each disector, only Iba-1 positive

cells with clear haematoxylin nucleus staining were counted.

The proliferating microglia, which appeared with typical brown microglial processes and
dark blue nuclei, were counted in the total hippocampus area in the randomly selected sections as
described above. Data were reported as the number of antibody-labeling cells divided by the full
area (mm?) of interest. All immunohistochemical analyses were performed by an experimenter

blinded to the genotype of mice.

To demonstrate the AP deposits in the blood vessel, we cooked Congo red-stained sections
in citrate buffer and then treated them with pepsin (Life Technologies) for the antigen retrieval.
After being blocked in goat serum, the sections were incubated with a rabbit polyclonal against
collagen type IV (Cat. ab6586, Abcam) as the first antibody and Alexa488-conjugated goat anti-
rabbit IgG as the second antibody.

To analyze the distribution of AP plaque size, we acquired images of hippocampus after
Congo red staining with a 10 x objective (Carl Zeiss) using the Virtual Tissue Module
(MicroBrightField). The hippocampus was delineated and the area of individual plaques was

determined after performing histogram-based segmentation with Image-Pro Plus 6.0 software

(Media Cybernetics, Silver Spring, MD, USA).
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3.2.9. Immunofluorescent staining

3.2.9.1. Methoxy-X04 Staining for AR deposition

To evaluate the cerebral AP deposition, four serial brain sections from each animal were
labeled with methoxy-X04 (Tocris Bioscience, Wiesbaden-Nordenstadt, Germany) after

deparaffinization.

Detailed procedures are as follows:

1. The slides were serially deparaffinized in the solutions (2 x 5 min Xylene, 2 X 5 min
100% ethanol, 5 min 96% ethanol, 5 min 70% ethanol, and 5 min 50% ethanol).

2. Rehydrate the sections by incubating for 30 s in distilled water .

3. Antigen retrieval by cooking the sections in 1x citrate buffer (10 mM, pH 6.0) in a
microwave oven, 560 watts, 3 min x 5 times. Refill with buffer between each cooking.
Cool down slowly by leaving on the bench for >30 min after cook.

4. Diluted methoxy-X04 to 1:1000 with DMSO, Incubated the slides for 20 min in the
methoxy-X04 solution .

5. Washed 3 x 5 times by PBST buffer .

6. Mount with Mowiol.

The whole cortex and hippocampus were imaged with Microlucida (MBF Bioscience) and
merged.  Fluorescence-labeled arecas were measured using Image J software

(https://imagej.nih.gov/ij/) with fixed thresholds for all compared animals. The percentage of A}

coverage in the brain was calculated.

3.2.9.2. Iba-1 Staining

In order to evaluate neuroinflammatory activation, 4% PFA-fixed left hemispheres were
embedded in paraffin and serial 40 um thick sagittal sections were cut and mounted on glass
slides. Immunohistochemical staining with the primary antibody, rabbit anti-Iba-1 (1:500, Wako
Chemicals, Neuss, Germany), was performed on these sections (Liu et al., 2013). Detailed
procedures are as follows:

1. The slides were serially deparaffinized in the solutions (2 x 5 min Xylene, 2 x 5 min

100% ethanol, 5 min 96% ethanol, 5 min 70% ethanol, and 5 min 50% ethanol).
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2. Antigen retrieval by cooking the sections in 1x citrate buffer (10 mM, pH 6.0) in a
microwave oven, 560 watts, 3 min x 5 times. Refill with buffer between each cooking.
Cool down slowly by leaving on the bench for >30 min after cook.

3. The endogenous peroxidase of the tissue was inactivated via incubating the slides in
the mixture of H>O, /Methanol/dH,O buffer, RT, 30min.

4. Wash slides with TBS, 5 min x 2 times and then with TBS-T, 5 min, once.

5. Block with blocking buffer (0.2% Casein (w/v) + 0.1% Tween 20 + 0.1% Triton X-
100 in PBS), RT, 1h.

6. 1% Antibody reaction: with 1:500 dilution of the polyclonal rabbit-anti mouse-Iba-1
(Wako) in dilution buffer (0.02% Casein (w/v) + 0.01% Tween 20 + 0.01% Triton X-
100 in PBS), incubate at 4 °C, overnight.

7. Wash as step 4.

8. 2™ Antibody reaction: with the 1:500 diluted HRP labeled Alexa488-conjugated anti-
rabbit IgG (Thermo Fisher Scientific) in dilution buffer, RT, 1h.

9. Wash as step 4.

10. Mount with Mowiol.

To detect the deposition of AP at blood vessels, brain sections were co-stained with human
AP antibody (clone D12B2) and biotin-labeled Griffonia Simplicifolia Lectin I isolectin B4
(Catalog: B-1205; Vector Laboratories, Burlingame, CA, USA), and Alexa488-conjugated anti-
rabbit IgG and Cy3-conjugated streptavidin, respectively (Thermo Fisher Scientific).

The relationship between microglia and AP deposits was investigated as we did in a
previous study (Hao et al., 2011). Serial brain sections were stained with Iba-1 antibody (Wako
Chemicals) and Alexa546-conjugated anti-rabbit IgG (Thermo Fisher Scientific), and then co-
stained with methoxy-X04 (Bio-Techne GmbH). Under Zeiss microscopy with 40x objective,
AP deposits were imaged with green fluorescence filter. Thereafter, Z-stack serial scanning from
-10 to +10 pm was performed under both green and orange fluorescence filters. From each
section, more than 10 randomly chosen areas were analyzed. The total number (> 200) of Iba- 1-
positive cells co-localizing with AP deposits were counted. The area of Ap was measured with

Image J and used for the adjudgment of microglial cell number.
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3.2.10. Brain homogenates

The brain was homogenized as previously described (Liu et al., 2012). Briefly, frozen
hemispheres were bounce-homogenized in the TBS containing protease inhibitor cocktail (Roche
Applied Science, Mannheim, Germany) and centrifuged at 16,000xg for 30 minutes at 4°C. The
supernatant (TBS-soluble fraction) was collected and stored at -80°C. The pellets were re-
suspended in the TBS plus 1% Triton-X (TBS-T), sonicated for 5 minutes in 4°C water bath and
centrifuged at 16,000xg for another 30 minutes at 4°C. The supernatant was collected and stored
at -80°C as the TBS-T-soluble fraction. The pellets were extracted for a third time using an ice-
cold guanidine buffer (5M guanidine-HCI/SOmM Tris, pH 8.0, herein referred to as guanidine-
soluble fraction). The protein concentration of all samples was measured using Bio-Rad Protein
Assay (Bio-Rad Laboratories GmbH, Munich, Germany), with results normalized based on the

sample’s protein concentration.

3.2.11. Bio-Rad Protein Assay

Protein concentration Bio-Rad Assay was completed with Protein Assay Reagent (Bio-Rad),
based on the Bradford dye-binding procedure (Bradford, 1976), a simple colorimetric assay for
measuring total protein concentration. Protein concentrations between 200 pg/ml and 1,400
pg/ml (20-140 pg totals) can be assayed in a microplate format. Briefly, in high-concentration
assay, 10 ul sample or serial diluted standards were loaded on a 96-well format microplate, and
then 200 pl 1x assay reagent was added to each well. Absorption at 595 nm was read with a

Micro-plate reader and protein concentration was determined according to a standard curve.
3.2.12. Western blot analysis

Frozen mouse brains were homogenized on ice in 5% radioimmunoprecipitation assay buffer
(RIPA buffer; 50mM Tris [pH 8.0], 150mM NaCl, 0.1% SDS, 0.5% sodiumdeoxy- cholate, 1%
NP-40, and 5SmM EDTA) supplemented with protease inhibitor cocktail (Sigma- Aldrich Chemie
GmbH), followed by centrifugation at 16,000 x g for 30 minutes at 4 °C to collect the
supernatants. Isolated blood vessels were directly lysed in 2 x SDS-PAGE sample loading buffer
containing 4% SDS and sonicated before loading. The protein levels of synaptic proteins:

Muncl8-1 protein mammalian homolog (Muncl8-1), synaptosome-associated protein 25
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(SNAP-25), postsynaptic density protein 95 (PSD-95) and synaptophysin were detected with
rabbit polyclonal antibodies (Catalog numbers: 13414, 3926 and 2507, respectively; Cell
Signaling Technology) and mouse monoclonal antibody (clone SY38; Abcam). In the same
sample, B-actin was detected as a loading control using rabbit monoclonal antibody (clone: 13ES5;
Cell Signaling Technology). For the detection of proteins in cerebral capillaries, rabbit Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis monoclonal antibodies against platelet-
derived growth factor receptor f (PDGFRf), CD13/APN, ABCBI and vinculin (clone: 28EI,
D6VIW, E1Y7S and E1E9V respectively; Cell Signaling Technology) and rabbit polyclonal
antibodies against LRP1 and a-tubulin (Catalog numbers: 64099 and 2144, respectively; Cell
Signaling Technology), tight junction protein 1 (TJP1; Catalog numbers: NBP1-85047; Novus
Biologicals, Wiesbaden-Nordenstadt, Germany), Claudin-5 (Thermo Fisher Scientific) and
aquaporin 4 (AQP4; Proteintech Europe, Manchester, United Kingdom) were used. Western
blots were visualized via the ECL method (PerkinElmer LAS GmbH, Rodgau, Germany).
Densitometric analysis of bands was performed with Image J software. For each sample, the

protein level was calculated as a ratio of target protein/B-actin, a-tubulin or vinculin.

For detection of AP oligomers, the proteins in the brain homogenate or in the isolated blood
vessels were separated by 10 - 20% pre-casted Tris-Tricine gels (Anamed Elektrophorese GmbH,
GroB-Bieberau/Rodau, Germany). For Western blot, anti-human AB mouse monoclonal antibody
(clone WO0-2; Merck Chemicals GmbH, Darmstadt, Germany), anti-B-actin or anti-a- tubulin

antibodies (Cell Signaling Technology) were used.

For detection of PDGFRP and CD13 in cerebral blood vessels, isolated blood vessels were
lysed in RIPA buffer (50mM Tris [pH 8.0], 150mM NaCl, 0.1% SDS, 0.5% sodiumdeoxy-
cholate, 1% NP-40, and SmM EDTA) supplemented with protease inhibitor cocktail (Roche
Applied Science, Mannheim, Germany) on ice. The tissue lysate was sonicated before being
loaded onto 10% SDS-PAGE. For Western blot detection, rabbit monoclonal antibodies against
PDGFRp and CD13/APN (clone: 28E1 and D6V1W, respectively; Cell Signaling Technology
Europe) were used. In the same sample, B-actin was detected as a loading control using rabbit
monoclonal antibody (clone: 13ES5; Cell Signaling Technology Europe). Western blots were
visualized via the ECL method (PerkinElmer LAS GmbH, Rodgau, Germany). Densitometric
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analysis of band densities was performed with ImageJ software (https://imagej.nih.gov/ij/). For

each sample, the protein level was calculated as a ratio of target protein/B-actin.

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) technique
separates proteins according to their mobility difference in an electric field. Protein samples
treated with SDS show an identical charge per unit mass and migrate in SDS gels only according
to their molecular masses. The SDS-PAGE system used in this study is the Mini-PROTEAN® 3
Cell electrophoresis system (Bio-Rad). One gel is composed of a lower separating gel and an
upper stacking gel. The stacking gel is 5%, while the percentage of the separating gel varies from
8% to 15%. Low percentage gels are used for large proteins, while small proteins are separated
in high percentage gels. In this study, 10% separating gel was used. The gel and the electrodes
were assembled in the SDS-PAGE chamber. The samples were diluted 1:2 in 3 x SDS-PAGE
Sample loading buffer and heated at 95°C for Smin. Then, 20 pl sample per well was loaded to
10% Acrylamide gel for electrophoresis running at 120 V until the Bromophenol blue front runs
out of the gel. Proteins on the gel were transferred to membranes of nitrocellulose (NC) or

polyvinylidene fluoride (PVDF) and detected by immunoblotting.

3.2.13. Protein detection using immunoblotting

Proteins separated by SDS-PAGE were further transferred to NC or PVDF membranes.

PVDF membranes must be activated prior to the transfer by short incubation in 100 % methanol.

In this work, the membrane and sponges were immersed in transfer buffer before the transfer and
the transfer buffer was cooled at 4 °C. In the transfer, the gel and membrane were sandwiched
between sponge and paper (sponge/paper/gel/membrane/paper/sponge) and all are clamped
tightly together after ensuring no air bubbles have formed between the gel and membrane. The
transfer chamber was completely filled with transfer buffer and completed the transfer at 250 mA
for 65 min. Subsequently, the sandwich was unpacked and the SDS gel discarded. The
membrane with the immobilized protein was 10% skim milk powder (w/v) in PBS for 1 h at RT
or 4 ° C overnight in order to saturate unspecific binding sites. Then, the membrane was washed
twice for 5 minutes each with PBS. The primary antibody was diluted in PBS with 1% skimmed
milk powder (w/v) at the concentration indicated below, and incubated with the membrane at 4

°C overnight. The membrane was washed 3x10 min in TBS + 0.05% Tween 20 to remove
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residual primary antibody. The membrane was then incubated with the appropriate secondary
antibody at the concentration indicated below. The secondary antibody was diluted in PBS +1%
skim milk powder (w/v) and the incubation period was 1 hours. Therefore, the membrane was
washed 3%10 min with TBS + 0.05% Tween 20. Lightning ECL substrate (Perkin Elmer) was
developed. According to the manufacturer charges substrate solution A and B substrate solution
were mixed in a 1:1 ratio and evenly distributed on the membrane. After 2 minutes, the substrate
mixture was removed and the chemiluminescence detected using Amersham Hyperfilm ECL
(GE Healthcare) in a darkroom. Kodak GBX developer and fixer were used to make signals

visible.

The western blot films were scanned with the Epson Perfection V700 Photo Scanner.
Densitometric analyzes were performed with the image processing program Image J (NIH,

Version 1.43).

