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ABSTRACT

1. ABSTRACT

As a significant environmental factor for Alzheimer’s disease (AD), gut microbiota have
been observed to regulate microglial activation and amyloid pathology. However, the
mechanisms through which gut microbiota modify AD progression remain unclear. We
hypothesized that GPR109a, a receptor for bacterial metabolites, might link the intestinal
microbiota to AD pathology. By cross-breeding App™-9N-6-F knock-in (APP-KI) AD mouse
model with GPR109a knockout mice, we showed that deficiency of GPR109a increases
microglial internalization of amyloid-f3 (Ap) and substantially reduces A load in the brain. As
aresult, deficiency of GPR109a prevents neuronal impairment and improves cognitive function
of AD mice. Deficiency of GPR109a does not affect neuroinflammation, as neither the number
of microglia nor the transcription of inflammatory genes (e.g., tnf-a and il-1§) in the brain
tissue is changed compared with GPR109a-wildtype AD mouse.

In further experiments, we observed 3 potential molecular mechanisms: 1) GPR109a
deficiency up-regulates the transcription of the trem2 gene in microglia, which promotes
microglial response to extracellular environmental changes. In GPR109a-deficient AD mice,
there are more microglia clustered around AP deposits than in GPR109a-wildtype APP-KI
mice, which may facilitate AP clearance; 2) Deficiency of GPR109a increases transcription of
cx3crl gene. In cultured bone marrow-derived macrophages, GPR109a deficiency enhances
CX3CR1 expression induced by niacin treatment compared with GPR109a wild-type cells.
CX3CRI expression is correlated with phagocytosis of AP oligomers. Concurrent treatment
with CX3CRI1 antagonist, AZD 8797, prevents niacin from promoting AB-phagocytosis by
GPR109a-deficient macrophages; and 3) deficiency of GPR109a increases the expression of
LRP1 on neurons and astrocytes, which might also facilitate uptake of AP by these cells.

In conclusion, deficiency of GPR109a increases AP clearance by microglia and possibly
also by neurons and astrocytes, which subsequently attenuates amyloid pathology and protects

neurons in AD mice.



ZUSAMMENFASSUNG

2. ZUSAMMENFASSUNG

Es wurde beobachtet, dass die Darmmikrobiota als wichtiger Umweltfaktor fiir die
Alzheimer-Krankheit (AD) die Mikroglia-Aktivierung und die Amyloid-Pathologie reguliert.
Die Mechanismen, durch die die Darmmikrobiota das Fortschreiten der Alzheimer-Krankheit
beeinflusst, sind jedoch noch unklar. Wir stellten die Hypothese auf, dass GPR109a, ein
Rezeptor fiir Dbakterielle Stoffwechselprodukte, eine Verbindung zwischen der
Darmmikrobiota und der AD-Pathologie herstellen kénnte. Durch die Kreuzung von App™-%
PINL-G-F ( APP-KI) AD-Mausmodell mit GPR109a-Knockout-M#usen konnten wir zeigen, dass
ein Mangel an GPR109a die mikrogliale Internalisierung von Amyloid-f (AB) erhoht und die
AB-Belastung im Gehirn erheblich reduziert. Ein Mangel an GPR109a verhindert also
neuronale Beeintriachtigungen und verbessert die kognitiven Funktionen von AD-Mausen. Der
Mangel an GPR109a hat keinen Einfluss auf die Neuroinflammation, da weder die Anzahl der
Mikroglia noch die Transkription von Entziindungsgenen (z.B. tnf-a und il-1p) im Hirngewebe
im Vergleich zur GPR109a-Wildtyp-AD-Maus verédndert ist.

In weiteren Experimenten haben wir 3 mogliche molekulare Mechanismen beobachtet: 1)
Der Mangel an GPR109a regt die Transkription des trem2-Gens in Mikroglia an, was die
Reaktion der Mikroglia auf extrazellulire Umweltverdnderungen fordert. In GPR109a-
defizienten AD-M4iusen gibt es mehr Mikroglia, die sich um AB-Ablagerungen gruppieren, als
in GPR109a-Wildtyp-APP-KI-Miusen, was die AP-Clearance erleichtern konnte; 2) Ein
Mangel an GPR109a erhoht die Transkription des cx3crl-Gens. In kultivierten Makrophagen
aus dem Knochenmark verstirkt ein GPR109a-Mangel die durch Niacin-Behandlung
induzierte CX3CR1-Expression im Vergleich zu GPR109a-Wildtyp-Zellen. Die CX3CR1-
Expression korreliert mit der Phagozytose von AB-Oligomeren. Die gleichzeitige Behandlung
mit dem CX3CR1-Antagonisten AZD 8797 verhindert, dass Niacin die AB-Phagozytose durch
GPR109a-defiziente Makrophagen fordert; und 3) Der Mangel an GPR109a erhoht die
Expression von LRP1 auf Neuronen und Astrozyten, was auch die Aufnahme von A durch
diese Zellen erleichtern konnte.

Zusammenfassend lésst sich sagen, dass ein Mangel an GPR109a die AB-Clearance durch
Mikroglia und moglicherweise auch durch Neuronen und Astrozyten erh6ht, was in der Folge

die Amyloid-Pathologie abschwécht und die Neuronen in AD-Méusen schiitzt.



INTRODUCTION

3. INTRODUCTION

3.1 Epidemiology of Alzheimer’s disease

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease responsible for
about two-thirds of dementia in the elderly. There are over 50 million people worldwide living

with dementia in 2020 (https://www.alzint.org/resource/numbers-of-people-with-dementia-

worldwide/). There are more than 9.9 million new AD cases each year worldwide, equivalent
to one new case every 3.2 seconds, and the number of people with dementia is expected to
increase to 152 million in 2050 (MARTIN PRINCE, 2015; PRINCE et al., 2016). AD also is
one of the fifth-leading causes of mortality among the elderly, the number of deaths from AD
jumped 145% between 2000 and 2019 (2021). With increasing life expectancy and the
progressive demographic aging, the prevalence of AD will climb further

(https://www.dementiastatistics.org/). Alzheimer’s disease is becoming a serious and growing

worldwide health challenge.
3.2 Risk factor in AD

AD is a complex and multifactorial disease caused by genetic susceptibility and
environmental factors throughout the life course. Most people with AD are 65 years or older,
called late-onset Alzheimer’s disease (LOAD). Aging is the most potent risk factor contributing
to LOAD. AD affects more than one in every nine persons aged 65 and over, and the proportion
of people with AD rises sharply with age (RAJAN et al., 2021). Genetic factors are additional
significant contributor to AD, with nearly 60-80% heritability rate (GATZ et al., 2006).
Genome-wide association studies (GWASs) have identified more than forty AD-associated
genetic loci, of which APOE4 is the most vital risk gene, presenting in 40-65% of AD patients.
These GWASs-identified variants are predominantly associated with amyloid B metabolism
(ADAM10, APOE4, ABCAY7), lipid metabolism (APOE4, ABCA7, CLU), inflammatory
response (TREM2, CD33, CRI1), and endocytosis (PICALM, CD2AP, SORLI1, BINI1)
(SCHELTENS et al., 2021). In addition, mutations in B-amyloid precursor protein (APP),
presenilin 1 (PSENT1), and presenilin 2 (PSEN2) cause dominantly inherited familial AD (FAD),

3



INTRODUCTION

which represent fewer than 1% of all AD patients, and their symptoms typically appear between
the ages of 40s and 50s (2021). Although age, genetics, and family history are all risk factors
that cannot be changed, AD is also affected by many modifiable risk factors, such as
cardiovascular disease, physical activity, diet, gut microbiota, and education. According to the
2020 recommendations of The Lancet Commission on dementia prevention, intervention, and
care (LIVINGSTON et al., 2020) suggest that addressing modifiable risk factors might prevent

or postpone up to 40% of dementia cases.
3.3 Pathological hallmarks of Alzheimer’s Disease

The pathological changes in Alzheimer’s disease occur decades before the onset of
clinical symptoms and subtly affect various brain parenchyma cells such as neurons, microglia,
and astrocytes (JACK et al., 2018). The abnormalities in these brain parenchyma cells drive a
relentless progression of the underlying pathology of AD, with cognitive decline, disrupted
language, and cumulative behavioral changes that diminish a person’s independence. Extensive
neuronal loss, extracellular deposits of amyloid B peptide (Ap), intracellular neurofibrillary
tangles (NFT) containing the hyperphosphorylated Tau protein (p-Tau), and microglia-
associated inflammatory activation are hallmarks of the Alzheimer’s pathology. The
progression of AD is a continuum from preclinical to mild cognitive impairment (MCI) and
eventually to severe Alzheimer’s disease dementia, a process that typically lasts 15-25 years

(2021; ALBERT et al., 2011; SPERLING et al., 2011).

e Mild Cognitive .. Dementia due to AD Dementia due to AD
Preclinical AD i 2
Impairment due to AD Moderate Severe
I
No symptoms Very mild symptoms Symptoms interfere Symptoms interfere Symptoms interfere
that do not interfere with some everyday with many everyday with most everyday
with everyday activities activities activities activities

Fig. 3.3, Alzheimer’s disease (AD) continuum lasts 15-25 years. Although these arrows are of equal size, the

components of the AD continuum are not equal in duration (2021).

3.3.1 Amyloid f

Amyloid B plaques are one of the crowning features of AD pathology. For the last 20

years, the amyloid cascade hypothesis has dominated AD pathology research, claiming that
4
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amyloid deposition in the brain is a significant event that leads to tau aggregation, synaptic loss,

and cell death (KARRAN et al., 2011).

3.3.1.1 Accumulation of Af in AD

AP is a 40-42 amino acid peptide (~4 kDa) derived from the sequential proteolytic
cleavage of the amyloid precursor protein (APP). APP, encoded by a gene at locus 21q21.3, is
a conserved type I integral membrane protein expressed in many tissues (NHAN et al., 2015).
APP is available in a variety of sizes ranging from 695 to 770 amino acids, with APP695 being
the most abundant in the brain and mainly generated by neurons. Under physiological
conditions, APP is essential for neuronal growth and survival. There are two major processing
pathways of APP degradation: nonamyloidogenic and nonamyloidogenic pathways. In the
nonamyloidogenic pathway, o-secretase cleaves APP at the cell surface, releasing soluble
ectodomain of APP (sAPPa) and a membrane-tethered intracellular 83-amino-acid C-terminal
fragment (CTFo/C83). CTFa can be internalized and further processed by y-secretase in
endosomes to form p3 (3 kDa) and AICD. These fragments can be removed easily instead of
depositing as plaques. In contrast, amyloidogenic processing of APP is mainly by B-secretase
at endosomes. -secretase located on the endosomal membrane cleavage APP between residues
671 and 672, yielding an N-terminal soluble APPJ fragment (SAPPf) and an intracellular C-
terminal B (CTFp or C99). Further hydrolysis of CTFp by y-secretase liberates A monomers
and cytoplasmic peptides called APP intracellular domain (AICD). The AP monomers are
further cleaved to form primary AP forms, AB40 and AP42. Soluble AB42 is considered more
toxic than AB40, for it tends to aggregate to form fibrils. The secreted AP peptides form soluble
AB, AP oligomers (from monomer to dodecamers), and larger, insoluble amyloid fibrils. A
substantial body of the literature indicates that soluble oligomeric A is the main noxious form
in AD pathology, as their concentrations are linked to the onset, progression, and severity of

clinical symptoms (ESPARZA et al., 2013; TOLAR et al., 2020).