3.2.14. Purification of membrane components and B- and y-secretase activity assays

Membrane components were purified from 6-month-old APP-transgenic and non-transgenic
littermate mouse brains with established methods (Burg et al., 2013; Hao et al., 2011; Xie et al.,
2013). Briefly, brain tissue was homogenized in sucrose buffer (10mM Tris/HCI, pH=7.4, ImM
EDTA, 200mM sucrose). Cell nuclei were removed by centrifugation at 1,000xg and 4°C for 10
minutes. The supernatant was transferred to a new tube and centrifuged again at 10,000xg and
4°C for 10 minutes. The resulting supernatant was centrifuged at 187,000 x g and 4°C for 75
minutes in an Optima MAX Ultracentrifuge (Beckman Coulter, Krefeld, Germany). The
supernatant was discarded and the pellet containing the crude membrane fraction was stored at -
80°C until use. B- and y-secretase activities were measured by incubating the crude membrane
fraction at 0.lmg/ml for B-secretase and 1mg/ml for y-secretase with 8uM secretase-specific
FRET substrates. At 37°C, in the B-secretase buffer (0.1M sodium acetate, pH=4.5) and -
secretase buffer (50mM Tris/HCI, pH=6.8, 2mM EDTA), both secretases cleaved the fluorogenic
substrates resulting in continuous accumulation of fluorescence signals which were measured by
Synergy Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek, Winooski, USA).

For both secretase assays, dynamic reading of fluorescence intensity in each well was performed
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for 73 cycles with intervals of 5 minutes. Fluorescence intensity of the first cycle was considered

to be background and subtracted for each well. Data were presented as an activity-time curve.

3.2.15. Reverse transcription and quantitative PCR for analysis of gene transcripts

Real-time PCR is a quantitative PCR method for the determination of cope number of PCR
templates such as DNA or complementary DNA (cDNA) in a PCR reaction. There are two types
of real-time PCR: intercalator-based and probe-based. Both methods require a special
thermocycler equipped with a sensitive camera that monitors the fluorescence in each well of the
96-well plate at frequent intervals during the PCR Reaction. Intercalator-based method (also
known as SYBR Green method) requires a double-stranded DNA dye in the PCR reaction which
binds to newly synthesized double-stranded DNA and gives fluorescence. Probe-based real-time
PCR (also known as TagMan PCR) requires a pair of PCR primers (as regular PCR does) an
additional fluorogenic probe which is an oligonucleotide of 20-26 nucleotides with both a
reporter fluorescent dye and a quencher dye attached. The probe is designed to bind only the
DNA sequence between the two specific PCR primers. Only a specific PCR product can generate
a fluorescent signal in TagMan PCR. Therefore, the TagMan method is more accurate and more
reliable than SYBR green method.

In our study, real-time PCR was performed using SYBR green (Roche Applied Science) or
Tagman® probes (Life Technologies) with the 7500 Fast Real-Time PCR System (Life
Technologies). Tagman® gene expression assays from Life Technologies were used to measure
transcripts of the following genes: Tagman gene expression assays of mouse tumor necrosis
factor (tnf-a), interleukin-1p (il-1f), inducible nitric oxide synthase (inos), chemokine (C-C
motif) ligand 2 (ccl-2), il-10, chitinase-like 3 (chi3[3), mannose receptor C type 1 (mrcl), insulin
growth factor (igf)-1 , triggering receptor expressed on myeloid cells 2 (trem2), apoe, CX3C
chemokine receptor 1 (cx3crl), purinergic receptor P2Y12 (p2ryl2), C-type lectin domain
family 7 member A (clec7a), lipoproteinlipase (Ip/), transforming growth factor B receptor 1
(tgfbrl), integrin a X (itgax) and glyceraldehyde 3-phosphate dehydrogenase (gapdh) (Thermo
Fisher Scientific). The transcription of osteopontin (opn), vascular endothelial growth factor
(vegf) and peptidyl-prolyl cis-trans isomerase A (ppia) genes in CD11b-positive cells.The primer
sequences for detecting transcripts of those genes were the same as used in our earlier study (Liu

et al., 2006; Liu et al., 2014).
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3.2.15.1. Brain total RNA isolation with Trizol

Homogenization: The 0.5 mm-thick piece of tissue sagittally cut from the right hemi-brain

(see above tissue preparation section 3.2.6) was homogenized in 1 ml Trizol (Invitrogen).

1.

Phase separation: Incubate the homogenized samples for 5 min at room temperature to
permit complete dissociation of nucleoprotein complexes. Then add 0.2 ml of chloroform
and shake vigorously by hand for 15 sec, and then incubate at room temperature for 3
min. Centrifuge the samples at 12,000 x g for 15 min at 4 °C. The sample mixture was
separated into a lower red, phenol-chloroform phase, an interphase and a colorless upper

aqueous phase. RNA remains in the aqueous phase.

2. RNA precipitation: Transfer the colourless aqueous phase to a fresh tube; precipitate the
RNA from the aqueous phase by mixing with 0.5 ml isopropyl alcohol. Incubate at room
temperature for 10 min and then centrifuge at 12,000 x g for 10 min at 4 °C. The
precipitated RNA is the gel-like pellet on the bottom side of the tube.

3. RNA wash: remove the supernatant and wash the RNA once with 1 ml 75% ethanol. Mix
by vortexing and centrifuge at 7,600 x g for 5 min at 4 °C.

4. Redissolve the RNA: briefly dry the RNA pellet, incubating for 10 min at RT and then
dissolve it in appropriate volume of RNase-free water.

3.2.15.2. Genome DNA degradation prior to RT-PCR
Components Volume/10pl reaction
RNA sample in water 8 ul

RQ1 RNase-Free DNase 10 x Reaction buffer 1 ul
RQ1 RNase-Free DNase 1 U/ pg RNA

Nuclease-free water To a final volume of 10 ul

58



MATERIALS AND METHODS

To erase trace genomic DNA contamination in the RNA sample, RQ1 (RNA Qualified)
RNase-Free DNase (Promega), which is a DNase | that degrades both double-stranded and

single-stranded DNA endonucleolytically, was used. The reaction was set up as following:

Incubate at 37 °C for 30 min, and then add 1 ul of RQ1 DNase Stop solution to terminate

the reaction. The DNase was then inactivated by incubating at 65 °C for 10 min.

3.2.15.3. First strand cDNA synthesis

First-strand cDNA was synthesized by priming total RNA with hexamer random primers
(Invitrogen) and using Superscript II reverse transcriptase (Invitrogen), which is an engineered
version of Moloney Murine Leukemia Virus RT with reduced RNase H activity and increased

thermal stability. This enzyme can be used to generate cDNA up to 12.3kb. The reaction is:

Components Volume/20pl reaction
Total RNA 3 ug

Rndom primer (250 ng/pl) 1 ul

dNTP mix (10 mM each) 1l

Nuclease-free water To a final volume of 12 ul

Heat the mixture to 70 °C for 5 min and quick chill on ice for 2min. And then add:
5% First-strand buffer 4 ul

0.1 M DTT 2 ul

Mix contents gently. Incubate at 25 °C for 2 min.

Add 1 pl (200 units) Superscript™ II and mix gently.

Incubate at 25 °C for 10 min and 45 °C for 50 min.

Inactivate the reaction by heating at 70 °C for 15min. The cDNA can be ready for use.
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3.2.15.4. Real-time quantitative PCR

For quantification of tnf-a, il-1f, mrcl, argl, chi3l3, (igf)-1 , trem2, apoe, cx3crl, p2ryl2,
clec7a, Ipl, tgfbrl, itgax , gapdh, opn, vascular endothelial growth factor (vegf) and peptidyl-
prolyl cis-trans isomerase A (ppia)transcription level, real-time quantitative PCR with the
Tagman® gene expression assays o was performed using the 7500 Fast real-time PCR system

(Applied Biosystems) with a DyNAmo™Flash Probe qPCR kit (Roche Applied Science).

Reaction setup for Tagman probe:

Components Volume Concentration
2x DyNAmo™ Flash Probe Master Mix 10 pl 1%
Primer Mix (10 uM) I ul 0.5 uM
50x ROX reference dye 0.06 pl 0.3%
cDNA 1 ul max. 150 ng
ddH20 Up to 20 pl

Select FAM-labeled detectors and set up reaction system cycling to run:

step purpose temp time cycles
1 Initial denaturation 95 °C 10 min 1
Denaturation 95 °C 10s
2 45
Annealing+extension 60 °C 30s

The amount of double-stranded PCR product synthesized in each cycle was measured by
detecting the free FAM dye cleaved from the Tagman® probes. Threshold cycle (Ct) values for
each test gene from the replicate PCRs was normalized to the Ct values for the 18s RNA control
from the same cDNA preparations. The ratio of transcription of each gene was calculated as 24V,

where ACt is the difference Ct (gapdh) — Ct (test gene).
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3.2.16. Statistical analysis

Data shown in the Figures are presented as mean + SD (for in vitro data) or mean + SEM
(for in vivo data). For multiple comparisons, one-way or two-way ANOVA followed by
Bonferroni’s, Tukey’s Honestly Significant Difference or Tamhane’s T2 post hoc test (dependent
on the result of Levene’s test to determine the equality of variances) was applied. Two-
independent-samples t-test was used to compare means for two groups of cases. All statistical
analysis was performed on GraphPad Prism 8§ version 8.0.2. for Windows (GraphPad Software,

San Diego, CA, USA). Statistical significance was set at p<0.05.
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4. RESULTS

4.1.Establishment of APP/PS1-transgenic mice with haploinsufficiency of MyD88
in microglia

To investigate effects of microglial MyD88 on AD pathogenesis, we mated APP/PSI-
transgenic mice with MyD88fl/fl mice and Cx3Crl-CreERT2 mice. Littermate mice with
APPeMyd88""Cre*~ and APP®eMyd88""{Cre ' of genotypes were injected with tamoxifen at 6
months of age. Tamoxifen induced gene recombination should delete one allele of myd88 gene
in >93% microglia but not in other brain cells (Goldmann et al., 2013). Tamoxifen injection also
knocks out loxP site-flanked myd88 gene in peripheral Cx3Crl-positive myeloid cells; however,
normal MyD88-expressing myeloid cells produced from the bone marrow should replace these
MyD88-deficient cells within 1 month (Goldmann et al., 2013). By detecting myd88 gene
transcripts in CD11b-positive brain cells from 9-month-old APPEMyd88!°¥"{Cre*- (Myd88"et)
and APPMyd88'"'Cre”~ (Myd88™) mice, we observed that the transcriptional level of myd88
in microglia of Myd88"' mice was only 11.4 % of that in Myd88"' mice (Fig 4.1, A,
myd88/gapdh: 0.178 + 0.054 [wt] and 0.020 £0.004 [het]; ¢ test, p = 0.044; n = 3 per group),
which was in accordance with a previous observation that heterozygous knockout of myd88 gene
reduced myd88 transcripts by 66% in the whole brain of APP-transgenic mice (Michaud et al.,
2011). As a control, transcriptional levels of myd88 (myd88/gapdh) in CDI11b-positive blood
cells were 0.100 £0.023 and 0.123 £ 0.025, in Myd88"tand Myd88"' mice, respectively (Fig 4.1,
B; ttest, p = 0.518; n =4 per group).
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Fig 4.1 Establishment of APP/PS1-transgenic mice with haploinsufficiency of MyD88 in microglia.

We detected myd88 gene transcripts in CDI11b-positive brain cells from 9-month-old
APPEMyd88!™"Cre™~ (Myd88*) and APPEMyd88'*'Cre”~ (Myd88"") mice, transcriptional level of
myd88 in microglia of Myd88ht mice was only 11.4 % of that in Myd88" mice (A; ¢ test, p = 0.044; n =13
per group),transcriptional levels of myd88 (myd88/gapdh) in CDI11b-positive blood cells were no
difference in Myd88t*and Myd88“ mice, respectively (B; t test, p = 0.518; n = 4 per group).

4.2. Haploinsufficiency of microglial MyD88 improves cognitive function of
APP/PS1-transgenic mice

We used the Morris water maze test to examine cognitive function of mice. During the
acquisition phase, 9-month-old non-APP-transgenic (APPwt ) littermate mice with or without
deletion of MyD88 in microglia (APPMyd88°*"'Cre*- and APP®*Myd88°¥*'Cre”- ) showed no
significant differences in either swimming time or swimming distance before climbing onto the
escape platform (Figd.2, A and B; two-way ANOVA, p>0.05). Compared to
APP'*Myd88'°¥"Cre*” littermates, 9-month-old APPMyd88!°¥"{Cre”~ mice with normal MyD88
expression spent significantly more time (Fig 4.2, A; two-way ANOVA, p < 0.05) and traveled
longer distances (Fig4.2, B; two-way ANOVA, p<0.05) to reach the escape platform.
Interestingly, APP*Myd88°**'Cre”~ mice with the heterozygous deletion of microglial MyD88
performed significantly better than their APP®Myd88°"Cre”" littermates in searching and
finding the platform after 3 days of training (Fig 4.2, A and B; two-way ANOVA, p < 0.05). The
swimming velocity did not differ between MyD88-deficient and wild-type APP-transgenic
mice or for the same mice on different training dates (data not shown).

Twenty-four hours after the end of training phase, the escape platform was removed and a
S5-minute probe trial was performed to test the memory of mice. Compared to
APP*Myd88°¥"Cre”~ littermates, APP®Myd88'¥™Cre*~ mice crossed the region where the
platform had been located with significantly less frequency, and remained for a significantly
longer time in their first visit to the original platform region during the total 5-mininute probe
trial (Fig 4.2, C and D; one-way ANOVA followed by post-hoc test, p < 0.05). Interestingly,
when compared to APP®¥Myd88'°"Cre”~ mice, APP€Myd88°¥*'Cre*- mice were able to cross
the region more frequently and reach the original platform region in significantly less time (Fig 4.