3.3.1.2 Ap clearance systems

In biological systems, the balance between protein anabolism and catabolism/clearance

determines the amount of protein, which implies that all variables controlling A production
5
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and catabolism/clearance dictate AP concentration in the brain. The relative rather than the
absolute rates of AP production and removal determine net A levels (SAIDO, LEISSRING,
2012). Unlike EOAD, in which gene mutations lead to a significant increase in AP production,
there is little evidence that increased total AP production leads to sporadic AD. Numerous
studies strongly suggest that the failure of AP clearance, rather than an increase in its
production, is the key to driving late-onset sporadic AD pathogenesis (CHEN et al., 2017,
TOLAR et al., 2020). Multiple mechanisms can remove soluble AP from the brain, such as
transport into the peripheral circulation and lymphatic system and catabolism in the central

nervous system (CNS).
3.3.1.2.1 AP efflux from the CNS into the circulation

Extracellular AP (eA) efflux into the peripheral circulation is an essential pathway for
AP clearance. Substantial studies revealed that neurovascular, BBB, and glymphatic (glial +
lymphatic) system dysfunction contributes to the development and pathogenesis of AD
(LOUVEAU et al., 2015).

Blood-brain barrier (BBB) clearance

The BBB is a physical and selective barrier that restricts blood-derived components, cells,
and pathogens into and out of the brain. BBB-mediated A clearance is a key pathway for AP
removal, and a dysfunctional BBB is directly associated with AD development. Endothelial
cells of the BBB contain numerous transport systems, including the endocytic receptor low-
density lipoprotein-related protein 1 (LRP1) and membrane transporter ATP-binding cassette
(ABC) transporter, which mediate the clearance of Ap.

LRPI is a low-density lipoprotein receptor (LDLR) family member, a multifunctional
scavenger and signaling receptor involved in various pathophysiological processes, such as AP
clearance. It is highly expressed in all cells that make up the neurovascular unit and is involved
in the endocytosis of more than 40 different ligands, including apolipoprotein (APOE), APP,
and AP (KANEKIYO, BU, 2014). LPR1 is physiologically present in a cell surface-bound
form and a truncated soluble form (sLRP1). The cell surface level of LRP1 is controlled by the

proteolytic cleavage of its extracellular domain, such as B-secretase 1 (BACE-1), and then
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released as sSLRP1 in the interstitial fluid (ISF) and bloodstream. LRP1, in concert with ABCB1,
mediates the excretion of free Ap and AP bound to ApoE2, ApoE3, or a2M through the BBB
into the bloodstream. It has been identified that LRP1 and its ligands increased in senile plaques,
and its expression decreases in aging and AD patients, both in brain tissue and capillaries (VAN
GOOL et al., 2019). Brain endothelial-specific lrp! deletion in the SXFAD AD mouse model
lowered plasma AP levels while increasing soluble A in the brain, resulting in worsened
spatial learning and memory impairments, highlighting the significance of LRP1 in systemic
AP removal through the BBB (STORCK et al., 2016).

ABCBI (also known as p-glycoprotein, MDR1), a member of the ATP-binding cassette
(ABC) transporters, is an essential cell membrane protein that pumps many foreign substances
out of cells. ABCBI1 is extensively distributed in the brain and highly expressed in the capillary
endothelial cells composing the blood-brain barrier as well as in astrocytes, neurons, and
microglia. AP is thought to be a substrate for ABCB1, and growing evidence supports that
ABCBI is a transporter protein for BBB efflux exporting AP directly from the brain to the
circulation (WANG et al., 2021). In recent years, the positron emission tomography (PET)
tracer [11C]-verapamil has been used to characterize the function of ABCB1, demonstrating
that ABCBI1 expression and function diminish with age and in individuals with AD (VAN
ASSEMA et al., 2012). Research in an in vivo AD mouse model has shown that ABCBI1
deficiency in the BBB increases brain AP levels and enhances AP deposition (CIRRITO et al.,
2005). An in vitro study with human blood-brain barrier model further demonstrated the
important role of ABCBI1 in A clearance, that ketone bodies (KBs) significantly increased the
protein levels of LRP1 and P-gp, the combined use of KBs promoted A efflux across the BBB
(VERSELE et al., 2020).

Glymphatic system clearance

The glymphatic system is a highly organized cerebrospinal fluid (CSF) transport system
that shares several critical functions with the lymphatics of surrounding tissues, including the
export of excess interstitial fluid and proteins. The waste clearance process of the glymphatic
system includes three steps: subarachnoid CSF solute flows into perivascular space driven by

a bulk-flow manner; then from the perivascular space, CSF and ISF interchanged continuously
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mediating by aquaporin 4 (AQP4) which enables CSF-ISF mixing; CSF-ISF fluid mixed with
interstitial waste solutes is then drained along the perineural sheaths of cranial and spinal nerves,
meningeal lymphatic vessels and arachnoid granulations and ultimately into the lymphatic
vessels or circulation (BENVENISTE et al., 2019; RASMUSSEN et al., 2018).

Numerous preclinical investigations suggested that the glymphatic pathway, especially
the AQP4-dependent CSF clearance, may play a key role in facilitating the clearance of AP
(XIAetal., 2017; XU etal., 2015). Iliff et al. have demonstrated that interstitial solute clearance
was reduced by approximately 70% in AQP4-deficient mice, and '?°I-amyloid Bi.40 clearance
was reduced by about 55% (ILIFF et al., 2012). Furthermore, deletion of AQP4 in APP/PS1
mice exacerbates brain AP accumulation without affecting the expression of proteins
associated with AP formation and degradation, indicating an essential role of AQP4 in the AP
clearance (XU et al., 2015). It has also been shown that glymphatic clearance is most active
during sleep, paralleling with '°I-amyloid Bi-o clearance, which was significantly increased
during sleep, but that clearance is impaired with aging (XIE et al., 2013b). Genetic studies
further support a role for AQP4 in AP clearance that several AQP4 genetic variants
simultaneously influence sleep quality and brain AP load in humans (RAINEY-SMITH et al.,
2018).

Similarly, a longitudinal cohort study of AD patients showed that AQP4 variants were
also associated with the rate of cognitive decline and that loss of perivascular AQP4
localization was significantly related to increased amyloid B load (ZEPPENFELD et al., 2017).
In addition, it has been shown that the dysfunction of the glymphatic system causes a decrease
in AP clearance, but, on the contrary, the accumulation of A itself also distorts the glymphatic
flow. Pretreatment with AB40 in the CSF of normal mice reduced glymphatic transport into the
brain (PENG et al., 2016). Dynamic PET studies in AD patients revealed AB could lead to
reduced CSF clearance in humans, that CSF tau tracer 18F-THKS5117 uptake reduced 23% and
a 33% reduction in CSF clearance of the tracer 11C-Pittsburgh compound B (11C-PiB) (DE
LEON et al., 2017).
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3.3.1.2.2 Extracellular enzyme-mediated degradation of Ap

The degradation of extracellular AP by a range of proteases (neprilysin, insulin-degrading
enzyme, matrix metalloproteinases 2, 3, and 9, endothelin-converting enzyme, angiotensin-
converting enzyme, etc.) secreted by neurons and astrocytes is one of the prime pathways of
AP clearance. Among these AB-degrading proteases, NEP and IDE are the most investigated
enzymes, and they are the only two that act both extracellular and intracellular.

Neprilysin, a type II membrane protein on the cell surface, is a prototypic AB-degrading
metalloendopeptidase that is the most efficient in degrading AB (MINERS et al., 2011;
SHIROTANTI et al., 2001). Genetic ablation of the NEP gene has shown the importance of NEP
in impeding AP accumulation in hAPP mice, and neprilysin deficiency leads to a decrease in
exogenous AP degradation and an increase in intracellular AP levels in a gene-dose-dependent
manner (IWATA et al., 2001). In addition, NEP expression is reduced in AD, especially in
high AP load regions such as the hippocampus and temporal gyrus (YASOJIMA et al., 2001).

IDE is a ubiquitous zinc metalloprotease that can degrade soluble AB40 and AB42 to
innoxious fragments. IDE is found mainly in the cytoplasm and various cellular compartments,
extracellular vesicles, and intracellular membranes. The multiple subcellular sites of IDEs are
the foundation for efficient degradation of intracellular and extracellular Af. Overexpression
of IDE or NEP in neurons significantly reduces brain AP levels retards amyloid plaque
accumulation in APP transgenic mice (LEISSRING et al., 2003). Partial loss-of-function
mutation of the IDE gene in vivo impairs neuronal regulation of AP and increases AP levels
(FARRIS et al., 2004). As well, it was discovered that IDE expression was increased around
plaques, and the upregulation of IDE may be a feedback mechanism to lower toxic peptide

levels, with higher A in the brain promoting IDE expression (KUROCHKIN et al., 2018).
3.3.1.2.3  Intracellular degradation of Ap

The intracellular degradation of abnormal or misfolded proteins, such as AP and tau, is
dependent on the cellular quality control systems, namely ubiquitin-proteasome system (UPS),
autophagy, and endosomal/lysosomal degradation (FRIEDMAN et al., 2015; ZHANG et al.,

2017). Dysregulation of these systems will result in excessive protein misfolding and its
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accumulation in neurons, accelerating the progression of AD.

The ubiquitin-proteasome system (UPS) is a highly selective ATP-dependent degradation
pathway by labeling cytoplasmic abnormal and neurotoxic proteins with polyubiquitin chains.
Briefly, the target proteins are polyubiquitinated by a series of the enzymatic cascade
(including E1 ligase for activation, E2 for conjugation, and E3 for recognition) and ultimately
degraded by the 26S proteasome complex. Recently, the GWAS studies have identified protein
ubiquitination as one of the central modulators of AD and that dysfunction of the UPS may be
a causative factor in AD (GENTIER, VAN LEEUWEN, 2015). Extensive studies have shown
that UPS can downregulate APP and AP production, but both ubiquitin-binding and
proteasome activity decrease with aging and in the AD brain (GENTIER, VAN LEEUWEN,
2015; ZUROFF et al., 2017). In the AD brain, proteasome activity was most significantly
reduced in the parahippocampal gyrus, superior and middle temporal gyri, and inferior parietal
lobe (ZHANG et al., 2017). Nonetheless, several studies have also shown that A accumulation
impedes the function of the UPS pathway and that AP binds directly to the 20S catalytic subunit
attenuates the proteasome activity (TSENG et al., 2008).

Autophagy is essential for the removal of larger protein aggregates and damaged
organelles in the cytoplasm, including macro-, micro-, and chaperone-mediated autophagy
(CMA). Autophagy is essential for removing larger protein aggregates and damaged organelles
in the cytoplasm, including macro-, micro-, and chaperone-mediated autophagy (CMA).
Autophagy is severely impaired both in AD patients and ADtg models, as evidenced by the
massive accumulation of unprocessed, AP-rich autophagic vacuoles (double-membrane
vesicles containing cytoplasmic contents and subsequently fused with lysosomes for
degradation) in dystrophic neurites (BOLAND et al., 2008; NIXON, 2007). Down-regulation
of crucial autophagy proteins (beclin-1 and autophagy proteins 5 and 7) may impair autophagy,
causing AP accumulation and neuronal cell death. Under pathological circumstances such as
nutrient deprivation, studies have shown that inhibiting the mammalian target of the rapamycin
(mTOR) pathway promotes autophagy (JUNG et al., 2010). However, excessive activation of
mTOR signaling in the toxic microenvironment of the CNS in AD patients inhibits autophagic

activity and leads to AP accumulation(LI et al., 2005).
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The endosomal-lysosomal Network (ELN) is a dynamic communication vesicle system
capable of transporting and degrading internalized extracellular substances, including AB and
tau. In addition, lysosomes can also degrade substrates transported by the UPS and autophagic
pathways. Lysosomal degradation is an important pathway for AP clearance. However,
endosomal abnormalities and progressive loss of lysosomal function are widespread in AD,
which may explain the enormous amount of AP aggregation in lysosomal vesicles observed in
AD patients and models (NIXON, 2017; TAKAHASHI et al., 2002). Furthermore, AD-related
causative and risk factor genes (APP, PSEN1/2, APOE4), as well as aging, directly disrupt
ELN function, and ELN failure affects APP metabolism, which promotes -amyloid formation

(NIXON, 2017; WONG, 2020).
3.3.2 Microglia

Microglia belong to myeloid-derived cells that are considered to be the resident
macrophages in the brain. They are the first line of immune defense in the CNS and are essential
for maintaining brain homeostasis. Microglia, like other tissue-resident macrophages, are
highly phenotypically plastic and dynamically monitor nearing microenvironment, their

dysregulation underpinning the onset and progression of multiple CNS diseases.
3.3.2.1 The origin of microglia

Microglia are derived from the yolk sac progenitor cells at the early embryonic phase.
They are capable of self-renewal independently of hematopoietic stem cells, depending on the
interleukin-34 (IL-34) (WANG et al., 2012), CSF1 signaling (PRINZ, PRILLER, 2014), and
interferon regulatory factor (IRF)-8 (KIERDORF et al., 2013) for their survival and
development. Microglia, as well as perivascular and meningeal macrophages in the CNS, are
thought to be the rare remnants of early primitive hematopoiesis that persist throughout life
(GOMEZ PERDIGUERO et al., 2015). With the development of the brain, microglia evolve
through three distinct temporal stages: early, pre-mature and mature. Recent comprehensive
transcriptome analysis revealed microglial gene expression differed significantly from early
prenatal through maturity. Early microglia are enriched in cell cycle and differentiation (Dab2,

Mcm5, and Lyz2), genes associated with neuronal development (Crybbl, Csfl, and Cxcr2)
1
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peak in pre-microglia. In contrast, genes involved in classical microglia functions (Mafb, Cd14,

and Mef2a) are mainly expressed only in adult microglia (DUBBELAAR et al., 2018).
3.3.2.2  Microglia physiology

Microglia reside in a highly ramified resting state in healthy brains. They rapidly shift to
an activated form of macrophage-like amoeboid structures when detecting any stimulus that
disrupts milieu homeostasis (HICKMAN et al., 2018). In light of comprehensive gene
expression profiling and functional studies, microglia have three essential functions: sentinel,
housekeeping, and defense. They constitute a network that spans the entire CNS, acting as
sentinels by dynamically scanning the area around their cell bodies (HICKMAN et al., 2018).
These microglial essential functions are portals for housekeeping and defense. Physiological
housekeeping functions include synaptic pruning, modulation of synaptic development and
plasticity, neuronal structural organization, and migration to sites of neuronal death to
phagocytose dead or dying cells or debris (HICKMAN et al., 2018). In addition, microglia
interaction with other brain parenchyma cells is critical for homeostasis, inflammation, and
neurological disorders (LIDDELOW et al., 2017). For example, microglia regulate astrocyte
activation and proliferation, and mediate the complexity of the cerebral vascular network by
promoting endothelial fusion (angiogenesis) (REEMST et al., 2016). Microglia also mediate
host defense against infection, pathogens, and injurious self-proteins such as AP and tau. In
response to pathogenic stimuli, microglia in the developing brain release neurotrophic
substances to support endangered neurons and prevent neuronal damage. In contrast, microglia
in the senescent brain function abnormally. They are over-activated and release excessive
oxidative stress and inflammatory factors, damaging vulnerable neurons and leading to

neurodegenerative disease (TAY et al., 2017).
3.3.2.3 Microglia in the AD brain: blessing or curse?

A histological feature of AD patients and animal models is the activation and recruitment
of microglial cells to amyloid plaques in cerebral parenchyma, this phenomenon called Micro-
gliosis. GWASs have shown that most AD risk genes are expressed chiefly or exclusively in

microglia, such as triggering receptors expressed on myeloid cells 2 (TREM2), myeloid cell
12



INTRODUCTION

surface antigen CD33, and CR1 (KARCH, GOATE, 2015). TREM2 mutations increase the
AD risk by 3.0- to 4.5-fold, almost as high as the risk associated with Apoe € 4 (GUERREIRO
etal., 2013).

Microglia are recruited around AP in the early stages of AD, facilitating amyloid 3
clearance either by scavenger receptor (SR)-mediated microglial phagocytosis and endocytosis
or by enzyme-mediated extracellular degradation. As the disease progresses, microglial genes
involved in AP clearance are downregulated by pro-inflammatory cytokines, which contribute
to AP accumulation (HICKMAN et al., 2008). Many studies have shown that microglia migrate
to AP plaques forming a physical barrier that prevents plaque expansion and protects neurons
from exposure to toxins, but TREM2 mutations eliminate these benefits (CONDELLO et al.,
2018). Microglial phagocytosis modified the properties of amyloid-p, which acts as a trash
compactor to uptake amyloid and agglomerate it in lysosomes, where it is then redeposited A}
peptides in an inert form (HUANG et al., 2021). Single-cell RNA sequencing (RNA-seq)
analysis of AD mouse brain homogenates has identified a distinct group of microglia whose
gene expression profile transitions from a basal homeostatic state via an intermediate form to
a disease-associated state (KEREN-SHAUL et al., 2017). This new subset of CNS resident
macrophages is known as the disease-associated microglia (DAM). Analysis of microglia from
TREM2-deficient 5SXFAD and APP/PS1 mice revealed that the last step of DAM
differentiation, intermediate-to-DAM state, appears to depend on the TREM2 (KEREN-
SHAUL et al., 2017). With the upregulation of genes involved in phagocytosis and lysosomes
in DAM, including TREM2, TYROBP, and the AXL tyrosine kinase receptor (AXL), it is
speculated that DAM may be a protective state that promotes microglial Ap phagocytosis
(DECZKOWSKA et al., 2018; KEREN-SHAUL et al., 2017).

There may be no good or lousy microglia, but the function of microglia can become
abnormal. In Alzheimer's patients, microglia are chronically activated, releasing inflammatory
cytokines, neurotoxic reactive oxygen species, and nitrides (ROS and RNS), which activate the
NLRP3 inflammasome and cause synaptic loss. AB-induced pro-inflammatory cytokines
inhibit the clearance of AP by microglia and promote tau protein hyperphosphorylation, leading

to a self-perpetuating cycle that ultimately contributes to disease progression (HICKMAN et
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al., 2018). Similarly, when NLRP3 is activated, a microglial apoptosis-associated speck-like
protein containing a CARD (ASC) is released, which interacts with AP, triggering amyloid-3
aggregation and dissemination (NAKANISHI et al., 2018). Moreover, microglia may directly
drive neuronal damage or apoptosis by releasing iNOS, glutamate, or microglial proteases. A
study has shown that microglia deficiency suppressed tau propagation, implying that microglia
are involved in spreading tau aggregates via phagocytosis and exocytosis (ASAI et al., 2015).
Microglia also kill and damage neurons indirectly by releasing TNF- or reducing the production
of nutritional brain-derived neurotrophic factor (BDNF) and insulin-like growth factor (IGF)
(HICKMAN et al., 2018). In addition, they also cause neuronal death by inducing specific
astrocyte phenotypes that have reduced nutritional support, impaired clearance capacity, and
release toxins (LIDDELOW et al., 2017).

Despite the overwhelming evidence that unbridled microglial activation in AD pathology
may be detrimental to pathologic progression, human genetic data suggest that appropriate
microglia activation can delay AD progression. Microglia dysfunction is a major culprit in the

pathogenesis of AD rather than a concomitant manifestation.
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Fig. 3.3.2, Microglia response to amyloid-p. Ap species can be recognized by a range of pattern recognition
receptors (PRRs) on microglia, which further activate phagocytic or inflammatory pathways (LENG, EDISON,
2021).

3.3.2.4 AP clearance by microglia

Growing evidence demonstrated that activated microglia are closely associated with senile
plaques in AD patients and animal models. Microglial AP phagocytosis is a critical mechanism
for AP clearance but is impaired with the progression of AD (LUCIN et al., 2013).

Microglia express a variety of phagocytosis-associated receptors, such as CD14-TLRs,
scavenger receptor CD36, TREM2, and macrophage scavenger receptor 1 (SCARA1), that
mediate the uptake of different AP species (MALM et al., 2015). It has been shown that TLR4
and TLR2 and its co-receptor CD14 bind to protofibrillar AP, facilitating AP internalization
and translocation to lysosomal degradation (LIU et al., 2005; MALM et al., 2015; REED-
GEAGHAN et al., 2009). And Scaral deficiency markedly impaired soluble amyloid-
clearance by mononuclear phagocytes, speeding up AP accumulation in APPSI mice
(FRENKEL et al., 2013). Moreover, microglia induce CD36 expression in the early stages of
AD, which can mediate microglial AR phagocytosis (RICCIARELLI et al., 2004). Also,
TREM?2 is indispensable for microglia phagocytosis. Amounts of evidence demonstrated A

binds to lipoproteins forming complexes which are efficiently taken up by microglia in a

TREM2-dependent manner (YEH et al., 2016). In addition to receptor-mediated AP

phagocytosis, soluble and oligomeric ABalso can be taken up through micropinocytosis in
microglia. Perturbation of actin polymerization and inhibition of macropinocytosis in microglia
reduced AB40 and AB42 uptake, highlighting the role of macropinocytosis in the accumulation
of AB in AD (MANDREKAR et al., 2009; WESEN et al., 2017).