2, C and D; one-way ANOVA followed by post-hoc test, p < 0.05). We observed differences in
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neither parameter analyzed in the probe trial between APP“Myd88'¥"'Cre*~ and

APP“"Myd88°*"Cre™" littermate mice (Fig 4.2, C and D; one-way ANOVA, p > 0.05).
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Fig 4.2 Haploinsufficiency of microglial MyD88 improves cognitive function in APP/PS1-transgenic
mice. During the training phase of the water maze test, 9-month-old APP-transgenic mice (APPtg) spent more
time and traveled longer distances to reach the escape platform than did their non-APP-transgenic littermates
(APPwt). Compared to mice with normal expression of MyD88 (wt), heterozygous deletion of MyD88 in
microglia (het) significantly reduced the traveling time and distance of APPtg mice but not of APPwt mice (A,
B; two-way ANOVA followed by Bonferroni post hoc test; n = 5 per group). In the probe trial, APPtg mice
crossed the region where the platform was previously located with significantly less frequency during the total
S-minute experiment, and spent significantly longer time in the first visit to the platform region; deletion of
MyDS88 in microglia recovered these APP expression-induced cognitive impairments (C, D; one-way ANOVA

followed by Bonferroni post hoc test).
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4.3. Haploinsufficiency of microglial MyD88 preserves synaptic proteins in
APP/PS1-transgenic mice

In our previous study, we have observed that over expression of APP/PS1 decreases protein
levels of synaptic proteins (Schndder et al., 2020). We further used Western blot analysis to
quantify the levels of four synaptic structure proteins: Munc18-1, synaptophysin, SNAP-25, and
PSD-95 in the brain homogenate of 9-month-old APPtg littermate mice with different expression
of MyD&88. As shown in Fig 4.3, A-E, protein levels of synaptophysin, and SNAP-25 in
APP®EMyd88!°¥"Cre*~ mice were significantly higher than levels of these proteins derived from
APP'Myd88'°¥™'Cre”" littermate mice (¢ test, p < 0.05). Deficiency of microglial MyD88 tended
to increase the protein level of PSD-95 in the brain as compared with MyD88-wild type AD mice
(Fig 4.3, E; t test, p = 0.096).
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Fig 4.3 Haploinsufficiency of microglial MyD88 attenuates AD-associated loss of synaptic proteins in

APP/PS1-transgenic mice.Western blotting was used to detect the amount of synaptic structure proteins,
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Munc18-1, SNAP2S5, synaptophysin, and PSD-95 in the brain homogenate of 9-month-old APPtg mice (A-E).
Deficiency in microglial MyD88 was associated with higher protein levels of synaptophysin and SNAP25 (t

test; n = 5 per group).

4.4.Haploinsufficiency of microglial MyD88 reduces AP load in the brain
parenchyma of APP/PS1-transgenic mice

After observing that heterozygous deletion of MyD88 in microglia attenuated cognitive
deficits of APPtg mice but not of APP wt littermates, we analyzed the effects of microglial
MyD88 on AP load in the APP tg mice, as AP is the key molecule leading to neurodegeneration
in AD (Mucke& Selkoe, 2012). We stained brain sections from
APPMyd88'¥"'Cre*- and APP®Myd88!°¥*Cre”~ mice with methoxy-X04, which specifically
recognizes f-sheet secondary structure of AB. We observed that Haploinsufficiency of microglial
MyD88 significantly reduced the area of methoxy-X04 staining-positive AP plaques in both
hippocampus and cortex of APP/PS1-transgenic mice (Fig 4.4, A and B; ¢ test, p < 0.05). We
then used standard immunohistological and stereological Cavalieri methods to evaluate AP
volume, adjusted relative to the volume of analyzed tissues, in the hippocampus of 9-month-old
APPMyd88"¥"'Cre* and APP*Myd88'°*"'Cre”* mice. The volume of 7.67 % + 0.71 % of
APP®MyDS88"™Cre*~ mice was significantly lower than that of APP®MyD88""'Cre” mice
(10.83 % + 0.56 %; Fig 4.4, C and D; ¢ test, p < 0.05).

To measure the amount of oligomeric AP in brain tissues, quantitative Western blot was
performed as we did in previous studies (Schndder et al., 2020; Schndder et al., 2016). We
observed that the protein level of dimeric but not monomeric AP in 9-month-old
APP®MyD88"™Cre*~ mice was significantly lower than that in APPMyD88"“Cre™" littermates
(Fig 4.4, E, F and G; ¢ test, p < 0.05). Dimer has been considered as a toxic species of AP
aggregates (Shankar et al., 2008).
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Fig4.4 Haploinsufficiency of microglial MyD88 reduces cerebral A load in APP/PS1-transgenic
mice.Six-month-old APP¥MyD88"“Cre*- (MyD88 het) and APP*MyD88""'Cre”- (MyD88 wt) were injected
with tamoxifen and analyzed by 9 months of age for AP load in the brain. Brain sections were first stained with
methoxy-X04 and imaged with Microlucida (A). The area of AP plaques were quantified and adjusted by the
area of analyzed brain tissue (B). Brain sections were further stained with human AB-specific antibodies(C)
and the volume of immune reactive AP deposits in hippocampus were estimated with stereological Cavalieri
method and adjusted by the volume of analyzed tissues (D). Deletion of microglial MyD88 significantly
decreases AP deposits in the brain (B and D; t test; n =9 per each group). The brains derived from 9-month-
old microglial MyD88-het and wt APP-transgenic mice were also homogenized in RIPA buffer for Western
blot analysis of soluble AB (monomeric and dimeric) (E). Deletion of microglial MyD88 significantly

decreases the protein level of dimeric but not monomeric A in the brain (F and G; t test; n=9 per each group).
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4.5.Haploinsufficient expression of MyD88 in microglia reduces AB load in the
brain blood vessels of APP/PS1-transgenic mice

AP is deposited not only in the brain parenchyma, but also at blood vessels (Stakos et al.,
2020). Blood circulation contributes to AP clearance (Roberts et al., 2014). APP/PS1- transgenic
mice used in our study was not a typical animal model for amyloid angiopathy; however, we
observed an impairment of vasculature in their brain (Decker et al., 2018). Thus, we examined
the potential localization of A at blood vessels. We did observe that Ap deposited in and around
cerebral blood vessels of APP/PS1-transgenic mice (Fig 4.5, A). To quantify the blood vessels-
associated AP, we isolated capillaries from the brain homogenate and detected AP in the tissue
lysate. Interestingly, the protein level of dimeric AR in APP€MyD88"“'Cre*- mice was also
significantly lower than that in APP®MyD88"*'Cre”" littermate mice (Fig4.5, B and C; ¢ test, p <
0.05). As a negative experimental control, oligomeric AP species could not be detected in

capillaries isolated from non-APP transgenic mice (Fig 4.5, D).
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Fig4.5 Haploinsufficient expression of MyD88 in microglia reduces AP load in the brain blood vessels

of APP/PS1-transgenic mice. To demonstrate the relationship between blood vessels and AP, brain sections
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were co-stained AP antibodies and isolectin B4. Some AP deposits are located in and around the vessels (A;
marked with arrow heads). Thereafter, micro blood vessels were isolated from 9-month-old MyD88-het and wt
APP-transgenic mice and homogenized in RIPA buffer for Western blot analysis of monomeric and dimeric
AP. Deficiency of MyD88 significantly reduces dimeric AP in the whole brain homogenate and isolated

cerebral blood vessels of APP-transgenic mice (B, C and D; t test; n = 6 per each group).

4.6.Haploinsufficient expression of MyD88 in microglia inhibits pro-

inflammatory activation in APP/PS1- transgenic mouse brain

Microglial inflammatory activation contributes to neuronal degeneration (Heneka et al.,
2015). We observed that the number of Iba-1-immunoreactive cells (representing microglia) in
the hippocampus was significantly fewer in 9-month-old microglial MyD88-deficient APP-
transgenic mice than in MyD88-wild-type APP-transgenic littermates(APPeMyd88°¥“{Cre*
mice, 1.64+ 0.16x10* cells/mm?® vs. APPMyd88'¥*'Cre” mice, 2.60+0.29x10* cells/mm’; ¢ test,
p < 0.05; Fig 4.6, A and B). Deficiency of MyD88 in microglia did not change the number of

Iba-1-positive cells in 9-month-old non-APP transgenic mice (Fig 4.6, B;  test, p > 0.05).

We further measured transcripts of M1-inflammatory genes (¢nf-o, il-1p, inos, and ccl-2)
and M2-inflammatory genes (il-10,chi3l3, and mrcl) in brains of 9-month-old
APP®EMyd88'¥"Cre*~ and APP©Myd88'°¥*'Cre”~ mice. As shown in Fig 4.6, C and D,
deficiency of microglial MyD88 significantly reduced cerebral tnf~a and il-1f transcripts in APP-
transgenic mice compared to MyD88-wildtype AD littermate mice (¢ test, p < 0.05). However,
the transcription of other genes tested was not changed by MyD88 deficiency in microglia (Fig

4.6,E -1).
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Fig 4.6 Haploinsufficient expression of MyD88 in microglia inhibits inflammatory activation in
the brain of APP-transgenic mice. Six-month-old APP*MyD88""Cre- (MyD88 het) and
APP®eEMyD88""Cre”- (MyD88 wt) mice were injected with tamoxifen and analyzed at 9 months of age for
neuroinflammation. Microglia were stained with fluorescence-conjugated Iba-1 antibodies (A) and counted
with the stereological probe, Optical Fractionator. Deficiency of MyD88 reduced Iba-1-positive cells in 9-
month-old APP-transgenic (APP tg) mice, but not in 9- month-old APP-wild-type (APP wt) mice (B; one-way
ANOVA followed by Bonferroni post hoc test; n = 6 per group for APP tg mice and = 3 per group for APP wt
mice). The inflammatory activation in brain was further analyzed with real-time PCR to detect transcripts of
both pro- and anti-inflammatory genes (C- I).Transcription of pro-inflammatory genes, nf-a and il-1f, was

reduced by deletion of MyD88 in 9-old APP tg mice (C and D; ¢ test; n = 9 per group).

70



RESULTS

4.7. Haploinsufficient expression of MyD88 suppressed pro-inflammatory
activation in microglia but enhanced microglial responses to AB in
APP/PS1-transgenic mouse brain

Recently, disease-associated microglia (DAM) phenotype was defined after comparing
microglial transcriptome between APP/PS1-transgenic and wild-type mice. This signature is

characterized by an induction of pro-inflammatory genes (including i/-1p, ccl2, and itgax), and a

suppression of homeostatic genes (e.g. cx3crl, p2ryl2, tmeml19, tgfbrl, salll, and csf1r). APOE

and TREM2 are two signaling proteins essential for DAM development (Keren-Shaul et al.,

2017; Krasemann et al., 2017). We quantified the transcription of several DAM signature genes

to characterize the effects of MyD88 on microglial activation. We observed that

haploinsufficiency of MyD88 significantly decreased transcripts of pro-inflammatory genes, tnf-

o and il-1§ (Fig 4.7, A and B; ¢ test, p< 0.05), and also reduced the transcription of anti-

inflammatory gene chi3l3 (Fig 4.7, E; t test, p< 0.05) and homeostatic gene cx3crl (Fig 4.7, I; ¢

test, p< 0.05), as compared with MyD88-wildtype microglia.

Deficiency of Cx3Crl has been shown to increase the migration of microglia toward A
deposits and enhance microglial phagocytosis of AP (Hickman, Allison, Coleman, Kingery-
Gallagher, & El Khoury, 2019; Lee et al., 2010; Z. Liu, Condello, Schain, Harb, & Grutzendler,
2010). We co-stained brain sections of 9-month-old AD mice with Iba-1-specific antibodies and
methoxy-X04. There were significantly more microglia surrounding AP deposits in

APPEMyd88'¥"'Cre* mice (6.21 £ 0.47 X 10? cells/mm?) than in APP*Myd88°**'Cre”" mice
(2.68 £ 0.24 X 10 cells/mm?; Fig4.7, O and P; ¢ test, p < 0.001), which agrees with our previous

observation that MyD88 deficiency increases the recruitment of microglia/brain macrophages

toward AP deposits in APP-transgenic mice (Hao et al., 2011).
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Fig 4.7 Haploinsufficient expression of MyD88 inhibits pro-inflammatory activation in microglia and

enhances microglial responses to AP deposits in the brain of APP-transgenic mice. Microglia were

selected with magnetic beads-conjugated CD11b antibodies

from 9-month-old

tamoxifen-injected

APPEMyD88""Cre™~ (MyD88het) and APP*MyD88"“Cre’<(MyD88wt) mice. Transcription of signature

genes associated with neurodegenerative diseases were detected with real-time PCR. MyD88 deficiency

significantly decreases transcripts of tnf-a, il-1p, chi313 and cx3crl genes (A, B, E and I; 7 test; n =5 per
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group). Iba-1 was also co-stained with methoxy-X04, which recognizes aggregated AP (O).Deficiency of

MyDS88 significantly increases recruitment of microglia toward AP deposits (P; ¢ test; n = 6 per each group).