3.3.2.5 Regulation of microglial activation

It was once thought that the BBB shielded microglia from the circulatory system.
However, microglia activity is now recognized to be influenced by cytokines, neurotransmitters,
and other molecules that regulate signaling pathways, originating both inside and outside the

CNS. The local microenvironment is crucial in regulating microglia activation. Neurons and
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astrocytes release various soluble factors, such as neurotransmitters, anti-inflammatory
cytokines, and neurotrophic factors, which bind to cognate receptors on microglia and exert
immunomodulatory effects (BERNAUS et al., 2020). For example, transforming growth factor
B (TGFB), a multifunctional cytokine that is expressed both on neurons and glial cells, is a
potent regulator in down-regulating microglial responses, as demonstrated by the fact that loss
of TGFp1 leads to increased neuronal death and microgliosis in mouse brain (BRIONNE et al.,
2003). Apart from soluble factors, intercellular interactions also regulate microglia activity
such as CX3CL1-CX3CRI1 and CD200-CD200R receptor-ligand binding inhibits microglia-
neuron interactions exerting immunomodulatory effects to suppress unwanted inflammatory
responses (CHAMERA et al., 2020).

Although indeed, the local environment of the CNS has the most significant impact on
microglia phenotype and function, a range of peripheral stimuli also has primed microglia via
neural, humoral, or metabolic pathways. Peripheral circulating inflammatory mediators and
metabolites transmit signals to the CNS via receptors in vagal afferent nerve fibers, BBB-
endothelial cells, and periventricular macrophages (TEELING et al., 2010). A study indicated
that IFN from the periphery transduced signals across the BBB, resulting in microglia
exhibiting apparent genetic and phenotypic alterations that lead to abnormal synaptic pruning
(AW et al., 2020). Furthermore, studies in most recent years have demonstrated that microglia
activity is also affected by the gut microbiota as well as microbiota-induced peripheral

metabolites.
3.4 Gut microbiota in Alzheimer’s disease

The microbiome is a complex and dynamic community of bacteria in the human body.
The majority reside in the gastrointestinal system and are thought to impact physiology and
disease pathology. A growing body of research has illuminated that the microbiota bidirectional
communication with the CNS through the gut-brain axis, the disturbance in the gut bacterial
composition might affect the neurological functions and vice versa (CARABOTTI et al., 2015).
Recently, gut microbiota, as a significant environmental factor for AD, has been observed to

regulate amyloid pathology. Numerous studies have shown that gut microbial composition is
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altered and diversity reduced significantly in AD patient feces compared to age- and sex-
matched controls (VOGT et al., 2017; ZHUANG et al., 2018). The abundance of butyrate-
producing bacteria (Butyrivbrio, Eubacterium, etc.) and anti-inflammatory bacteria (E. rectale
and B. fragilis) decreased in AD patients. In contrast, the abundance of taxa that are associated
with neurological disorders (Odoribacter splanchnic) and pro-inflammatory state
(Escherichia/Shigella) was increased (CATTANEO et al.,, 2017; CRYAN et al., 2020).
Moreover, the abundance of specific pro-inflammatory gut bacteria taxon correlated with the
blood pro-inflammatory cytokine levels in clinically diagnosed AD patients.

Meanwhile, a significant shift in gut microbiota diversity was observed in APP transgenic
mouse models compared to wild-type mice: the abundance of Firmicutes increased while the
abundance of Bacteroides decreased, and there is a negative correlation between the abundance
of these two phyla, which is consistent with AD patients (CATTANEO et al., 2017; VOGT et
al., 2017). Harach et al. (HARACH et al., 2017) found a significantly lower cerebral AP
amyloid pathology in germ-free APP transgenic mice than control mice with the gut
microbiome. However, cerebral AP pathology was elevated considerably after fecal
transplantation from conventionally reared APP transgenic mice to germ-free APP transgenic
mice. In contrast, colonization with microbiota from wild-type mice was less productive in
increasing cerebral AP levels. Normally, intestinal pro-inflammatory and anti-inflammatory
bacteria are in equilibrium under physiological circumstances. Nevertheless, the bacteria
composition of Alzheimer's patients is changed, and substantial amounts of microbial
metabolites (e.g. SCFA, pro-inflammatory cytokines) and neurotransmitters enter the
bloodstream, increasing systemic inflammation, tau, and AP aggregation in the CNS
(BLACHER et al., 2017). In summary, these studies revealed that gut microbiomes have
powerful connections with the pathogenesis of AD and diminished microbiota diversity, which

may trigger inflammation, cerebrovascular degeneration, A aggregation, and tau pathology.
3.5 Microbiome-microglia connections in AD

Gut microbiota affects the cellular proportions, migration, and functions of various

immune cells in the brain. Most gut microbiome-associated CNS diseases, including AD, are
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closely intertwined with microglial dysfunction (TSE, 2017; WANG et al., 2018), suggesting
that microglia might be a critical mediator between gut microbiota and CNS disorders. It was
found that the gut microbiota is crucial for microglial maturation, identity, and functional
regulation (ABDEL-HAQ et al., 2019). Microglia from germ-free (GF) mice exhibit a defective
phenotype with upregulation of surface proteins such as colony-stimulating factor 1 receptor
(CSF1-R), F4/80, and CD31 compared to microglia from specific pathogen-free (SPF) mice
(ERNY et al., 2015; MOSSAD, ERNY, 2020). Genes linked to microglia activation (Mapk$),
premature immune function (B2m), and pathogen recognition and regulation of transcriptional
pathways in host defense (77im30) were down-regulated in GF animals (ERNY et al., 2015).
However, transcriptional repressors and genes involved in microglia proliferation and
apoptosis inhibition were substantially elevated in microglia of GF mice (ERNY et al., 2015).
The gene DNA-damage-inducible transcript 4 (Ddit4), which promotes cell growth,
proliferation, and survival, was most amplified in microglia from GF mice. Moreover,
microglia from germ-free mice exhibit inhibited inflammatory responses to viral infection and
lipopolysaccharide (LPS) stimulation. Antibiotic treatments-induced perturbations of
microbial diversity in the gut are ready to attenuate AP deposition and related microgliosis and
astrocytosis (MINTER et al., 2017).

It is not well understood how gut microbiota regulates microglial functions. Gut microbes
jointly mediated communication with the CNS through neural, immune, enteric, and metabolic
signaling, including physical and chemical connections. It was reported that gut bacteria release
peptidoglycan to blood and then systemically primed the innate immune system (BERSCH et
al., 2021). As an essential structural component of the bacterial cell wall, peptidoglycan can be
recognized by multiple pattern recognition receptors, including nucleotide-binding domain-
containing protein 1/2 (NOD1/2), NLRP3, and peptidoglycan recognition protein 1 (PGLYRP1)
(WOLF, UNDERHILL, 2018). And this recognition can trigger inflammatory responses in
immune and non-immune cells of various systems (WOLF, UNDERHILL, 2018). The
deficiency of gut microbiota dramatically reduced microglial immune activity. Furthermore,
mice with a changed microbiota have a defective microglia phenotype, such as altered

Schaedler flora (ASF) mice (WYMORE BRAND et al., 2015), which contain a defined set of
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reduced bacterial strains. Maintaining microglia in their normal phenotype and function
requires a constant input of a complex microbiota.

Interestingly, as effectively as fecal recolonization, SCFAs supplementation in drinking
water reversed microglia immaturity in germ-free mice (ERNY et al., 2015). SCFAs are the
bacterial fermentation of insoluble fiber products from dietary plant matter, including acetate,
propionate, and butyrate. Further evidence suggested that microglia-specific activation induced
by SCFAs supplementation is associated with upregulation of the APOE-TREM2 signaling in
the brain (COLOMBO et al., 2021; MOSSAD, ERNY, 2020). These data collectively suggest
that the bacterial metabolic products are potentially related to microglial activation.

Metabolite-sensitive G protein-coupled receptors (GPCRs) rapidly recognize specific
metabolites are the foundation of the mechanism of sensing endogenous metabolic
intermediates. GPR41, GPR43, and GPR109a are three important GPCRs for SCFAs
recognition (THORBURN et al., 2014). Our preliminary experiments observed GPR109a but
not GPR41 and GPR43 at high expression levels in microglia. GPR109a is expressed mainly
in white adipocytes, epithelial cells, and immune cells, including microglia, neutrophils,
dendrites, and macrophages, but not in lymphocytes (OFFERMANNS, SCHWANINGER,
2015). Recently, GPR109a, whose ligands include butyrate, ketone body B-hydroxybutyrate,
nicotinic acid, and monomethyl fumarate, has been identified as a significant player in
intestinal homeostasis regulation. It should be emphasized that the complete activation of
GPR109a needs a high concentration of agonists. The ketone body -hydroxybutyrate activates
GPR109a with an ECso of approximately 700 uM, a concentration in the blood that reached
only under fasting conditions and extended exercise. Under physiological conditions, GPR109a
expressed by intestinal immune cells is most likely be activated where bacterial fermentation
of dietary fiber provided high butyrate concentrations locally in the gut (OFFERMANNS,
2017). It has been well-established that fasting and the ketogenic diet have anti-inflammatory
effects such as suppressing microglia activation (KASHIWAYA et al., 2013). A study showed
that GPR109a mRNA was expressed at low levels in unstimulated primary rat microglia and

that its expression was correlated with the degree of microglial activation (FU et al., 2015).
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GPR109a also has a high affinity for niacin with ECso of ~1 uM (TUNARU et al., 2003).
It has been reported that niacin can directly act on GPR109a-expressing immune cells and
increase the release of anti-inflammatory mediators in a GPR109a-dependent manner (BLAD
et al., 2012). A prospective population-based study revealed an inverse association between
niacin levels and the development of AD and cognitive decline, suggesting niacin deficiency
enhances AD risk and age-related cognitive decline (MORRIS et al., 2004). In addition to
niacin itself, its biologically active metabolites, nicotinamide adenine dinucleotide (NAD+), is
also declined in the AD mice model (HOU et al., 2021; VAN DER VELPEN et al., 2021).
Supplementation with NAD+ in APP/PS1 mice decreases neuroinflammation and reduces the

activation of microglia and astrocytes (HOU et al., 2021).
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4. AIM OF THIS WORK

In this study, we aimed to investigate the pathogenic role of GPR109a in APP-knock-in

AD mice. Briefly, we answered the following three questions:

(1) Does GPR109a knockout improve AD-associated pathologies in APP-knock-in mice?
(2) Where is the GPR109a action site in AD mice? In the gut or on the endogenous microglia?

(3) What are the potential mechanisms through which GPR109a modifies AD pathogenesis?
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5. MATERIALS AND METHODS

5.1 Materials

5.1.1 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)

HERACcell CO; Incubators

Heraeus (Hanau, Germany)

HERACcell 150i 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)

Nalgene Mr. Frosty Freezing Container

A. Hartenstein (Wiirzburg, Germany)

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)
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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 (Méannedorf, Schweiz)

Tabletop Centrifuge 4K 10

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)

5.1.2 General experimental materials and consumables

Products Company
Amersham Hyperfilm ECL GE Healthcare (Buckinghamshire, UK)
Beackers VWR (Darmstadt, Germany)

Biosphere Filter Tips (10 pl, 200 ul, 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)
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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 II

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 (GroB-Bieberau/Rodau, Germany)

Protran Nitrocellulose Transfermembranes

Whatman (Dassel, Germany)

PVDF Western Blotting Membranes

Roche (Mannheim, Germany)

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)

5.1.3 Chemicals, reagents, Kits, Antibodies

1. General chemicals and reagents

Chemicals and Reagents

Company

0.05% Trypsin/EDTA (1x)

Invitrogen (Darmstadt, Germany)
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(3-Aminopropyl) triethoxysilane

Sigma Aldrich (Taufkirchen, Germany)

B-Mercaptoethanol

Sigma Aldrich (Taufkirchen, Germany)

B-Secretase Substrate IV, Fluorogenic

Merck (Darmstadt, Germany)

y-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)

CX3CRI antagonist 18a: AZD 8797

Axon Medchem BV (Groningen, Netherlands)

Cy3- labelled Streptavidin

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)

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)

H,0, Otto Fishar (Saarbrueken, Germany)
H>SO4 Fluka (Buchs, Switzerland)
HCl 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 Ap42

AnaSpec(Fremont, USA)

Isoflurane

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

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

MgCl, Fluka (Buchs, Switzerland)

MgSOy4 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;VOy4 Sigma Aldrich (Taufkirchen, Germany)
NH4ClI Sigma Aldrich (Taufkirchen, Germany)
Niacin Sigma Aldrich (Taufkirchen, Germany)
Okadic acid Sigma Aldrich (Taufkirchen, Germany)
Orange G Merck (Darmstadt, Germany)

PageRuler Prestained Protein Ladder

Invitrogen (Darmstadt, Germany)

Paraformaldehyd (PFA)

Merck (Darmstadt, Germany)

Protease inhibitor Cocktail

Roche (Mannheim, Germany)

Penicillin-streptomycin

Sciencell Research Laboratories (Carlsbad, CA, USA)

Rotiphorese Gel 30

Carl Roth (Karlsruhe, Germany)

RPMI 1640

Invitrogen (Darmstadt, Germany)

Recombinant human IL-1f

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)

2. Kits
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Products

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)

Human AB40 ELISA Kit

Invitrogen (Darmstadt, Germany)

Human AP42 ELISA Kit

Invitrogen (Darmstadt, Germany)

Mouse TNF-alpha DuoSet® ELISA

R&D Systems (Wiesbaden, Germany)

Mouse IL-10 DuoSet® ELISA

R&D Systems (Wiesbaden, Germany)

Mouse IL-1B DuoSet® ELISA

R&D Systems (Wiesbaden, Germany)

MTT-based Cell Proliferation Kit I

Roche (Mannheim, Germany)

Neural Tissue Dissociation Kit (papain-based)

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

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)

VectaStain Elite ABC-AP kit

Vector Laboratorie (Burlingame, USA)

3. Oligonucleotides

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

Gene Primer forward 5' - 3' Primer reverse 5' - 3'

mouse gpr41 GTGACCATGGGGACAAGCTTC CCCTGGCTGTAGGTTGCATT

mouse gpr43 CTGCCTGGGATCGTCTGTG CATACCCTCGGCCTTCTGG

mouse gpr81 GGTGGCACGATGTCATGTT GACCGAGCAGAACAAGATGATT
mouse gpri09a TCCAAGTCTCCAAAGGTGGT TGTTTCTCTCCAGCACTGAGTT
mouse gapdh ACAACTTTGGCATTGTGGAA GATGCACGGATGATGTTCTG
mouse gata3 CCTCTGGAGGAGGAACGCTAAT GTTTCGGGTCTGGATGCCTTCT
mouse t-bet CCACCTGTTGTGGTCCAAGTTC CCACAAACATCCTGTAATGGCTTG

4. Antibody

Antibody

Company

mouse monoclonal anti a-tubulin, clone:DM1I1A

Abcam (Cambridge, UK)

rabbit polyclonal anti f-actin, clone: 13E5

Cell Signaling Technology (Europe)

mouse monoclonal anti Amyloid f5, clone: WO2

Millipore (Schwalbach, Germany)

mouse monoclonal anti Amyloid p, clone:6F/3D

Dako (Hamburg, Germany)

rabbit monoclonal anti Amyloid f3, clone: D12B2

Cell Signaling Technology (Europe)

rat monoclonal anti CD16/CD32, clone:2.4G2

BD Pharmingen (NJ, USA)

Rat anti-mouse/human CD11b, clone: M1/70

BioXCell (West Lebanon, NH)

Dynabeads™ Mouse CD4 (L3T4)

Invitrogen (Darmstadt, Germany)

Dynabeads™ Sheep anti-Rat IgG

Invitrogen (Darmstadt, Germany)
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Alexa Fluor® 647 anti-mouse/human CDI11b

clone: SA011F11

Antibody, clone: M1/70 BioLegend (Germany)
FITC anti-mouse/human CD11b Antibody, clone: BioLegend (Germany)
M1/70
Alexa Fluor® 488 anti-mouse CX3CR1 Antibody, .

BioLegend (Germany)

Anti CD4 Monoclonal Antibody, PE-Cyanine),
eBioscience™ clone: RM4-5

Invitrogen (Darmstadt, Germany)

Anti TCR gamma/delta Monoclonal Antibody, APC,
eBioscience™ clone: eBioGL3

Invitrogen (Darmstadt, Germany)

rabbit monoclonal anti PDGFRp, clone: 28E1

Cell Signaling Technology (Europe)

rabbit monoclonal anti CD13/APN, clone: D6VIW

Cell Signaling Technology (Europe)

mouse monoclonal anti Ibal, clone:20412.1

Millipore (Schwalbach, Germany)

rabbit polyclonal anti Ibal

Wako (Neuss, Germany)

rabbit polyclonal anti Munci8-1

Cell Signaling (Cell Signaling Technology Europe)

mouse monoclonal anti NeuN, clone: A60

Millipore (Schwalbach, Germany)

mouse monoclonal anti GFAP, clone:GAS5

Cell Signaling (Cell Signaling Technology Europe)

mouse monoclonal anti PSD-95, clone, 6G6-1C9

Abcam (Cambridge, UK)

rabbit polyclonal anti RFP

Rockland (Gilbertsville, USA)

mouse monoclonal anti S100, clone:4C4.9

Abcam (Cambridge, UK)

rabbit monoclonal anti ABCBI, clone: E1Y7S

Cell Signaling Technology (Europe)

rabbit polyclonal anti LRP-1

Cell Signaling Technology (Europe)

rabbit monoclonal anti LRP-1, clone: EPR3724

Abcam (Cambridge, UK)

rabbit polyclonal anti amyloid Precursor Protein, C-
Terminal

Sigma Aldrich (A8717, Taufkirchen, Germany)

rabbit monoclonal anti vinculin, clone: E1E9V

Cell Signaling Technology (Europe)

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 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)

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)

5.1.4 Buffer

Recipe Chemicals Amount Concentration
10x Citric buffer Citric acid 2.014g 10mM
Up tol Liter
10x PBS NaCl 400 g 1.37M
KClI 10g 27 mM
Na,HPO4 71g 100 mM
NaH,PO4 x H,O 69¢g 100 mM
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dest. H,O Up to5 Liter
Adjust to pH 7.4

10x TBS Tris 3025¢ 500 mM
NaCl 425 ¢ 145M
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 ul 1 mM
dest. H,O Up to 1 ml

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

ii‘lfsfgs'PAGE Loading 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 ul 15%
3% Bromphenol blue (w/v) 10 pl 0.03%
dest. H,O Upto 1 ml

g:l"nig::ﬁ‘fsffy”“e Tris 151.5¢ 250 mM
Glycine 7205 ¢g 1.92M
SDS 50¢g 1% (w/v)
dest. H,O Up to 5 Liter

o S ”
Tricine 171 ¢g IM
SDS 10g 1% (w/v)
dest. H,O Up tol Liter

10x Transfer buffer* Tris 30g 248 mM
Glycine 138 ¢ 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. H,O

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

DMEM media* Medium 445 ml 89%
(DMEM)(High Glucose)
Fetal bovine serum 50 ml 10%
Antibiotic-antimycotic(100x ) |5 m 1%

* Fetal bovine serum should be inactivated in 56°C water bath for 30 min.
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RPMI media* RPMI 1640 Medium 445 ml 89%
Fetal bovine serum 50 ml 10%
Antibiotic-antimycotic(100x ) |5 ml 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 pl 2 mM
0.5 M EGTA [pH 8.0] 200 pl 2 mM
Protease inhibitor Cocktail 1 Tablet 1x
20 uM Okadic acid 125 ul 50 mM
0.25 M NasP>,0; 1 ml 5 mM
1 M Na3VOq4 100 pl 100 uM
1 MDTT 50 pl 1 mM
1 M NaF 2.5 ml 50 mM
20% SDS 5ml 2%
dest. H,O Up to 50 ml

5.2 Mice

AppNE-OFNL-G-F knock-in mice (APPXM), provided by Prof. T. Saido from RIKEN Brain
Science Institute, Japan, are used as AD mouse models for this project. App™t-6-F/N-G-F knock-
in mice co-express the Swedish (KM670/671NL) and Beyreuther/Iberian (I716F) mutations
(SAITO et al., 2014). App™ mice are inserted with only the Swedish mutation, which

NL/NL

promotes B-cleavage of APP. App™ /M mice (APP™) were used as negative controls for APP*/ki

mice because they generated equal amounts of APP and AICD, and the levels of CTF-j3
increased similarly between them in a gene dose-dependent manner. App™t-6-F/N-G-F knock-in
mice develop AP deposition in the cortex within 2 months without overexpressing APP, and
memory impairment by 6 months (SAITO et al., 2014). GPR109a-deficient (GPR109a™") mice
(TUNARU et al., 2003) provided by Prof. S. Offermanns, Max Planck Institute for Heart and
Lung Research, Bad Nauheim. APP¥Xi mice were mated with GPR109a”" mice to obtain
homozygously (APP"'\GPR109a"") and heterogeneous (APP*"X'GPR109a"") knockout of the
GPR109a gene and wild-type (APP*"YiGPR109a"*) AD mice models for this study. Gpr109a
expression reporter mice (GPR109a™*F) have been reported previously (HANSON et al.,
2010), which overexpress red fluorescence protein (RFP) under the control of the gpri09a

promoter. We crossbreed APPXX mice with GPR109a™8" to acquire a Gprl09a expression

reporter AD mouse model, which we described as APP*""iGPR109a™*" mice in this thesis.