4.8.Haploinsufficiency of microglial MyD88 in microglia increases cerebral
vasculature of APP/PS1-transgenic mice

We observed that cerebral microvasculature is reduced in APP/PSI1-transgenic mice
(Decker et al., 2018). In this study, we asked whether haploinsufficiency of microglial MyD88
changed the wvasculature in AD mouse brain. We stained brains of 9-month-old
APPtMyd88!°*"'Cre*~ and APP'*Myd88!°*"'Cre”- mice with collagen type IV-specific antibodies,
skeletonized and quantified the immunoreactive blood vessels (Fig 4.8, A). As shown in Fig 4.8,
B-D, MyDS88 deficiency in microglia significantly increased the total length, vessel density and
branching points of micro-blood vessels (# test, p< 0.05), but did not change the mean diameter

of blood vessels (Fig4.8, E; ¢ test, p> 0.05).
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Fig4.8 Haploinsufficiency of microglial MyD88 in microglia increases cerebral vasculature of APP/PS1-
transgenic mice.The brains of 9-month-old tamoxifen-injected APP®MyD88%"Cre*~ (MyD88het) and
APPEMyD88"™Cre’ (MyD88wt) mice were stained for collagen type IV (Col IV). The blood vessels in the
hippocampus were thresholded and skeletonized. The skeleton representation of vasculature is shown in red and
branching points of blood vessels are in blue (A) The total length, density and branching points of blood vessels
were calculated and adjusted by area of analysis (B - D; ¢ test, n =11 per group). The mean diameter of blood vessels

was calculated by dividing area of total blood vessels with total length of vessels (E).
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4.9.Haploinsufficiency of microglial MyD88 increases cerebral vasculature of
APP/PS1-transgenic mice

As resident microglia serve pro-angiogenic effects in the brain (Brandenburg et al., 2016;
Jiang et al., 2020; Mastorakos et al., 2021), we co-stained Iba-1 and isolectin B4 on brain
sections of 9-month-old APP*Myd88'*"Cre™~ and APP®Myd88°**'Cre”~ mice and counted
microglia with and without contact with blood vessels in CA1 area of the hippocampus (Fig4.9a,
A). We observed that deletion of MyD88 significantly increased the distribution of microglia to
blood vessels (Fig4.9a, B; one-way ANOVA followed by post-hoc test, p< 0.05). Furthermore,
we quantified gene transcription of pro-angiogenic genes in CDI11b-positive brain cells. As
shown in Fig4.9a, C-E, MyD88 deficiency significantly up-regulated the transcription of opn and

igf-1 genes (1 test, p < 0.05).
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Fig 4.9a Haploinsufficiency of microglial MyD88 significantly increased the distribution of microglia around
blood vessels of APP/PS1-transgenic mice. In order to analyze the relationship between vasculature and microglia,
brain sections were co-stained with isolectin B4 (in red) and Iba-1 antibodies (in green)(A). Deficiency of MyD88 in

microglia significantly increased the distribution of microglia around blood vessels (B; one-way ANOVA followed
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by Bonferroni post hoc test; n = 6 per group for APP-transgenic [tg] mice and = 3 per group for APP-wildtype [wt]
mice). Moreover, CD11b-positive brain cells were quantified for the transcription of pro-angiogenic genes. The
transcription of opn and igf-1 genes, but not of vegf gene was significantly up-regulated by MyD88 deficiency (C, D

and E; ¢ test, n= 5 per group).

To evaluate the integrity of BBB in AD mice, we quantified TJP1, Claudin-5 and AQP4 in
blood vessels isolated from 9-month-old APPMyd88'°"'Cre*- and APP**Myd88!°**'Cre”" mice.
As shown in Fig4.9b, A-D, Haploinsufficiency of MyD88 in microglia did not significantly alter

the protein levels of all proteins tested ( test, p > 0.05).
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Fig 4.9b Haploinsufficiency of MyD88 in microglia did not change the integrity of BBB in APP/PS1-
transgenic mice. In order to evaluate the integrity of BBB, isolated brain capillaries were detected for TJPI,
Claudin-5 and AQP4 with quantitative Western blot (A). Deficiency of MyD88 in microglia did not significantly
change the expression levels of all proteins tested (B- D; ¢ test, p > 0.05, n = 8 per group).

4.10.Haploinsufficiency of MyD88 in microglia increases LRP1 at BBB of
APP/PS1-transgenic mice

LRP1 mediates AP efflux and local clearance by pericytes at BBB (Kuhnke et al., 2007;
Shinohara et al.,2017). We isolated micro-vessels from brains of 9-month-old
APPeMyd88'¥"Cre*- and APP®®Myd88'°¥*'Cre”~ mice and observed that Haploinsufficiency of
MyDS88 in microglia significantly increased protein levels of LRP1, but not ABCB1 in APP-
transgenic mice, as compared with MyD88-wildtype AD mice (Fig 4.10, A-C; ¢ test, p< 0.05).
The protein levels of pericyte markers, PDGFRP and CD13, were not changed by microglial
deficiency of MyDS88 (Fig4.10, D and E; ¢ test, p> 0.05). In isolated blood vessels from non-
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APP-transgenic control mice (APP¥Myd88°¥*'Cre*- and APP*'Myd88'*"Cre”~ ), deletion of

MyD88 in microglia did not alter the protein levels of all molecules examined (data not shown).
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Fig 4.10 Haploinsufficiency of microglial MyD88 increases LRP1 in cerebral micro-vessels of
APP/PS1-transgenic mice. Micro blood vessels were isolated from the brains of 9-month-old
APPEMyD88*Cre*- (MyD88het) and APP®EMyD881*Cre” (MyD88wt) mice, which were injected with tamoxifen
3 months ago. Protein levels of LRP1, ABCB1, PDGFRp and CD13 were determined with quantitative Western blot
(A-E). Deletion of MyD88 in microglia significantly elevates LRP1 protein level but not for other proteins tested,

compared with MyD88-wildtype APP/PS1- transgenic mice (B; t test, n =6 per group).

4.11. IL-1B treatment decreases LRP1 in cultured pericytes

To examine the effects of inflammatory activation on LRP1 expression, we treated cultured
pericytes with recombinant IL-1f either for 24 hours or for 8 days. As shown in Fig 4.11, A and
E, both short-term and long-term treatments of IL-1[ significantly decreased the protein levels of
LRP1 in a dose-dependent manner (one-way ANOVA, p<0.05). In the 8-day treatment
experiment, withdrawal of IL-1P for the last 3 days restored expression of LRP1 in cultured

pericytes (Fig4.11, E and F; two-way ANOVA, p< 0.05). The short-term treatment of IL-1f
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markedly increased expression of PDGFRB and CD13, which corroborates our recent finding

(Quan et al., 2020) (Fig4.11, A, C and D; one-way ANOVA, p <0.05).
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Fig 4.11 IL-1p treatment decreases LRP1 in cultured pericytes. Immortalized pericytes from human
cerebral capillaries were cultured and treated with IL-1p at various concentrations for 24 hours (A-D) or for 8
days with and without withdrawal of IL-1p during the last 3 days (E-H). At the end of experiments, cell lysates
were prepared from IL-1pB-treated pericytes and detected for LRP1, PDGFRP and CD13 with quantitative
Western blot. One-way ANOVA comparing levels of each tested protein at different concentrations of IL-1§
shows that: 1) IL-1p treatments significantly decreases LRP1, but increases PDGFRp and CDI13 in a
concentration-dependent manner after a 24-hour treatment (A-D; p values are shown in the figure); 2) IL-1P
treatments significantly decreases LRP1 in a concentration-dependent manner after a 8-day treatment ( p <

0.01); and 3) IL-1P treatments does not significantly changes protein levels of PDGFRP and CD13 after a 8-
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day treatment (G and H). Two-way ANOVA comparing protein levels of LRP1, PDGFRp or CD13 with and
without withdrawal of IL-1PB in the last 3 days of experiments shows that withdraw of IL-1p recovers
expression of LRP1 (F; p = 0.004), but not for PDGFRp and CD13 (G and H). t test was used to analyze the
difference of protein levels in cells treated with IL-1f at 50ng/ml shows that withdrawal of IL-1p significantly
recovers expression of LRP1, PDGFRp and CD13 (E - H; p < 0.01, n =3 or 4 per group).

The long-term treatment of IL-1p only at a high concentration (e.g. 50ng/ml) tended to
decrease the expression of PDGFRf and CD13; however, it was not statistically significant
(shown in Fig4.11, G and H with solid lines; one-way ANOVA, p>0.05). The withdrawal of IL-
1B recovered the expression of PDGFR and CD13 in cultured pericytes after treatment of IL-1f
at 50ng/ml (Fig4.11, G and H; t test comparing cells with and without treatment of IL-1p at
50ng/ml, p < 0.05).

4.12.Haploinsufficient expression of MyD88 in microglia decreases B- and y-
secretase activity but does not affect neprilysin and ide gene transcription

in the brain of APP/PS1-transgenic mice

Cerebral AP level is determined by AP generation and clearance. We continued to ask
whether MyD88-deficient microglia regulated AP production. Using our established protocols
(Hao et al., 2011; Xie et al., 2013), we detected the activity of B- and y-secretases in brains of 9-
month-old APP*Myd88"*'Cre*~ and APP®*Myd88"*'Cre™ mice. Interestingly, the activity of
both enzymes was significantly lower in the brain of APP*Myd88"*'Cre*~ mice than in MyD88-
wildtype APPtMyd88V“'Cre ™~ littermates (Fig4.12A-B; two-way ANOVA, p<0.05).To further
investigate the clearance of AP, we quantified gene transcripts of Ap-degrading enzymes,
neprilysin, and ide (Leissring et al., 2003). There were no changes in the transcription of
neprilysin and ide genes in both brain tissues and microglia from 9-month-old

APP*Myd88""Cre”~ mice compared with APP®Myd88V“'Cre™'~ mice ( Figd.12 C - F; ¢ test,

p >0.05), suggesting that haploinsufficiency of MyDS88 in microglia does not affect AP

catabolism.
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Fig4.12 Haploinsufficiency of MyD88 in microglia decreases B- and y-secretase activity, but does not
affect the transcription of neprilysin and ide genes in the brain of APP/PS1-transgenic mice. The brains
of 9-month-old tamoxifen-injected APP®MyD88""Cre"~ (MyD88 het) and APPeMyD88V"{Cre™”~
(MyD88 wt) mice were used to prepare membrane components and RNA isolation. B- and y-secretase
activity was measured by incubating membrane components with fluorogenic - and y-secretase
substrates, respectively (A, B, two-way ANOVA comparing MyD88 wt and het mice; n = 4 per group).
The transcripts of neprilysin and ide genes in the brain tissue (C, E) and isolated microglia (D, F) were
measured with real-time PCR, which showed that transcription of neprilysin and ide genes was not

changed by the haploinsufficiency of MyD88 in microglia (t test; n =5 per group).
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5. DISCCUSION

AD is a progressive neurodegenerative disorder and the most common form of dementia,
which is characterized by AP deposits, hyperphosphorylated tau-composed neurofibrillary tangle
and microglia activation. Emerging evidences have suggested that microglia act as a double-
edged sword in AD pathogenesis: on one side, they contribute to neuronal death by secreting
inflammatory mediators; and on the other side, they clear neurotoxic A 3 to prevent AD
progression. Innate immune signaling cascade, e.g. TLRs-MyD88-NF- x B, regulate the
inflammatory mediators, and modify AD pathogenesis (Tahara et al., 2006; Reed-Geaghan et al.,
2010; Hao et al., 2011; Lim et al., 2011; Michaud et al., 2011 and 2012; Song et al., 2011;
Cameron et al., 2012; Liu et al., 2012). However, the net effect of microgilal activation in AD is
still unclear. The mechanism switching between detrimental and beneficial effects need to be
understood. In this study, we demonstrated that a deficiency in IKK[3 in myeloid cells, especially
in endogenous microglia, simultaneously reduces inflammatory activation and A3 load in the
brain and improves cognitive function in AD mice. These findings corroborate the results of our
earlier studies of the deficiency of myeloid TLR2 or MyD88 in APP-transgenic mice (Hao et al.,
2011; Liu et al., 2012).

Microglial activation has been extensively investigated in AD brain (Heneka et al., 2015),
but microglial effects on AP pathology and neuronal degeneration remain inconclusive. In this
study, we haploinsufficiency MyD88 specifically in microglia in APP/PS1-transgenic mice by 6
months. Notably, by 9 months of age these animals showed attenuation both in the total number
of microglia and in the transcription levels of pro-inflammatory genes (e.g., tnf-a and il-15)
within the whole brain and individual microglia, correlating with decreased AP load and
improved cognitive function. Interestingly, MyD88-deficient microglia might prevent APP/PS1

overexpression-induced changes of cerebral vasculature and LRP1 expression at BBB.

The regulating effects of innate immune signaling on the role of microglia in AD
pathogenesis are highly heterogenous. For example, TREM?2 is essential for microglial response
to AP in the brain (Ulland et al., 2017). One group reported that TREM2 deficiency in APP-
transgenic mice increases hippocampal AP burden and accelerates neuron loss (Wang et al.,

2015), while another group showed that TREM2 deletion reduces cerebral AP accumulation (Jay
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et al., 2015). Subsequent work suggested that TREM2 may have a protective effect at the early
disease stage through phagocytic clearance of AP, but display a pathogenic effect at the later
disease stage by triggering neurotoxic inflammatory responses (Jay et al., 2017; Parhizkar et al.,
2019). In our studies, we reduced MyD88 expression in microglia or in bone marrow cells of
APP- transgenic mice after noticeable AP has already developed in the brain, which decreases
cerebral AP load and protects neurons (Hao et al., 2011). In the experiments by other groups,
MyD88 expression was manipulated in APP-transgenic mice before the birth (by cross- breeding)
or at 2 months of age (by bone marrow reconstruction) before AP deposits appear in the brain.
With such an experimental setting, MyD88-deficient microglia promote A accumulation in the
brain and accelerate spatial memory deficits (Michaud et al., 2011, 2012). Thus, the pathogenic
role of innate immune molecules in microglia is shaped by the evolving cellular environment and

should be analyzed dynamically during AD progression.

MyD88, as a common signaling adaptor for most TLRs and IL-1 receptor, plays an essential
role in the innate immune response (O'Neill, Golenbock, & Bowie, 2013). It is not surprising that
the heterozygous deletion of myd88 gene inhibits the inflammatory activation of microglia in
APP/PS1-transgenic mice.MyD88 deficiency might reduce the generation of new microglia, as
we previously observed that deletion of IKKp, a signaling molecule downstream to MyDS88,
decreases proliferating microglia in APP-transgenic mice (Y. Liu et al., 2014).MyD88 deficiency
likely prevents microglial cell death, as blocking MyD88 signaling inhibits TLR4 activation-
induced microglial apoptosis (Jung et al., 2005), while TLR4 is a receptor mediating microglial
response to AP challenge (Walter et al., 2007). Interestingly, we observed that MyD&8
deficiency promotes clustering of microglia around AP deposits as we observed in MyD8&8-
deficient bone marrow chimeric AD mice (Hao et al., 2011). As deficiency of MyD88, IKK2, or
TLR2 increases AP internalization by cultured microglia or macrophages (Hao et al., 2011; S.
Liu et al., 2012; Y. Liu et al.,, 2014), the haploinsufficiency of MyD88 perhaps enhances
microglial clearance of AP in AD brain. The relationship between microglial clustering and A
reduction in APP-transgenic mice has been described in many studies. For example, deficiency
of TREM2 blocks microglial recruitment to AP, which is correlated with cerebral AP
accumulation (Y. Wang et al., 2015). Administration of TREM2 agonist antibodies increases Af-

associated microglia, which decreases AP in the brain (Fassler, Rappaport, Cuno, & George,
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2021; Price et al., 2020; S. Wang et al., 2020). However, the molecular mechanisms, which
mediate the migration of microglia toward AP and the following AP internalization, remain

unclear.