30



MATERIALS AND METHODS

GPR109a-deficient and wild-type AD mice with deficiency of IL-17a have been established in
our laboratory through cross-breeding between APPYMGPR109a”" mice and IL-17a-Cre
knock-in mice (The Jackson Laboratory, Stock No: 016879) (HIROTA et al., 2011). Knock-in
expression of Cre abolishes the expression of endogenous IL-17a. APP</X]L-
17a*GPR109a” and APPNX]L-17a°*“GPR109a"" mice are used for experiments to
examine whether deficiency of IL-17a eliminates the phenotypical difference between
APPY*iGPR109a”" and APP*iGPR109a""" mice. CX3CR1-CreERT2 mice, provided by Prof.
Dr. Frank Kirchhoff and Dr. Wenhui Huang (Department of Physiology of Saarland

University), were used to culture CX3CR1-deficient bone marrow-derived macrophages.
5.3 Methods
5.3.1 Y maze test

Y-Maze is an easy-to-use test used to assess the spatial learning and memory capabilities
of mice based on their spontaneous exploration characteristics. Spontaneous alternation was
used to measure spatial working memory, assessed by allowing mice to explore all three maze
components without training and food restrictions. Rodents usually prefer to explore a new arm
in a maze rather than return to previously visited areas, and the rodent's innate curiosity drives
behavior. This behavior involves several brain regions, including the hippocampus, septum,
basal forebrain, and prefrontal cortex.

The Y maze was experimented with using the published protocol (PRIEUR, JADAVIJI,
2019; SAITO et al., 2014; WHYTE et al., 2018). All experiments were performed during the
light phase (8:00-18:00), and we kept the start times of the experiments consistent. The Y-maze
apparatus is made of gray, opaque plastic and consists of three identical components (3 cm
(width), 30 cm (length), and 12 cm (height)) placed symmetrically (at 120° angle from each
other) on a triangular central platform with equal sides (3 x 3 x 3 cm). After introducing the
center platform, subjects are allowed free access to all three arms. When all four limbs are
inside the arm, it is counted as a single entry. If the animal chooses a different component
throughout multiple arm entries than that one it arrived in before, this choice is called an

alteration. The access sequence is considered a valid response, while returning to the previous

31



MATERIALS AND METHODS

arm is regarded as an error. We recorded total number of arm entries (T) and the number of

valid triads (V), then calculate the percentage of alternations according to the formula:

Alternations % = V/(T-2) x 100%.
Valid

Fig. 5.3.1, Schematic diagram of Y maze test, showing examples of a valid (Left) and an error (Right) alternation

in the Y-maze test.

5.3.2 Open field test

The open-field test (OFP) is used to analyze anxiety, exploratory behavior, and
locomotion in mice. In our trials, the experimental installation consisted of a grey polyvinyl
chloride (PVC) cube cage (40 x 40 x 40 cm) and a camera for monitoring movement in the
center and peripheral areas of the test area. We define the central area as a 20 x 20 cm square
in the middle of the box. The open field analysis is employed using published protocols
(KRAEUTER et al., 2019). Each test mouse was allowed to explore the test area for 10 minutes.
We analyzed the total distance moved, average velocity, frequency of entry into the central

area, and time spent in the central area.
5.3.3 Tissue preparation

The animals were euthanized by inhaling isoflurane (Abbott, Wiesbaden, Germany).
Whole blood was collected by intracardiac puncture and stored in EDTA-containing Eppendorf
tubes. The mice were then perfused rapidly transcardially with ice-cold PBS, and the brains
were removed and separated. The left side of the brain was fixed in 4% paraformaldehyde (PFA,
Sigma) immediately for immunohistochemistry. A 0.5 mm thick piece of tissue was sagittally
cut from the right hemisphere and placed in a tube containing 700 ul of Tizol (Life
Technologies) for RNA isolation and extraction. The remainder of the right hemisphere was

snap-frozen in liquid nitrogen for biochemical analysis (HAO et al., 2011; LIU et al., 2012).
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Fig. 5.3.3, Schematic diagram of the preparation of brain sample sections. The brain is divided into 4 parts.
The left half of the brain was immediately fixed in 4% PFA and stored at 4°C for the immunohistochemical
procedure. A 0.5 mm thick piece of brain tissue was sagittally cut from the right half of the brain and homogenized
in Trizol for RNA isolation. The remainder of the right hemisphere was snap frozen in liquid nitrogen for

biochemical analysis. The remaining portion was also frozen in liquid nitrogen.

5.3.4 Separation of cerebral vessels in mice

According to the published protocol, brain tissues were collected as described in section
3.3.3, dissection of the cortex and hippocampus of the remaining right hemisphere, and
isolation of cerebral vessels (BOULAY et al., 2015; QUAN et al., 2021). Briefly, brain tissue
was homogenized in Hanks Balanced Salt Solution (HBSS) containing HEPES 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 remove the myelin. The vessel
residue was suspended in HEPES-HBSS buffer supplemented with 1% bovine serum albumin
(Sigma-Aldrich Chemie GmbH) and filtered through a 20 pm-mesh. Collect the vessel
fragments from the filter membrane and store them at -80°C for biochemical analysis.

The steps are as follows:

a) Solution preparation: B1, 5 ml of HEPES 1M in 500 ml of HBSS; B2, 0.9 g of Dextran
7000 in 5 ml of B1 (per hemisphere); B3, 5 g of BSA in 500 ml of B1.

b) The brain tissue was collected as described above, and the right hemisphere tissue was
placed in a 15 ml tube containing 3 ml of cold B1 solution.

¢) Manual mincing of brain tissue in Bl solution using ophthalmic shears, followed by
obtaining small pieces of approximately 2 mm.
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d)

g)

h)

)

k)

D

Homogenize brain tissue using an automatic Dounce homogenizer with 20 strokes at 400
rpm. Always keep the glass tube on ice. Ensure the upper half of the douncer is kept in
solution when moving up and down to avoid the production of air bubbles. If more than
one sample is prepared, wash the douncer with ionized water between each
homogenization.
Transfer the homogenate to a 15 ml polypropylene tube and centrifuge for 10 minutes at
4 °C at 2,000 g. A massive white interface (mainly myelin) will emerge on the top of the
vessel pellet.
Discard the supernatant. The whitish interface and the vessel pellet will remain contained.
Add 5 mL of ice-cold B2 solution to each tube and aggressively shake it for 1 minute.
Centrifugate again at 4,400 g for 15 minutes at 4°C. The myelin will now form a dense
white layer on the surface of the supernatant.
Hold the tube and slowly rotate it so that the supernatant passes along the tube wall,
carefully separating the myelin layer from the tube wall. The supernatant is removed along
with the myelin sheath. And the particles containing the vessel remain attached to the
bottom of the tube.
Blot the inside of the tube with absorbent paper wrapped around a 5 ml plastic pipette and
remove any residual liquid, avoiding contact with the container particles. Place the tube
upside down on the absorbent paper to drain the residual liquid.
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 adding another 5 ml of B3 solution. Make sure
that vessels are dispersed as much as possible and do not form aggregates.
Assembling the filter set, then place a 20 um-mesh filter on the filter set on the top of a
becker flask and equilibrate by applying 10 ml of ice-cold B3 solution.

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

Rinse the membrane repeatedly with 40 ml ice-cold B3 solution in a beaker, and pour the

beaker content in a 50 ml plastic tube and centrifuge at 2,000 g for 10 min at4 °C.

Add 1 ml of B3 solution to the tube to resuspend the precipitate, transfer to a 1.5 ml tube,
centrifuge again at 2,000 g for 5 min at 4 °C.

50ul of RIPA solution was added to the vessel precipitates and treated with an Ultrasonic
cracker for 1 minute. ABCB1, LRP1 and other protein levels were detected by quantitative

Western blot.
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5.3.5 Positive selection of CD11b" cells in adult mouse brain

To determine the gene expression and cell surface antigen expression in microglia/brain
macrophages, we carefully dissected the entire cerebrum from 9-month-old APP-transgenic
mice with or without a deficiency of GPR109a and prepared a single-cell suspension. As
described in previous study(XIE et al., 2013a), CD11b" cells were selected with rat anti-

mouse/human CD11b (BioXCell, clone: M1/70).

(1) Enzymatic Neural Tissue Dissociation: The enzymatic dissociation of brain tissue is
beneficial in that cell suspension will contain less debris. Dissociated the right hemisphere
into single-cell suspensions by enzymatic degradation of the extracellular matrix via the

Neural Tissue Dissociation Kit (P) (Miltenyi Biotec):

a) Reagent preparation: Prepare enzyme mix 1 (for digestion) and enzyme mix 2 (for

dissolution of DNA) for one hemisphere (up to 400 mg tissue) according to the table below.

Enzyme mixture 1 Enzyme mixture 2

Enzyme P: 50 pl Buffer X: 1900 ul Enzyme A: 10 pl Buffer Y: 20 pl

b) Prewarm the enzyme mixture 1 solution in a 37 °C water bath for 10 min before use.

c) Remove the mouse brain. The weight of brain tissue was measured in 1 ml of cold HBSS
to ensure that the weight did not exceed 400 mg per digestion.

d) Remove the meninges, and mince the right hemisphere into small pieces on a petri dish to
facilitate enzyme dissociation.

e) Transfer brain tissues pieces to a 15 ml tube containing 1950 pl preheated enzyme mixture
1, and incubated in a 37 °C water bath with continuous rotation for 10 min.

f) Transfer 30 uL of enzyme mixture 2 to a 15 ml tube. Gently invert the mixture and incubate
sample again for 10 minutes at 37 °C with slow, continuous rotation.

g) Place a 70 um strainer on a 50 mL tube to collect cell suspension and 10 mL of HBSS is
applied to rinse the strainer.

h) Centrifuge cell suspension at 700 x g at 4 °C for 10 min and discard supernatant completely.

1)  Resuspend up to 107 nucleated cells with per 1ml of buffer for further applications.