Haploinsufficiency of MyD88 in microglia reduces inflammation and A in the brain of
APP/PS1- transgenic mice, which corroborates our previous observation in MyD88-deficient
bone marrow chimeric AD mice (Hao et al., 2011). In both animal models, MyD88 deficiency
promotes clustering of microglia or brain macrophages around A deposits (Hao et al., 2011). As
potential mechanisms, MyD88 deficiency strongly decreases the transcription of cx3crl, chi3l13,
tnf-a and il-1p genes in microglia. Cx3Cr1 expression is up-regulated in the brain of AD patients
or animal models (Gonzalez-Prieto et al., 2021). Cx3Crl deficiency constantly enhances Af
phagocytosis by microglia and decreases cerebral AP load in various APP- transgenic mice
(Hickman et al., 2019; Lee et al., 2010; Z. Liu et al., 2010). Cx3Crl deficiency even pushes
microglial migration toward AP deposits (Z. Liu et al., 2010). Chi313 is a known marker for
alternative activation of microglia and macrophages. Its transcription is also elevated in APP-
transgenic mouse brain (Colton et al., 2006). However, the pathogenic function of microglial
Chi313 in AD is indeed unknown. Our previous studies on myeloid TLR2, MyD88 or IKKf-
deficient APP-transgenic mice revealed that the attenuation of TNF-a and IL-1p expression is
correlated with decreased AP level in the brain (Hao et al., 2011; S. Liu et al., 2012; Y. Liu et al.,
2014). In cultured microglia, pro-inflammatory activation inhibits AP phagocytosis
(Koenigsknecht-Talboo & Landreth, 2005), which suggests that inhibition of TNF-a and/or IL-
1B signaling might promote AP clearance by microglia. However, systemic injection of TLR4 or
TLRY agonist induces both pro- and anti-inflammatory activation and decreases A in the brain
of AD mice (Michaud et al., 2013; Scholtzova et al., 2014). Thus, how inflammatory activation

regulates cerebral AP clearance needs to be further investigated.

There is growing evidence showing that microvascular circulation is damaged in AD brain;
for example, capillary density and cerebral blood flow decrease, while BBB permeability
increases (Watanabe et al., 2020). Our previous study showed that the blood flow goes down in
correlation with a reduced vasculature in the hippocampus of APP-transgenic mice (Decker et al.,
2018). Ap-activated perivascular macrophages injure the neurovascular coupling through

producing reactive oxygen species (Park et al., 2017). However, microglia were observed to
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serve pro-angiogenic effects in brains with glioma, ischemia or direct vascular injury
(Brandenburg et al., 2016; Jiang et al., 2020; Mastorakos et al., 2021). Transcription of opn, vegf
and igfl genes in microglia was associated with angiogenesis (Jiang et al., 2020). Our study
showed that haploinsufficiency of MyD88 in microglia increases cerebral vasculature, and
distribution of microglia around blood vessels. Moreover, MyD88 deficiency up-regulates the
transcription of opn and igf-1 genes in microglia. As OPN enhances VEGF expression in
endothelial cells (Dai et al., 2009) and IGF-1 drives the tissue repairment, including angiogenesis,
in the brain (Vannella & Wynn, 2017), MyD88-deficient microglia might prevent vascular
impairment in AD brain. However, a postmortem tissue study showed a higher density of
capillaries in the brain of AD patients (Fernandez-Klett et al., 2020). Tg4510 tau-transgenic mice
display increased capillaries, but with atypical and spiraling morphologies, and reduced luminal
diameter of blood vessels (Bennett et al., 2018). Thus, more studies, especially functional

analysis of the effects of microglia on the microvascular circulation in AD are needed.

BBB breakdown is an early biomarker of AD (Nation et al., 2019). APOE4 variant was
recently linked to the loss of BBB integrity before the cognition decline (Montagne et al., 2020).
The cerebrovascular leakage of ~ 100 nm nanoparticles was also observed in APP-transgenic
mice (Tanifum, Starosolski, Fowler, Jankowsky, & Annapragada, 2014). However, the effects of
microglia on BBB integrity in AD brain remain unclear. In a mouse model of systemic lupus
erythematosus, microglial activation around blood vessels protects BBB at the initial phase by
expressing tight-junction protein Claudin-5, and impairs BBB by phagocytosing astrocytic end-
feet after the inflammation is sustained (Haruwaka et al., 2019). In our study, we did not observe
altered protein levels of TJP1, Claudin-5 and AQP-4 in microglial MyD88-deficient AD mice.
However, we were not able to exclude small damages of BBB integrity, which need advanced

techniques for the detection.

LRP1 contributes to AP clearance at BBB through mediating AP efflux and pericyte
internalization of AP (Ma et al., 2018; Shinohara et al., 2017). Deletion of LRP1 in endothelial
cells accumulate AP in APP-transgenic mouse brain (Storck et al., 2016). LRP1 expression
decreases in brain capillaries with aging and in AD (Shibata et al., 2000). Pro-inflammatory
cytokines, such as IL-1B, IL-6 and TNF-a, down-regulate LRP1 in cultured microvascular

endothelial cells (Hsu, Rodriguez-Ortiz, Zumkehr, & Kitazawa, 2021). Our experiments further
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indicated that IL-1p treatments decrease LRP1 expression in cultured brain pericytes. In
APP/PS1-transgenic mice, MyD88-deficient microglia elevates LRP1 protein level in cerebral
capillaries, which might be due to the inflammatory inhibition. It was supported by another
observation that inflammatory activation in the brain by systemic administration of

lipopolysaccharide decreases A efflux at BBB (Erickson, Hansen, & Banks, 2012).

PDGFRP and CDI13 are essential for the survival and integration of pericytes in blood
vessels (Lindahl, Johansson, Leveen, & Betsholtz, 1997; Rangel et al., 2007). In our experiments,
IL-1PB did not decrease PDGFRJ and CD13 expression in cultured pericytes, except that the cells
were treated by IL-1f at a high concentration (50 ng/ml) and for a long time-duration (8 days).
Although the coverage of PDGFRB-positive pericytes on cerebral micro-vessels was reported to
decrease in AD brains (Sengillo et al., 2013), a recent study demonstrated that the density of
PDGFR-immunoreactive pericytes is reserved during AD pathogenesis (Fernandez-Klett et al.,

2020).

AP is produced after serial digestions of APP by B-(BACEIl) and y-secretases (Haass,
Kaether, Thinakaran, & Sisodia, 2012). The expression of BACEI in neurons is up-regulated by
inflammatory activation (He et al., 2007; Sastre et al., 2006). Our studies showed that p38a-
MAPK deficiency promotes BACE1 degradation in neurons (Schndder et al., 2016). Recently,
inflammatory cytokines, such as interferon-y and o, were shown to induce the expression of
interferon-induced transmembrane protein 3 in neurons and astrocytes, which binds to v-
secretase and increases its activity (Hur et al., 2020). Thus, haploinsufficient expression of
MyD88 in microglia in our APP/PS1-transgenic mice decreases neuroinflammation, and inhibits
B- and y-secretase activity in the brain, which might serve as another mechanism decreasing Af

level in AD mice.

In summary, haploinsufficiency of MyD88 in microglia at a late disease stage slows down
the cognitive decline of APP/PS1-transgenic mice. MyD88 deficiency inhibits pro-inflammatory
activation of microglia, but enhances microglial response to AP, which subsequently attenuates
AP load in the brain. Haploinsufficiency of MyD88 might enhance pro-angiogenic effects of
microglia, and prevent the loss of LRP1-mediated AP clearance at BBB in AD. However, the
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effects of microglia on the structure and function of micro-vessels in AD are far from being

understood.

To answer these questions will be the focus of our following studies.
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1. INTRODUCTION

1.1 The vascular pathogenesis of Alzheimer's disease

Growing evidence suggests that vascular dysfunction might be a third contributor to AD
pathogenesis. Several cardiovascular risk genes including APOE4 gene variant, and variants
within MBLAC, DDB2 and MINKI1 genes are associated with AD development (Broce et al.,
2019). Postmortem brain tissues from up to 80% diagnosed AD patients display vascular
pathologies, such as cerebral amyloid angiopathy (CAA), microbleeding, microinfarction, and
atherosclerosis at Willis’s circle (Power et al., 2018; Toledo et al., 2013). Breaking down of
blood-brain-barrier (BBB) was observed in the hippocampus of AD patients at a very early

disease stage (Montagne et al., 2015; van de Haar et al., 2016).
= .‘ =g - i

Figl.1 Pathology of Alzheimer's disease. A} immunohistochemistry highlights the plaques in the frontal
cortex (a) and cerebral amyloid angiopathy (CAA) where AP accumulates within blood vessel (b, arrows). An
AP cored plaque is shown at higher magnification in (c) showing a central core. In severe CAA Ap
accumulates within capillaries (d). Tau immunohistochemistry demonstrates both neurofibrillary tangles (e,
arrows; h at higher magnification) and neuritic plaques (e, double arrow). Neuroinflammation is a prominent
feature in Alzheimer's disease and this is evident by the number of reactive microglia (f; g at higher
magnification). (Lane CA, Hardy J, Schott JM. Alzheimer's disease. Eur J Neurol. 2018;25(1):59-70.
doi:10.1111/ene.13439)
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Prospective studies showed that cerebral hypoperfusion starts in pre-symptomatic AD
patients and predicts the future development of AD (Wolters et al., 2017). Individuals, who have
one or more vascular risk factors, including body mass index > 30, current smoking,
hypertension, diabetes, and total cholesterol > 200 mg/dL, in their mid-life are prospected to
have more AP deposition in the brain in their late-life (20 years later) (Gottesman et al., 2017). A
cohort study has identified blood-brain barrier failure as a major mechanism in cerebral small
vessel disease and dementia(Wardlaw, Makin et al. 2017). We have observed that cerebral
vasculature and blood flow are reduced in the hippocampus of AD mice, which over express
Alzheimer’s precursor protein (APP) or Tau protein in neurons (Decker et al., 2018). However,

how cerebral vascular circulation is damaged in AD and how vascular dysfunction contributes to

AD pathogenesis remains unclear.

1.2 The function of cerebrovascular pericytes in the pathogenesis of AD

Pericytes are contractile cells wrapping around endothelial cells of cerebral capillaries.They
regulate BBB permeability, angiogenesis, hemodynamic responses, neuroinflammation and other
brain functions (Sweeney et al., 2016). Pericytes express platelet-derived growth factor receptor
B (PDGFRp), CD13, neural/glial antigen-2 (NG2), and CD146, which are often used as protein
markers of pericytes in the brain (Smyth et al., 2018).

a b . 2. Angiogenesis 4.CBF and cerebral 5. Neuro- 6. Multipotent
Function 1. BBB integrity L} @ autoregulation inflammation stem cell activity
3. Phagocytosis response |

Endothelial cell _
| 1

Pericyte |

[ Astrocyte
54

o

U — =
Basement
membrane

1. BBB breakdown, 2. Aberrant 3. Disrupted 4. CBF dysfunction 5.Increased 6. Compromised
Dysfunction accumulation of angiogenesis phagocytosis, and reductions leukocyte stem cell activity
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Figure 1.2 The multifunctional role of pericytes in the CNS. a)Pericytes at the neurovascular unit. b)Under
physiological conditions (top row), pericytes play an important role in BBB integrity, angiogenesis, phagocytosis,
CBF and capillary diameter, neuroinflammation, multipotent stem cell activity. Pericyte dysfunction (bottom row)
causes a variety of alterations including BBB breakdown, aberrant angiogenesis, impaired phagocytosis, CBF
dysfunction and reduction, increased leukocyte trafficking promoting neuroinflammation, and impaired stem cell-

like capacity that can contribute to AD pathogenesis.(Sweeney, Ayyadurai et al. 2016)
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The number of PDGFRp or CD13-positive pericytes decreases in AD brain in correlation
with increased BBB leakage (Sengillo et al., 2013). Pericytes and PDGFRJ proteins are lost in
association with AP accumulation in the retinas of mild cognitive impairment (MCI) and AD
patients (Shi et al., 2020). PDGFR is shed from injured pericytes. In old adults with cognitive
dysfunction at very early stage, soluble PDGFRP has already increased in the cerebral spinal
fluid (Nation et al., 2019). The binding of endothelial cells-released PDGF-B to PDGFRJ on
pericytes is essential for the proliferation and integration of pericytes in cerebral vasculature
(Lindahl et al., 1997). In PDGFRB-deficient mice, loss of pericytes leads to accumulation of
blood derived fibrin or fibrinogen, decreased vasculature and reduced blood flow in the brain
parenchyma, and finally results in demyelination, axonal degeneration and oligodendrocyte loss
in the white matter, which are characteristic pathological changes in microcirculationimpaired
brain (Montagne et al., 2018). In APP-transgenic mice, deficiency of PDGFRp causes pericyte
loss and increases AP deposition in the brain parenchyma and blood vessels, perhaps due to the
decrease of AP internalization by pericytes (Ma et al., 2018; Sagare et al., 2013). Recently, it was
demonstrated that oligomeric AP triggers pericyte contraction by initiating the generation of
reactive oxygen species and subsequent release of endothelin-1 in microvessels (Nortley et al.,
2019). APOE4 was also shown to promote pericyte injury and BBB impairment in the
hippocampus and medial temporal lobe of AD patients (Montagne et al., 2020). Thus, pericytes
are damaged in AD brain and dysfunction of pericytes contributes to AD pathogenesis. The
potential vascular contribution to AD pathogenesis sheds light on a novel way to develop
vascular protection-oriented therapeutic methods for AD patients. However, the molecular

mechanisms mediating vascular pathology in AD brain are largely unknown.

1.3 NLRP3 inflammasome

Innate immunity is the first barrier of the body’s defense, which is affected by pattern
recognition.The body recognizes pathogen-related molecular patterns, activates downstream
signaling pathways, and causes inflammation react to resist the invasion of pathogens(Liu D et
al., 2013). There are four main types of pattern recognition receptors in the body, Including Toll-
like receptor (TLR), NOD-like receptor(NLR), c-type coagulation agglutinin receptor and
retinoic acid inducible gene 1 receptor. NOD-like receptors play a vital role in inherent immunity

and host physiology(MaekawaT et al., 2012).
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Figl.3 The mechanisms of NLRP3 inflammasome activation. The activation of NLRP3 inflammasome is a
complex regulatory process that requires two triggering steps: the initiation step and the activation step. The
priming step is induced by the TLR4 agonist, which then activates the NF-kB pathway by promoting the
expression of NLRP3, pro-IL-18, and pro-IL-1f. Then, the assembly of NLRP3 inflammasomes is activated by
various triggers, such as viral RNA, pore-forming toxin, and ATP. In addition, the activation step of the
NLRP3 inflammasome is mediated by K+ efflux, lysosomal destruction, and elevated ROS. Activated caspase-
1 can further induce the maturation of IL-18 and IL-1B and lyse GSDMD to form membrane pores, thereby
mediating cell pyrolysis. Mature IL-1p molecules can be released into the extracellular environment through
membrane pores, amplifying the inflammatory effect. In addition, caspase-11 in mice (or caspase-4 and
caspase-5 in humans) can induce the activation of non-classical NLRP3 inflammasomes, leading to pyrolysis
and the secretion of pro-inflammatory cytokines. (Feng YS, Tan ZX, Wu LY, Dong F, Zhang F. The
involvement of NLRP3 inflammasome in the treatment of neurodegenerative diseases. Biomed Pharmacother.

2021;138:111428.)

NLRP3 inflammasome is a protein complex that exists in the cytoplasm. It relies on the

molecular platform of caspase 1 to promote the maturation and release of interleukin (IL) 1p and

90



INTRODUCTION

IL-18, and cause inflammation reaction(LatzE et al., 2010). Once the regulation of the NLRP3
inflammasome in the body is unbalanced, excessive IL-18 and IL-18 may be produced, which
may cause a series of inflammatory diseases. Asc is an important adaptor protein of NLRP3
inflammasome, connecting upstream NLRP3 and downstream precursor caspase-1. Caspase-1 is
the effector protein of NLRP3 inflammasome. The precursor caspase-1 has no catalytic activity
and can be activated by autocatalysis. Once activated, it can convert the inactive pro-
inflammatory cytokines IL-1f and IL-1. The precursor of 18 is sheared into mature IL-13 and
IL-18. NLRP3 inflammasomes are mainly expressed in neutrophils, macrophages, monocytes
and dendritic cells, and their expression induces an inflammatory response (Guarda et al., 2011).

Data show that activating NLRP3 inflammasomes requires two steps: (Dlnitiating the signal,
transcribe the precursors of NLRP3 inflammasome and IL-1P through the NF x B pathway;
(@Activating the signal, pathogen-related molecular patterns directly activate the

inflammasome(Feng YS et al., 2021).

1.4 NLRP3 is involved in AD pathogenesis

The pathogenesis of AD is associated with the formation of amyloid plaques and
neurofibrillary tangles (NFTs), which result from the accumulation of AP and the intracellular
deposition of hyperphosphorylated tau proteins (DeTure, M.A et al., 2019). However, other
pathogenic factors are also involved in the etiology of AD ( Freeman, LC et al., 2016). For

example, many studies have indicated that neuroinflammation also plays a central role in the
pathogenesis of AD (Swardfager, W et al., 2010 ; Huang, C et al., 2017). Moreover, the

aggregation of NFTs, tau proteins and AP could activate a proinflammatory downstream cascade
of astrocytes and microglia that leads to and exacerbates AD pathology (Liu Y et al., 2014).
Numerous inflammatory markers have been found in the AD brain, including increased levels of
inflammatory cytokines and chemokines, as well as the accumulation of activated microglia in
damaged areas (Lee, Y. J et al., 2010). Furthermore, NLRP3 inflammasome is closely related to
the pathogenesis of AD and other inflammasomes have been shown to induce neuroinflammation
in the central nervous system (CNS) (Heneka, M. T et al., 2015; Heneka, M. T et al., 2013;dos
Santos, G et al., 2012).
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NLRP3 inflammasome, which is known to be associated with many chronic inflammatory
and autoimmune diseases, consist of NLRP3, the adaptor molecule apoptosis-associated speck-
like protein containing a CARD (ASC), and the cysteine protease caspase-1. There is more and
more evidences to support the following view: NLRP3 inflammasome plays a vital role in the
pathogenesis of AD, and is closely related to molecular events that are associated with AD (such
as fibrous AB) (Heneka,M.T et al., 2015; Halle, A et al., 2008). Intracellular AP buildup activates
the NLRP3 inflammasome in microglia, subsequently, caspase-1 self-cleavage forms active
caspase-1, which in turn triggering pro-IL-1p and pro-IL-18 mature, indicating that NLRP3
inflammasome activation may worsen neuroinflammation of AD(Venegas and Heneka 2019).
Caspase-1 cleavage levels in the brains of patients with mild cognitive impairment and AD are
elevated (Heneka, M.T et al., 2013). Increased expression of active IL-1p has been found in the
cerebrospinal fluid of patients with AD (Blum-Degen, D et al., 1995). In addition, AD models
show that fibril AP can trigger the activation of NLRP3 inflammasomes in microglia, leading to
the maturation of pro-IL-1 and the production of IL-18 (Heneka, MT et al., 2015; Halle, A et al.
People, 2008). Recently, some studies have reported that amylin receptor can mediate the
activation of AB-induced NLRP3 inflammasome pathway (Fu W et al., 2017). In addition, AP
can trigger an increase in the expression of ROS (reactive oxygen species), which can activate
the NLRP3 inflammasome pathway through the TRPM2 (transient receptor potential melatonin 2)
pathway (Aminzadeh, M et al., 2017). Another research team found that tau seeds can activate
the NLRP3-ASC inflammasome pathway and trigger the production of IL-1p depends on ASC-
dependent manner(AStancu, IC, etc., 2017). Therefore, understanding the NLRP3 inflammasome
may help to understand the pathology of AD.

1.5 NLRP3 and Pericytes

Multiple studies have shown that cerebrovascular pericytes express pattern molecular
recognition receptors (PRRs), such as Toll-like receptors, such as TLR2 and TLR4, and NOD
(nucleotide binding oligomerization domain)-like receptor proteins, such as NLRPI and
NLRP3(Guijarro-Munoz et al., 2014; Leaf et al.,, 2017; Nyul-Toth et al., 2017). After
lipopolysaccharide (LPS) and TNF-a stimulation, and E. coli infection, cerebrovascular pericytes
cultured in vitro will activate the expression of inflammatory genes, release cytokines (such as

IL-1B and TNF-0) and chemotactic These inflammatory responses may change: 1) the
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proliferation and migration of pericytes, 2) the interaction with other inflammatory cells, and 3)
the expression of LRP1 related to AP endocytosis(Guijarro-Munoz et al., 2014; Kovac et al.,
2011; Nyul-Toth et al., 2017). A mouse experiment conducted by the Shanghai Institute of
Neuroscience found that cerebral vascular pericytes can sense the peripheral inflammation
caused by intraperitoneal injection of LPS, and transmit peripheral inflammation information to
the central nervous system by secreting CCL-2 to stimulate the central inflammatory process.
Thereby changing the electrophysiological activity of nerve cells. These in vitro and in vivo
research results suggest that the immune signal mechanism may regulate the activity and
function of cerebral vascular pericytes. However, the specific role of the immune regulation
mechanism of cerebrovascular pericytes in the pathogenesis of AD has not been reported yet,
And it is interesting to ask whether innate immune signaling (like NLRP3 inflammasome)

regulates cellular fate and functions of pericytes in the brain.

NLRP3-contained inflammasome has attracted great attention in AD researches, as it is
activated in AD brain and potentially mediates microglial inflammatory responses, exaggerates
AP and Tau protein aggregation in APP or Tau-transgenic mice (Heneka et al., 2013; Ising et al.,
2019; Stancu et al., 2019; Venegas et al., 2017). NLRP3 is considered as a promising therapeutic
target for AD patients (Dempsey et al., 2017). However, the effects of NLRP3 activation on
pericytes and vascular dysfunction were not addressed. In this study, we used NLRP3-knockout
mice and treated cultured pericytes with NLRP3 inhibitor, MCC950, or interleukin (IL)-18, a
major product of NLRP3-contained inflammasome. We observed that NLRP3 might be essential
for the maintenance of healthy pericytes in the brain , that AKT (also known as protein kinase B)
might mediate the physiological effect of NLRP3 in pericytes. We further investigated effects of
NLRP3 on the vasculature and pericyte survival in brains under both physiological and

pathological conditions.
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2. MATERIALS AND METHODS

2.1 Materials
Instruments, experimental materials and kits, unless otherwise specified, were the same as

described in Part L.

2.2 Methods

2.1.1. Mice and Cross-breeding

NLRP3 knockout (NLRP3-/-) mice were kindly provided by N. Fasel (University of
Lausanne, Lausanne, Switzerland) (Martinon et al., 2006). MyD88 knockout (MyD88-/-) mice
were originally provided by S. Akira and K. Takeda (Osaka University, Osaka, Japan) (Adachi et
al., 1998). Breeding between heterozygous mutants (+/-) on a C57BL/6 background were used to
maintain mouse colonies. Mice were compared only between littermates. Animal experiments
were performed in accordance with all relevant national rules and were authorized by the local
research ethical committee. All animal experiments were approved by the regional ethical

committee of the regional council in Saarland, Germany.

2.1.2. Tissue collection and isolation of blood vessels

Animals were euthanized by inhalation of isofluorane and perfused with ice-cold
phosphate-buffered saline (PBS). The brain was removed and divided. The left hemisphere was
immediately fixed in 4% paraformaldehyde (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) in PBS and embedded in paraffin for immunohistochemistry. The cortex and
hippocampus were carefully dissected from the right hemisphere, snap-frozen in liquid nitrogen
and stored at -80°C for biochemical analysis. Cortex and hippocampus were also used for
isolation of brain vessel fragments according to the published protocol (Boulay et al., 2015).
Briefly, brain tissues were homogenized in HEPES-contained Hanks' balanced salt solution
(HBSS) and centrifuged at 4,400 g in HEPES-HBSS buffer supplemented with dextran from
Leuconostoc spp. (molecular weight ~ 70,000; Sigma-Aldrich) to delete myelin. The vessel
pellet was re-suspended in HEPES-HBSS buffer supplemented with 1% bovine serum albumin
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(Sigma-Aldrich) and filtered with 20 um -mesh. The blood vessel fragments were collected on
the top of filter and frozen at -80°C for further biochemical analysis.

2.1.3. Histological image acquisition and analysis

Serial 40-um-thick sagittal sections were cut from the paraffin-embedded hemisphere. Four
serial sections per mouse with 400um of interval between two neighboring sagittal sections were
stained with rabbit anti-PDGFRJ monoclonal antibody (clone: 28E1; Cell Signaling Technology
Europe, Frankfurt am Main, Germany) and Alexa488-conjugated goat anti-rabbit IgG (Thermo
Fisher Scientific, Darmstadt, Germany). The coverage of PDGFRp staining-positive cells in the
whole hippocampus and cortex was estimated with the Cavalieri method on a Zeiss
Axiolmager.Z2 microscope (Carl Zeiss Microscopy GmbH, Gottingen, Germany) equipped with
a Stereo Investigator system (MBF Bioscience, Williston, VT, USA). The grid size was set at 10
um, which provided coefficient of error estimates of < 0.05.

To quantify vasculature in the brain, our established protocol was used (Decker et al., 2018).
Briefly, 4 serial paraffin-embedded sections per mouse were deparaffinized, heated at 80°C in
citrate buffer (10mM, pH = 6) for 1 hour and digested with Digest-All 3 (Pepsin) (Thermo Fisher
Scientific) for 20 minutes. Thereafter, brain sections were stained with rabbit anti-collagen IV
polyclonal antibody (Catalog: # ab6586; Abcam, Cambridge, UK) and Alexa488-conjugated
goat anti-rabbit IgG (Thermo Fisher Scientific). After being mounted, the whole brain including
hippocampus and cortex was imaged with Microlucida (MBF Bioscience). The length and
branching points of collagen type IV staining-positive blood vessels were analyzed with a free
software, AngioTool (http://angiotool.nci.nih.gov) (Zudaire et al., 2011). The parameters of
analysis for all compared samples were kept constant. The length and branching points were

adjusted with area of interest.

2.1.4. Western blot analysis of PDGFR and CD13 in cerebral blood vessels

Isolated blood vessels were lysed in RIPA buffer (50mM Tris [pH 8.0], 150mM NaCl,
0.1% SDS, 0.5% sodiumdeoxy-cholate, 1% NP-40, and 5mM EDTA) supplemented with
protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany) on ice. The tissue
lysate was sonicated before being loaded onto 10% SDS-PAGE. For Western blot detection,
rabbit monoclonal antibodies against PDGFRPB and CD13/APN (clone: 28E1 and D6V1W,
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respectively; Cell Signaling Technology Europe) were used. In the same sample, B-actin was
detected as a loading control using rabbit monoclonal antibody (clone: 13E5; Cell Signaling
Technology Europe). Western blots were visualized via the ECL method (PerkinElmer LAS
GmbH, Rodgau, Germany). Densitometric analysis of band densities was performed with Image]
software (https://imagej.nih.gov/ij/). For each sample, the protein level was calculated as a ratio

of target protein/B-actin.