(2) Magnetic isolation of CD11b" cells from brain cells suspension

a) Blocking: preincubate cell suspension with Mouse BD Fc BlockTM purified anti-mouse
CD16/32 mAb (clone: 2.4G2, BD) in 1pug/million cells at 4°C for 30 min to reduce Fc
receptor-mediated binding by antibodies of CD11b, 10% FBS was added to prevent non-

specific binding.
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b)

d)

Prepare rat anti-mouse/human CD11b (BioXCell, clone: M1/70) incubation buffer at a
final dilution volume accommodating 1:50 to the preincubated cells. Mix well and incubate
for 2 h at 4°C in the dark.

Cells were washed 3 times with HBSS buffer and centrifuged at 4 °C, 700 x g for 10 min.
Incubate cells in 300 ul DMEM solution containing 10% FBS, 20 pl of Dynabeads™
Sheep anti-Rat IgG antibody (Invitrogen) for at least 1 hour.

Washing: wash cells with HBSS buffer three times again, place tube in the magnetic field
of a suitable MACS separator 2 min, discard the untouched cell isolation (unlabelled cell
fraction). Repeat the washing steps 3 times.

Remove the tube from the MACS separator, and 700 ul lysis buffer was immediately added
to CD11b+ cells for isolation of total RNA with the RNeasy Plus Mini Kit.

5.3.6 Isolation of T cells from mouse small intestinal lamina propria and Peyer's patches

The gut is the organ in our body that contains the largest number of immune cells, and the

gut is essential for regulating adaptive and innate immune responses. We isolated T cells from

small intestinal lamina propria and Peyer's patches using published protocols(BENAKIS et al.,

2016).

(1) Preparation of solutions

a)

b)

c)

Extraction solution (per small intestine): 30 ml RPMI + 93 ul 5% (w/v) dithiothreitol (DTT)
+60 nul 0.5 M EDTA + 500 pl fetal bovine serum (FBS). Add the DTT immediately before
use.

Digestion solution (per small intestine): 25 ml RPMI + 12.5 mg Dispase + 37.5 mg
collagenase I1 + 300 ul FBS. Add the Dispase and collagenase immediately before use.

Prewarm solutions to 37 °C.

(2) Preparing a single cell suspension from the small intestinal lamina propria

a)
b)

d)

Mice were euthanized by inhalation of isoflurane followed by cervical dislocation.
Exposed the abdominal cavity by an incision along the midline of the abdomen with
scissors, separated the small intestine and stomach at the pyloric sphincter. Then the small
intestine was gently removed in sequence and incised again at the ileo-cecum junction.
Place the isolated small intestine in a 4 °C RPMI with 10% FBS.

The small intestine was placed on a paper towel moistened with RPMI, and the fat was
removed from the tissue with a blunt knife to remove residual fat.

Gently flush the intestine with 15 - 20 ml of cold PBS using a syringe with an 18 g needle
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2

h)

)

k)

D

0)

to remove the intestinal contents

Peyer's patches were excised with scissors and collected in cold RPMI containing 5% fetal
bovine serum. Peyer's patches are located on the antimesenteric side of the small intestine
and appeared as multilobed white masses.

Cut the small intestine into 6-8 cm pieces.

Insert a curved forceps into the intestinal fragment, grasp the distal end of the tissue, and
turn the tissue inside out.

Tissue pieces are incubated in a 50 ml tube containing 30 ml of extraction medium, and
stirred at 500 rpm for 15 minutes at 37 °C on a shaker.

After incubation, the tissue pieces were collected with a steel strainer. Place the tissue on
a dry paper towel and turn it over several times to facilitate removal of residual mucus.
Tissue fragments were placed in 1.5 ml tubes containing 600 pl of digestion medium and
chopped with scissors until the fragments no longer adhered to the scissors to facilitate
digestion.

The minced small intestine was transferred into a 50 ml tube containing 25 ml of digestion
medium, stirred at 500 rpm for 30 minutes at 37 °C on a shaker.

The digested tissues were filtered through a 100pum cell strainer into a 50 ml tube and the
filter was rinsed with 20 ml of RPMI containing 10% FBS. The filtered solution was
centrifuged at 700 g for 10 minutes at 4°C.

The supernatant was removed and the pellet was resuspended in 1 ml of RPMI containing
10% FBS.

Filter the suspended cells into a 50 ml tube with a 40 um cell strainer. Rinse the filter with
20 ml of RPMI containing 10% FBS. Centrifuge filtered solution at 4 °C, 700 g for 10 min.
The supernatant was carefully decanted and the pellet was resuspended in 1 ml of RPMI

containing 2% FBS for later use.

(3) Preparation of a single cell suspension from Peyer's Patches

a)

b)

transfer the Peyer's Patches collected in step (2¢) to a 15 ml tube containing 2 ml of
digestion medium and shake at 37 °C, 500 rpm for 10 min.

The digested Peyer's Patches were then filtered into a 50 ml tube using a 40 um cell filter,
and the filter was rinsed with 10 ml of RPMI containing 10% FBS and centrifuged at 4°C
for 10 min at 700 g.

Remove supernatant and the pellet was resuspended in 1 ml of RPMI containing 2% FBS

for later use.

After pelleting cells by centrifugation, 200 pl of blocking buffer containing 25 pg/ml rat
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anti-mouse CD16/CD32 antibody (2.4G2, BD), 10% FBS was added to prevent non-specific
binding. After 30 minutes of blocking at 4 °C, stained cells with 5 pg/ml PE-Cyanine 5-
conjugated anti-Mo CD4 antibody (eBioscience™, clone: RM4-5) or APC- conjugated anti-
Mo TCR gamma/delta Antibody (eBioscience™, clone: eBioGL3) for flow cytometric analysis
by staining. Alternatively, cells were selected with Dynabeads™ Mouse CD4 (LL3T4) antibody
(Invitrogen) after blocking to separate CD4-positive cells. Lysis buffer was immediately added

to the CD4-positive cells to isolate total RNA using RNeasy Plus Mini Kit (Qiagen GmbH).
5.3.7 Bone marrow-derived macrophages (BMDMSs) culture and treatment

Bone marrow-derived macrophages were isolated from medullar cavities of femur and
tibia of 8-week-old APPX"'GPR109a"~ and APP"'GPR109a"" littermate mice. Isolated and
culture according to a published protocol (HAO et al., 2011).

(1) Isolation of bone marrow:

a) Sacrifice the mice by cervical dislocation following the deep anesthesia with isoflurane.

b) Remove both hind legs, strip tissue from femur and tibia, then keep the bones in ice-cold
PBS.

c) Cut the bones at both ends, using a 5 ml syringe containing 5 ml ice-cold PBS, wash the
bone marrow into a small dish.

(2) Seeding the total bone marrow cells:

a) Centrifuge the collected bone marrow at 4 °C, 1200 rpm for 8 min, then remove the
supernatant.

b) Resuspend the cell pellet in 5 ml lysing buffer (ACK Lysing Buffer, #A10492-01, Gibco).
Leave for 5 min and add 5 ml PBS.

c) Centrifuge again at 4 °C, 1200 rpm for 8 min, remove the supernatant and resuspend the
cell pellet in 5 ml PBS.

d) Centrifuge at 4 °C, 1200 rpm for 8 min to collect the cells, resuspend the pellet in 10 ml
DMEM medium (10 % FBS and 1% Penicillin-Streptomycin in DMEM). Incubate at 37 °C
for 24 hours.

(3) Re-seeding the macrophages:

a) Collect the supernatant with all the swimming cells.

b) Centrifuge at 4 °C, 1200 rpm for 8 min.

c) Resuspend cell pellet with 10ml Culture medium (10 % L929 conditioned medium, 90 %
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DMEM medium). Put them into a new culture dish, and incubate at 37 °C.

d) Change Culture every 3 to 4 days.
(4) Cell treatment

To investigate the effects of GPR109a in microglia, we administered LPS (Axxora) and
niacin (Sigma Aldrich) to GPR109a wild-type and GPR109a deficiency BMDMs, respectively.
Macrophages were treated with 0, 1, and 100 ng/ml of LPS and 0, 1, 10, and 100 umol/l of
niacin. After 12 hours of stimulation, the medium was collected for ELISA to detect
inflammatory markers. Then macrophages were collected and labeled with Alexa Fluor® 488
Anti-Mouse CX3CR1 Antibody (BioLegend) and analyzed with a FACSCanto II flow

cytometer (BD Biosciences).

5.3.8 Flow cytometric analysis of HiLyte Flour™ 488-Ap42 internalization in primary

macrophages

The 42 amino acid form of human A} (AB42) was kindly provided by Dr. L. Fiilop (Albert
Szent Gyorgyi Medical University, Szeged, Hungary). Oligomeric and fibrillar Ap were
prepared according to published protocols(LIU et al., 2014). Fluorescent AP was prepared by
mixing HiLyte Fluor 488-labeled human AB42 (AnaSpec) and unlabeled A at a ratio of 1:10.

To investigate the effect of GPR109a on internalized AP in macrophages, GPR109a-
deficient and wild-type primary macrophages were cultured in 24-well plates (BD Biosciences)
at a density of 3x10° cells/well and treated with 0.2 or 1.0 pM HiLyte Fluor 488-conjugated
APB42. To investigate effects of niacin on A internalization, GPR109a-deficient and wild-type
primary macrophages were pretreated with 0, 1, 10, and 100 pmol/l niacin for 12 hours,
followed by incubation with 1.0 uM fluorescent oligomeric AB42 aggregates for 6 h. Thereafter,
macrophages were washed with a 1x solution of PBS and detached from the plate with trypsin-
EDTA (Life Technologies). The mean fluorescence intensity (mFI) of internalized
fluorophore-conjugated AP42 and the percentages of AB42 positive cells with intracellular

proteins were immediately determined with a FACSCanto II flow cytometer (BD Biosciences).
5.3.9 Bio-Rad Protein Assay

The Bio-Rad Protein Assay is a simple colorimetric assay based on the Bradford dye-
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binding method (BRADFORD, 1976). We use the Protein Assay Reagent (Bio-Rad) to
measure total protein concentration by using standard procedures. The assay is used for
samples with protein concentrations between 200 and 1,400 ug/ml (20-140 pg in total). First,
the protein concentration is estimated and diluted with dest.H>O to bring the protein
concentration within the measurement range. Briefly, in a high-concentration assay, loaded 20
ul sample or serially 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

Microplate reader, and protein concentration was determined according to a standard curve.
5.3.10 ELISA

TNF-a, IL-1B, and IL-10 concentration in culture medium of primary BMDMs were

determined by ELISA kits (all from R&D Systems). Procedure is as follows:

(1) Dilute the capture antibody to working concentration in PBS without carrier protein. Coat
ELISA microplate with 100 pl/well of diluted capture antibody. Seal the plate and incubate
overnight at room temperature.

(2) Aspirate each well and wash 3 times with > 400 pl/well of Wash Buffer. Soak in each wash
step for approximately 1 minute to ensure washing effectiveness. Invert the plate and place
it against the paper to remove any remaining Wash Buffer.