2.1.5. Culture of pericytes

Human primary brain vascular pericytes (HBPC) were immortalized by infecting cells
with tsSV40T lentiviral particles (Umehara et al., 2018). The selected immortalized HBPC clone
37 (hereafter referred to as HBPC/ci37) was used for our study. HBPC/ci37 cells were cultured
at 33 °C with 5% CO? 95% air in pericyte medium (Catalog: # 1201; Sciencell Research
Laboratories, Carlsbad, CA, USA) containing 2% (v/v) fetal bovine serum, 1% (w/v) pericyte
growth factors, and penicillin-streptomycin. Culture flasks and plates were treated with Collagen
Coating Solution (Catalog: # 125-50; Sigma-Aldrich). HBPC/ci37 cells were used at 40 ~ 60

passages in this study.

2.1.6. Analysis of pericyte proliferation and apoptosis

Pericytes were seeded at 1.0 x 104 cells on 96-well plate /100ul (day 0), and cultured in
pericyte medium containing NLRP3 inhibitor, MCC950 (Catalog: # PZ0280; Sigma-Aldrich), at
0, 25, 50 and 100 nM. The cell survival was detected with MTT-based Cell Proliferation Kit I
(Catalog: # 11465007001; Sigma-Aldrich) on days 1, 2, 3, 4, 5, 6 and 7. In order to further detect
cell death and proliferation of pericytes, cells were cultured in 12-well plate at 5.0 x 105
cells/well, and treated with MCC950 as described in MTT assay. After 24 hours, pericytes were
collected and lysed in RIPA buffer. Quantitative Western blot was used with rabbit monoclonal
antibody against cleaved caspase-3 (clone: SA1E; Cell Signaling Technology Europe), mouse
monoclonal antibody against proliferating cell nuclear antigen (PCNA) (clone: PCI10; Cell
Signaling Technology Europe) and rabbit monoclonal antibody against Ki-67 (clone: SP6;
Abcam). a-tubulin and B-actin were detected as an internal control with mouse monoclonal
antibody (clone: DM1A; Abcam) and rabbit monoclonal antibody (clone: 13ES; Cell Signaling
Technology Europe), respectively.
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2.1.7. Treatments of pericytes for detection of PDGFRf and CD13 and phosphorylated
AKT, ERK and NFkB p65

Pericytes were cultured in 12-well plate at 5.0 x 10° cells/well. Before experiments, we
replaced culture medium with serum-free pericyte medium and cultured cells at 37°C for 3 days
to facilitate cell differentiation (Umehara et al., 2018). Thereafter, pericytes were treated for 24
hours with MCC950, at 0, 25, 50 and 100 nM, recombinant human IL-1p (Catalog: # 201-LB;
R&D Systems, Wiesbaden, Germany) at 0, 5, 10 and 50 ng/ml, or AKT Inhibitor VIII (Catalog:
# 124018; Sigma-Aldrich) at 0, 0.5, 1 and 5uM. Cell lysate was prepared in RIPA buffer
supplemented with protease inhibitor cocktail (Roche Applied Science) and phosphatase
inhibitors (50 nM okadaic acid, 5 mM sodium pyrophosphate, and 50 mM NaF; Sigma-Aldrich).
For Quantitative Western blot, the following antibodies were used: rabbit monoclonal antibodies
against PDGFRp, CDI13/APN, phosphorylated AKT (Ser473), phosphorylated ERKI1/2
(Thr202/Tyr204), phosphorylated NFxB p65 (S536), NFkB p65, B-actin, GAPDH (clone: 28E1,
D6V1IW, D9E, D13.14.4E, 93H1, DI14E12, 13E5, and 14C10, respectively; Cell Signaling
Technology Europe), rabbit polyclonal antibodies against AKT and phosphorylated GSK-3
(Ser9) (Catalog: # 9272 and Catalog: # 9336, respectively; Cell Signaling Technology Europe)
and mouse monoclonal antibodies against ERK1/2 and GSK-3f (clone: L34F12 and 3D10,
respectively; Cell Signaling Technology Europe) and a-tubulin (clone: DM1A; Abcam).

2.1.8. Flow cytometric analysis of innate immune receptors in pericytes

In order to investigate the potential role of innate immune signaling in pericytes during AD
pathogenesis, we detected innate immune receptors, TLR1, TLR2, TLR4 and CD14, on the cell
surface of pericytes isolated from 9-month-old APP- transgenic and wild-type littermate mice.
AD mice were sacrificed at the 9-month-old, and the cerebral cortex and hippocampus were
harvested after phosphate-buffered saline perfusion. The tissue was carefully dissected to prepare
a single-cell suspension, with myelin removed, using the Neural Tissue Dissociation Kit (papain
based) and Myelin Removal Beads II (both from Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany), according to the manufacturer’s protocols. After pelleting cells by centrifugation, we
added 40ul of blocking buffer containing 25 mg/mL rat anti-mouse CD16/CD32 antibody (2.4G2;

BD Biosciences) and 10% fetal calf serum to prevent nonspecific binding. Thirty minutes after
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blocking at 4°C, cells were incubated with fluorophore-conjugated antibodies against mouse
TLR1, TLR2, TLR4 and CDI14 (eBioscience, Frankfurt, Germany). After thorough washing,
different inflammatory cell populations were immediately analyzed using flow cytometry (BD
FACSCanto II), and absolute numbers of cells were counted using BD Trucount absolute

counting tubes (BD Biosciences).

2.1.9. Statistics

Data was presented as mean £ SEM for mice and mean + SD for cells. For multiple
comparisons, one-way or two-way ANOVA followed by Bonferroni or Tukey post hoc test. Two
independent-samples Students t test was used to compare means for two groups of cases. All
statistical analyses were performed with GraphPad Prism 5 version 5.01 for Windows (GraphPad

Software, San Diego, CA, USA). Statistical significance was set at p < 0.05.
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3. RESULTS

3.1 NLRP3 deficiency reduces pericyte cell coverage and decreases protein levels of

PDGFRp and CD13 in the Brain

To the best of our knowledge, we are first to show the protein expression of NLRP3 in
cerebral pericytes. As shown in Fig 3.1A, some brain cells were co-stained by NLRP3 and
PDGFR§-specific antibodies. To explore effects of NLRP3 on the maintenance of pericytes in
the brain, we estimated the coverage of PDGFRp-positive cells in brains from 9-month-old
NLRP3-knockout (NLRP3”) and wild-type (NLRP3*") littermate mice. We observed that
NLRP3 deficiency significantly decreased the coverage of PDGFRp-immune reactive cells in
microvessels with < 6 um of diameter in a gene dose-dependent manner(Fig 3.1, B and C one-
way ANOVA, p<0.05). In isolated blood vessels from brains of 9-month-old
NLRP37" NLRP3*" and NLRP3"* littermate mice,we similarly observed that deletion of
NLRP3 significantly reduced PDGFRp and CD13 proteins, two pericyte markers, in the cerebral
blood vessels also with agene dose-dependent pattern (Fig 3.1, D and E; one-way ANOVA, p <

0.05).

In further experiments, we asked whether innate immune signaling serves a common
effect on pericyte survival in the brain. We detected PDGFRP and CD13 proteins in cerebral
blood vessels isolated from 6-month-old MyD887" ,MyD88"~ and MyD88"/* littermate mice. As
shown in Fig 3.1, F and G, protein levels of CD13 and PDGFRp were both lower in MyD88-

deficient mice than in MyD88-wildtype controls (one-way ANOVA, p< 0.05).
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Fig 3.1 NLRP3 deficiency reduces pericyte cell coverage and decreases protein levels of PDGFRf and CD13
in the brain. A, 9-month-old mouse brains were co-stained for NLRP3 and PDGFRp. PDGFRp-immune reactive
cell bodies (in green; marked with arrows) were stained by NLRP3-specific antibodies (in red). B, brain tissues from
9-month-old NLRP3-knockout (+/- and -/-) and wild-type (+/+) littermate mice were then co-stained for PDGFRf
(with anti-PDGFR antibodies, in green) and endothelial cells (with isolectin B4, in red). C, the coverage of
PDGFRB-positive pericytes was calculated as a ratio of PDGFRp/isolectin B4-positive area. One-way ANOVA
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followed by Tukey post hoc test, n = 4 per group. D-G, 9-month-old NLRP3 and 6-month-old MyD88 littermate
mice with homozygous (-/-) and heterozygous (+/-) knockout, and wild-type (+/+) of nlrp3 and myd88 genes,
respectively, were analyzed for protein levels of PDGFRp and CD13 in isolated cerebral blood vessels. One-way
ANOVA followed by Bonferronipost hoc test, n = 10, 10 and 8 for NLRP3 (+/+, +/- and -/-) mice in PDGFRf
detection and n =9, 9 and 7 for NLRP3 (+/+, +/- and -/-) mice in CD13 detection; n = 8, 10 and 6 for MyD88 (+/+,
+/- and -/-) mice in the detection of both PDGFRp and CD13. *: p < 0.05 and **: p <0.01.

3.2 NLRP3 deficiency reduces vasculature in the brain

Pericytes are essential for the development of cerebral circulation. We asked whether
NLRP3 deficiency affects the structure of cerebral blood vessels. We observed that, in 9-month-
old mouse brains, deficiency of NLRP3 significantly reduced the total length and branching
points of collagen type IV-positive blood vessels (Fig 3.2, A - C; one-way ANOVA, p < 0.05).

The reduction of brain vasculature was dependent on the copies of NLRP3-encoding gene.
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The blood vessels in hippocampus were thresholded and skeletonized. The skeleton representation of vasculature is
shown in red and branching points of blood vessels are in blue. B and C, the total length and branching points of
blood vessels were calculated and adjusted by area of analysis. One-way ANOVA followed by Bonferroni post hoc
test, n =8, 8 and 6 for NLRP3 (+/+, +/- and -/-) mice, respectively. **p < 0.01.
3.3 NLRP3 inhibition attenuates cell proliferation in cultured pericytes

After we observed that NLRP3 deficiency decreased the number of pericytes in the brain,
we continued to investigate underlying mechanisms mediating the effects of NLRP3 on pericytes.
After treating cultured pericytes with NLRP3 inhibitor, MCC950, at different concentrations, we
observed that NLRP3 inhibition significantly reduced the conversion of MTT into its colorful
product in a dose-dependent manner (Fig3.3, A; one-way ANOVA, p <0.05; n =4 per group). In
further experiments, we detected cell proliferation protein PCNA and Ki-67 in MCC950-treated
cells. As it was shown in Fig3.3, B-D, MCC950 treatments significantly decreased protein levels
of both PCNA (Fig. 3, B and C; one-way ANOVA, p < 0.05; n =3 per group) and Ki-67 (Fig 3.3,
B and D; one-way ANOVA, p < 0.05; n = 4 per group), two typical protein markers for cell

proliferation. Thus, inhibition of NLRP3 potentially suppressed proliferation of pericytes.
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Fig3.3 NLRP3 inhibition attenuates cell proliferation in cultured pericytes. A, cultured pericytes were
treated with NLRP3 inhibitor, MCC950, at 0, 25, 50 and 100 nM and analyzed for proliferation with MTT
assay every day for 7 days. Two-way ANOVA followed by Tukey post-hoc post hoc test, n = 4 per group. **p
< 0.01 and **p < 0.001. B, C and D, pericytes were cultured and treated with MCC950 at indicated
concentrations for 24 hours. Cell lysate were detected for PCNA and Ki-67 with quantitative Western blot.
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Inhibition of NLRP3 reduces protein levels of PCNA and Ki-67 in a dose-dependent manner. One-way
ANOVA followed by Tukey post-hoc post hoc test, n = 3 per group for PCNA and n = 4 per group for Ki-67.
p <0.05 and **p < 0.01.
3.4 NLRP3 inhibition attenuates expression of PDGFR B and CD13 in cultured pericytes
In order to examine the specific effects of NLRP3 on pericyte behavior, we detected protein
levels of PDGFRp and CD13 in cultured pericytes after NLRP3 inhibition. PDGFRf and CD13
mediate both physiological and pathophysiological functions of pericytes(Lindahl et al., 1997;
Rangel et al., 2007). We observed that treatments with MCC950 decreased expression of
PDGFRp and CD13 in pericytes in a dose-dependent manner (Fig 3.4, A-C; One-way ANOVA,
p < 0.05; n = 4 per group). To analyze underlying mechanisms, through which NLRP3 drives
pericyte differentiation, we detected phosphorylation of AKT, ERK and NF-xB in MCC950-
treated cells. Activation of AKT and ERK is involved in pericyte proliferation and migration
(Bonacchi et al., 2001; Yao et al., 2014). As shown in Fig 3.4, D-F, inhibition of NLRP3 reduced
the protein levels of both phosphorylated AKT and ERK in a dose-dependent manner (One-way
ANOVA, p < 0.05; n = 4 per group). However, phosphorylation of NF-xB in pericytes was not
significantly changed by treatments with MCC950 (Fig 3.4, G and H; One-way ANOVA, p =

0.094; n = 3 per group).

A B 154 — i C 154 -

MCC950 (nM)
0 25 50 100

POGFR |
CD13 [ o s

PDGFRp/p-actin

B-actin | g - -

1
0 25 50 100 50 100
MCC950 (nM) MCC950 (nM}

103



RESULTS

MCC950 (nM)
D 0 25 50 100

., F 20+ "

p-AKT [ ——

total AKT | we————

p-ERK

p-/total ERK

total ERK | -

GAPDH |ee == s =

50 100 0 25 50 100
MCC950 (nM) MCC950 (nM)

MCC950 (nM)
0 25 50 100

P-PES | ———

total PES | e w———

p-'total p65

p-actin I. - - -

25 50 100
MCC950 (nM)

Fig3.4 NLRP3 inhibition attenuates protein expression of PDGFRp and CD13 and inhibits phosphorylation
of AKT and ERK in cultured pericytes. Pericytes were cultured and treated with MCC950 at 0, 25, 50 and 100
nM for 24 hours. A, D and G, Western blot was used to detect PDGFRp and CD13, as well as phosphorylated and
total protein levels of AKT, ERK and NF«xB p65. B, C, E and F, Inhibition of NLRP3 reduces protein levels of
PDGFRP and CD13, and inhibits phosphorylation of AKT and ERK with a dose-dependent pattern. One-way
ANOVA followed by Tukey post hoc test, n = 4 per group. * p < 0.05, **p < 0.0l and ***p < 0.001. G,

Phosphorylation of NFkB p65 is not significantly changed by inhibition of NLRP3. One-way ANOVA, n = 3 per

group.

3.5IL-1P increases protein expression of PDGFRP and CD13 in cultured pericytes.
NLRP3-contained inflammasome activates caspase 1 and subsequently cleaves pro-IL-1

into active IL-1PB (Gross et al., 2011). Due to the low level of IL-1p released from non-activated

pericytes, we could not detect reduction of IL-1p secreted from NLRP3-deficient pericytes

compared to NLRP3-wild-type pericytes (data not shown). However, we hypothesized that IL-1
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affects differentiation of pericytes. We treated cultured pericytes with IL-1p at different
concentrations. Very interestingly, IL-1f increases the protein expression of PDGFRf and CD13
also with a concentrations-dependent pattern (Fig 3.5, A-C; One-way ANOVA, p <0.05;n=3
per group). As potential regulating mechanisms, we observed that IL-1f treatments significantly

increased phosphorylation of AKT but of ERK (Fig 3.5, D-F; One-way ANOVA, p <0.05;n=3

per group).
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Fig 3.5 IL-1P increases protein expression of PDGFRp and CD13 in cultured pericytes. Pericytes were
cultured and treated with recombinant human IL-1p at 0, 5, 10 and 50 ng/ml for 24 hours. A and D, Western
blot was used to detect PDGFRf and CD13, as well as phosphorylated and total protein levels of AKT and
ERK. B, C, E and F, stimulation of IL-1P increases protein levels of PDGFRB and CD13, and activates
phosphorylation of AKT, but not ERK, in a dose-dependent manner. One-way ANOVA followed by Tukey
post hoc test, n = 3 per group. *p < 0.05 and **p < 0.01.
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3.6 Deficiency of NLRP3 increases pericytes and vasculature in the brain of Tau-

transgenic AD mice

After we observed that deficiency of NLRP3 decreases pericytes and vasculature in the
brain under the physiological condition (Quan et al., 2020), we continued to investigate the
pathophysiological function of NLRP3 in an AD mouse model. Human Tau-transgenic mice
(Yoshiyama et al., 2007) were cross-bred with NLRP3 knockout mice (Martinon et al., 2006).
By 9 months of age, Tau-transgenic and wild-type with different expression of NLRP3 were
analyzed for pericyte coverage and vasculature using the same protocol as we used in our
previous study (Decker et al., 2018; Quan et al., 2020). As shown in Fig 3.6a, A and B,
deficiency of NLRP3 increases the coverage of PDGFRB-positive pericytes in the micro-vessels
of Tau-transgenic mice (one-way ANOVA, p < 0.05). Accordingly, NLRP3 deficiency increases
the length and branching points of blood vessels in Tau-transgenic (Fig 3.6b, A and B; one-way
ANOVA, p < 0.05). Deficiency of NLRP3 regulates both paricyte coverage and vasculature in a
gene copies-dependent manner (Fig3.6a and Fig3.6b).
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Fig 3.6a NLRP3 deficiency increases the pericyte cell coverage in cerebral blood vessels of Tau-
transgenic mice. A, mouse brains from 9-month-old Tau-transgenic mice with wild-type [wt] NLRP3, and
heterozygous [het] and homozygous [ko] knockout of NLRP3 were co-stained for PDGFRpB (with anti-
PDGFRp antibodies, in green) and endothelial cells (with isolectin B4, in red). B, the coverage of PDGFR-
positive pericytes calculated as a ratio of PDGFRp/isolectin B4-positive area is increased by deficiency of

NLRP3 in a gene dose-dependent manner (One-way ANOVA followed by Bonferronipost hoc test, n > 6 per
group).
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Fig 3.6b NLRP3 deficiency increases the vasculature in the brain of Tau-transgenic mice. A, brains

of 9-month-old Tau-transgenic mice with homozygous (ko) and heterozygous (het) knockout of n/rp3 and

wild-type (wt) nlrp3 gene were stained for collagen type IV. The blood vessels in hippocampus were

thresholded and skeletonized. The skeleton representation of vasculature is shown in red and branching

points of blood vessels are in blue. B and C, the total length and branching points of blood vessels were

calculated and adjusted by brain area of analysis. Deficiency of NLRP3 increases the vasculature of the

brain (One-way ANOVA followed by Bonferronipost hoc test, n > 5 per group).
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3.7 Deletion of MyD88 specifically in pericytes attenuates amyloid pathology in

APP/PS1-transgenic mice

After we observed that NLRP3 deficiency regulates pericyte coverage and vasculature in the
brain under physiological and pathological conditions(Quan et al., 2020), we continued to
examine whether MyD88 in pericytes modulate AD pathogenesis. Expression of TLR1 and
TLR2 is highly up-regulated on pericytes in APP-transgenic mouse brain. To explore the
potential role of innate immune signaling in pericytes during AD pathogenesis, we detected
innate immune receptors, TLR1, TLR2, TLR4 and CD14, on the cell surface of pericytes isolated
from 9-month-old APP- transgenic and wild-type littermate mice (Radde et al., 2006). We
observed that expression of TLR1, TLR2 and TLR4 is highly up-regulated in AD mice compared
to wild-type controls (Fig. 3.7, A and B; t test, p< 0.05). Our previous study has shown that
TLR2 in cooperation with TLRI serves as a primary receptor for AP to trigger

neuroinflammatory activation (Liu et al., 2012).
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Fig 3.7 TLR1, TLR2 and TLR4 are highly expressed on pericytes in APP-transgenic mouse brain. 9 month-
old APP-transgenic (APPtg) and wild-type (APPwt) littermate mice were analyzed for expression of innate
immune receptors on brain pericytes. Cortex and hippocampus were carefully dissected and digested with

Neural Tissue Dissociation Kit (papain-based; MiltenyiBiotec). Single-cell suspensions were prepared and
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pericytes were selected with PE-conjugated anti-PDGFRP and MicroBeads-conjugated anti-PE antibodies
(both from MiltenyiBiotec). The selected cells were further labelled with APC-conjugated antibodies against
TLR1, TLR2 or TLR4, or Alexa488-conjugated antibody against CD14 (all antibodies from eBioscience) and
thereafter detected with flow cytometry. Expression of TLR1, TLR2 and TLR4 is highly up-regulated in

pericytes from APPtg mice compared to APPwt mice. Two-independent groups t test; n = 6 per group.

3.8 Deficiency of MyD88 in pericytes attenuates AD-associated pathology in APP-

transgenic mice

To explore the potential effects of pericyte MyD88 on AD pathogenesis, we cross-bred
APP-transgenic mice with myd88-floxed mice (Hou et al., 2008) and PDGFRB-CreERT2
transgenic mice (Gerl et al, 2015) to create AD mice with APP%/Myd88""/Cre'tand
APP'¥/Myd88"1/Cre™of genotypes. By 2 months of age, mice were injected (i.p.) with tamoxifen
for the deletion of MyD88specifically in pericytes. In 5-month-old APP-transgenic mice, we
observed that deficiency of MyD88 in pericytes reduces AP deposits in the brain parenchyma
and increases the expression of pericyte markers, PDGFRP and CDI13, in the cerebral micro-

vessels (Fig3.8, t test, p< 0.05), which suggests that MyD88 in pericytes mediates AD

pathogenesis.
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Fig3.8 Deficiency of MyD88 in pericytes reduces AP deposits in association with increased pericyte
markers in the brain of APP-transgenic mice. Two-month-old AD mice with APP¢/Myd88%"1/Cre'¢ and
APP'e/Myd88"1/Cre™ of genotypes were injected with tamoxifen for the induction of MyD88 deletion in
pericytes. By 5 months of age, the brain tissues from these two groups of mice were stained with methoxy-X04
that specifically recognizes B-sheet secondary structure of AP. The area of methoxy-XO4-positive staining and
the whole analyzed brain region was automatically calculated with /mage-J (A and B; t test, n = 4 per group).
Microvessels were also isolated from the brain tissues, lysed in RIPA buffer and detected for pericyte markers,

PDGFR and CD13, with quantitative Western blot (C and D; t test, n = 4 per group).
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4. DISCCUSION

Pericytes play a central role in regulating microvascular circulation and BBB function in the
brain (Sweeney et al., 2016). Our study demonstrated that general deletion of NLRP3 under
physiological conditions decreases the coverage of pericytes and protein levels of PDGFRf and
CD13 in cerebral blood vessels, which is correlated with a reduction of vasculature in the brain,
which corroborates a recent observation that dysfunction of pericytes decreases the length of
cerebral blood vessels in PDGFRB-mutated mouse brain (Montagne et al., 2018). However, we
observed that general deficiency of NLRP3 increases the pericyte coverage and vasculature in
Tau-transgenic AD mouse model. It appears that NLRP3 serves different effects on pericytes and
vasculature under physiological and pathological conditions. As in our animal models, NLRP3 is
deleted in both pericytes and non-pericytes, especially microglia, we supposed that 1) NLRP3
regulates neuroinflammatory activation, thereby modifying pericytes and angiogenesis; 2)
NLRP3 directly regulates pericyte survival and activation; or 3) both.

Activation of NLRP3-contained inflammasome produces active IL-1B (Gross et al., 2011).
MyD88 mediates inflammatory activation after challenges of TLRs ligands and IL-1B (O'Neill
and Bowie, 2007). We observed that deficiency of either NLRP3 or MyD88 decreases protein
levels of PDGFRf and CD13 in the cerebral micro-vessels, and attenuates the vasculature in the
mouse brain. We supposed that NLRP3 drives a basal inflammatory activation in the brain under
a physiological condition, although it was difficult to detect the changes of IL-1p secretion in
NLRP3 or MyD88-deficient brains. The basic inflammatory activation might promote the
pericyte survival. However, in the AD brain, where the inflammatory activation is substantially
exaggerated, the pro-angiogenic effects of inflammation are replaced by toxic effects on the
vessels. We did observe that the vasculature is reduced in AD mice, over-expressing APP or Tau
in neurons (Decker et al., 2018), which is recovered by the neuroinflammatory inhibition in
APP-transgenic mice with haploinsufficiency of MyD88 specifically in microglia (Quan et al.,
2021). Treatments with IL-1B increase PDGFRP and CD13 expression in cultured pericytes

within 24 hours (Quan et al., 2020 and 2021); however, it could not be excluded that a long-term
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inflammatory activation induces cell death of pericytes (Quan et al., 2021). Moreover, other
inflammatory mediators, especially oxidative stress, which is present in the brain of AD patients
and mouse models (Berkowitz BA et al., 2017), might damage pericytes. It has been reported
that AB-activated perivascular macrophages injure the neurovascular coupling through producing
reactive oxygen species (Park et al., 2017). Oxygen free radicals produced in cerebral micro-
vessels stimulate the secretion of endothelin 1 from endothelial cells, and subsequently cause
pericyte contraction in APP-transgenic mice (Nortley R et al., 2019). Furthermore, inflammatory
activation might also indirectly impair pericytes by altering endothelial cells and astrocytes
(Maiuolo J et al., 2018; He JT et al., 2020; Yamazaki Y et al., 2017), as all these cells interact
with each others in the AD brain.

Growing evidence shows that pericytes share innate signalling pathways with microglia and
respond to extracellular inflammatory stimuli. We showed that NLRP3 is expressed in pericytes,
which forms the structural basis for the inflammatory activation. In cultured pericytes, inhibition
of NLRP3 attenuates phosphorylation of multiple inflammation-related kinases, such as AKT
and ERK, and perhaps also NF-«B (p = 0.094), and decreases cell proliferation and PDGFRf
and CD13 expression. Treatments with IL-1p increase PDGFRf and CD13 expression in our
cultured pericytes. It is consistent with a report that TNF-a at 10ng/ml promotes cultured
pericytes to proliferate and migrate (Tigges et al., 2013). It is not surprising that angiogenesis is
activated with pericyte proliferation in inflammatory lesion sites of multiple sclerosis (Girolamo
et al., 2014). During early wound healing, NLRP3 facilitates angiogenesis; however, production
of IL-1P appeared not to be always necessary for angiogenesis (Weinheimer-Haus et al., 2015).

AKT is a known kinase to regulate cell survival, proliferation, and angiogenesis in response
to extracellular signals (Manning and Cantley, 2007). AKT activation prevents pericyte loss in
diabetic retinopathy (Yun et al., 2018). In our experiments, AKT activation might mediate
protective effects of NLRP3 on pericytes, as AKT phosphorylation is reduced by NLRP3
inhibition but enhanced by IL-1P activation. Moreover, inhibition of AKT down-regulates

expression of PDGFRB and CDI13 in pericytes. Interestingly, PDGFRf activation induces
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phosphorylation of AKT (Lehti et al., 2005). Thus, PDGFRP and AKT activate each other and
form a potential positive feed-back to maintain healthy pericytes in the brain.

In additional experiments, we observed that TLR1 and TLR2 expression are up-regulated
in cerebral vascular pericytes in APP-transgenic mice than in their wild-type littermate controls.
TLR2 and TLR1 are the main receptors mediating AP activation in microglia (Liu et al., 2012).
Therefore, we hypothesized that TLR2 might also mediate AP to activate cerebrovascular
pericytes and play an important pathological role in AD brain. Thus, we knocked out MyD88
specifically in pericytes. We did observe that MyD88 deficiency in pericytes reduces Af
deposition in the cortex, which is associated with an increase of PDGFRP and CD13 in the
cerebral blood vessels. Thus, our exploratory studies strongly suggest that innate immune
signalling pathways, i.e. NLRP3 or TLR2-MyDS88, regulate the inflammatory responses of
pericytes and their pathogenic role in AD brain.

In summary, our study suggested that NLRP3 activation maintains healthy pericytes in
the brain perhaps through activating AKT signaling pathway in pericytes. However, NLRP3
deficiency protects pericytes and vasculature from AD-associated impairment in Tau-transgenic
mice, although the underlying mechanisms need to be further investigated. Our studies also
suggest that pericytes display microglia-like characters and innate immune signalling pathways

modulate the pathogenic behaviour of pericytes in AD.
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