(3) Block plates by adding 300 pl/well of Reagent Diluent (1% BSA in PBS, pH 7.2-7.4).
Incubate at room temperature for a minimum of 1 h.

(4) Repeat the aspiration/wash as in step (2).

(5) Prepare samples and through serial dilution prepare the following standards as: 2000, 1000,
500, 250, 125, 62.5, 31.25, and 0 pg/ml Recombinant Mouse TNF-a or IL-10; and 1000,
500, 250, 125, 62.5, 31.25, 15.625, and 0 pg/ml Recombinant Mouse IL-1B. Add 100
pl/well samples or standards. Cover with an adhesive strip and incubate for 2 hours at room
temperature.

(6) Repeat the aspiration/wash as in step (2).

(7) Add 100 pl/well of the Detection antibody, diluted to working dilution by Reagent Diluent.
Cover with a new adhesive strip and incubate for 2 hours at room temperature.

(8) Repeat the aspiration/wash as in step (2).

(9) Add 100 pl/well of the working dilution of Streptavidin-HRP. Seal the plate and incubate
at room temperature for 30 minutes.

(10)Repeat the aspiration/wash as in step (2).
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(11)Add 100 ul/well Substrate Solution (R & D Systems, 1:1 mixture of color Reagent A and
Reagent B). Incubate plate at room temperature for 20 minutes. Avoid placing the plate in
direct light.

(12) Add 50 pl/well of Stop Solution. Gently tap the plate to ensure thorough mixing.

(13)Determine the optical density of each well immediately, using a microplate reader set to

450 nm to get optical density (O.D.).

5.3.11 Extraction of AP from mouse brain into TBS-soluble, TBS-T-soluble, guanidine

HCl-soluble fractions

The brain was homogenized as previously described (LIU et al., 2012). Following are the
detailed steps:
(1) TBS-soluble fraction:

a) Prepare 10 ml TBS extraction buffer: sterile 1x TBS + one tab of protease inhibitor cocktail.

b) Weight frozen hemispheres quickly and keep the brain on ice until homogenization.

c) Added four brain volumes (4ul/mg brain) ice-cold TBS extraction buffer to a 2ml Porter-
Elvehjem (PE) homogenizer containing brain tissue on ice.

d) Brian tissue were bounce-homogenized in the TBS-containing protease inhibitor cocktail
and centrifuged at 16,000 g for 30 minutes at 4°C.

e) Collected the supernatant as the TBS-soluble fraction and stored it at -80°C.

(2) TBS-T-soluble fraction:

a) The pellets were re-suspended with 4 volumes (based on initial hemisphere weight) chilled
TBS plus 1% Triton-X-100 (TBS-T).

b) The remaining residue was lysed by sonication for 5 minutes in a 4°C ice bath.

c) Centrifuged at 16,000 g for another 30 minutes at 4°C, then collected the supernatant and
stored it as the TBS-T-soluble fraction at -80°C.

(3) Guanidine-soluble fraction:

a) Dissolve guanidine hydrochloride in 50 mM Tris-solution to prepare a pH 8.0, 5 M
guanidine hydrochloride buffer.

b) The pellets were extracted using 4 volumes of ice-cold guanidine buffer for the third time.

c) Vortex the tubes until the pellets move away from the bottom and disperse.

d) Rotate overnight at 4°C to ensure thorough lysis.

e) Centrifuged at 16,000 g for 30 minutes at 4°C. The supernatant was collected and stored

at -80°C as the guanidine-soluble fraction.
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f) The protein concentration of all samples was measured using Bio-Rad Protein Assay (Bio-
Rad Laboratories GmbH, Munich, Germany) and then normalized to the protein

concentration of all samples for further analysis.

5.3.12 A ELISA

AB40 and AP42 are quantified in three different fractions of brain homogenates by the
Human AB40 or AP42 ELISA kit (Invitrogen). The assay identifies both natural and
recombinant human A. The procedure is as follows:

(1) Preparing solutions: Dissolve 2.31g Sodium Bicarbonate in 500mL deionized water and
adjust the pH to 9.0 acquired an AB40 standard reconstitution buffer (55 mM NaHCO3 Buffer,
pH 9.0). Dilute Wash Buffer Concentrate (25x) with deionized water to 1x Wash Buffer
working solution.

(2) Dilute standards: reconstitute Human AP40 and AP42 Standard with standard
reconstitution buffer (55 mM NaHCOs3 Buffer, pH 9.0) and deionized water, respectively. Then
make serial dilutions of AB40 standard as the follows: 500, 250, 125, 62.5, 31.25, 15.63, 7.81,
and 0 pg/ml human AB40; and AB42 standard as the follows: 1000, 500, 250, 125, 62.5, 31.25,
15.63, and 0 pg/ml human AB42. Mix thoroughly between steps.

(3) Samples preparation: Dilute the sample concentration to within the standard curve range
using Standard Dilution Buffer. In our experiments, we dilute the TBS-soluble fraction 1:1, the
TBST-soluble fraction 1:4, and the Guanidine-soluble fraction 1:100.

(4) Bind antigen and add detector:
a) Add 50 pL of a serial Hu AB40/AB42 standard dilutions, controls, or samples to the plate

wells and leave the wells empty for chromogenic blanks.

b) Add 50 pL of Hu AP40/AB42 Detection Antibody solution into each well except the
chromogen blanks.

c) Cover the plate with the plate cover and tap the side of the plate for mixing, then incubate
at 4°C with shaking overnight.

d) Thoroughly aspirate the solution and wash wells 4 times with 1x Wash Buffer.

(5) Add Anti-Rabbit IgG HRP solution:

a) Preparation of 1x Anti-Rabbit IgG HRP solution: For each 8-well strip used in the assay,
aspirate 10 pL of Anti-Rabbit IgG HRP solution (100%) and dispense the solution into a tube
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containing 1 mL of HRP Diluent and mix thoroughly. Prepare the solution within 15 minutes
of use.

b) Add 100 ul Anti-Rabbit IgG HRP into each well except the chromogen blanks.

c) Cover the plate and tap the side of the plate to mix, then incubate at room temperature for
30 minutes.

d) Thoroughly aspirate the solution and wash wells 4 times with 1x Wash Buffer.

(6) Add 100 pl of Stabilized Chromogen per well, and the substrate solution begins to turn
blue. Incubate for 30 min at room temperature in the dark.

(7) Add 100 pl Stop Solution to each well. Tap the side of the plate to mix. The solution in the
well changes from blue to yellow.

(8) Read the plate with the absorbance at 450 nm. Read the plate within 2 hours after adding
the Stop Solution.

(9) Generate standard curves using curve-fitting software. Measure the concentration of the
unknown sample and control by reading from the standard curve. Multiply the values obtained

for the samples by the appropriate factor to correct for sample dilution.
5.3.13 Western blot analysis

Western blot is a scientific technique for qualitative or semiquantitative identification of
specific protein molecules in a protein mixture by gel electrophoresis. The technique consists
of three steps: separation of proteins from different samples, transfer to a solid support (e.g.,
PVDF membrane), and selective immunodetection of an immobilized antigen.

(1) Samples preparation

Frozen mouse brains were homogenized on ice in 5% radioimmunoprecipitation assay
buffer (RIPA buffer; 50mM Tris [pH 8.0], 150mM NacCl, 0.1% SDS, 0.5% sodium oxy- cholate,
1% NP-40, and 5mM EDTA) supplemented with protease inhibitor cocktail (Sigma-Aldrich
Chemie GmbH), and then centrifuged at 16,000 x g for 30 minutes at 4 °C to collect the
supernatant containing the protein mixture. Isolated blood vessels were directly lysed in 2 x
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample loading
buffer containing 4% SDS and ultrasonically lysed on ice for Imin before loading. Measure

protein concentrations using the Bio-Rad protein assay, ensuring consistent concentrations
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between samples and adding about 30 pg of total protein to each well. Samples were diluted at
1:2 in 3 x SDS-PAGE loading buffer and heated at 95°C for 5 minutes.
(2) Electrophoretic Separation of Proteins by SDS-PAGE

The SDS-PAGE is a technique for separating proteins based on the difference in their
mobility in an applied electric field. The protein in the electric field moves or migrates at a rate
determined by its charge/mass ratio. Protein samples treated with SDS show an equal amount
per unit mass and migrate through the SDS gel only according to their molecular mass.
a) Gel preparation

The electrophoretic separation of proteins is most generally carried out in polyacrylamide
gels. These gels are cast between two glass plates by polymerizing the acrylamide monomer
solution into polyacrylamide chains and simultaneously cross-linking the chains into a semi-
solid matrix. A completed gel consists of a lower separating gel and an upper stacking gel. By
varying the concentrations of polyacrylamide and crosslinker, the pore size of the separating
gel may be altered. We used 10% separating and 5% stacking gel. Proteins in brain
homogenates were separated by 10-20% pre-casted Tris-Tricine gels (Anamed Elektrophorese

GmbH, GroB-Bieberau/Rodau, Germany) to detect AP oligomers.

10% Separating gel (2 Gels) Bisacrylamid 6.45 ml
IM Tris-HCI (pH 8.8) 7.5 ml
bidest. H,O 4.95 ml
20% SDS 97.5 ul
10% APS 195 ul
TEMED 24 ul

5% Stacking gel (2 Gels) Bisacrylamid 840 ul
IM Tris-HCI (pH 6.8) 1.88 ml
bidest. H,O 2.2 ml
20% SDS 25 ul
10% APS 50 ul
TEMED 6 pl

APS: Ammonium persulfate, TEMED: N, N, N’, N'-Tetramethyl ethylenediamine

b) Electrophoresis
The SDS-PAGE system used in this study is the Mini-PROTEAN®? Cell electrophoresis
system (Bio-Rad). The first step is to place the prepared gel into the electrophoresis apparatus,

then pour the electrophoresis buffer into the electroporator, make sure the buffer completely
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covers the gel and carefully remove the comb, and finally load the marker (5 ul) or sample (20
ul) into each well separately. Turn on the power for electrophoresis and run at 80V for 30
minutes, then switch to 120V until bromophenol blue flows from the bottom of the gel.
¢) Electrotransfer

Electrotransfer is the most common method for transferring proteins from the gel, and we
use wet electroblotting. The technique involves direct contact of the protein-containing
polyacrylamide gel with a nitrocellulose membrane, polyvinylidene fluoride (PVDF)
membrane, or other suitable protein-binding support. The gels are first equilibrated in transfer
buffer, then the gel is cushioned by a pad and compacted together by a support grid in a
"transfer sandwich" (filter paper-gel-membrane-filter paper). In our experiments, we use PVDF
membranes (soaked in methanol for 1 minute before use) with 0.2 um or 0.4 um pore size
depending on the size of the target protein. The sandwich is placed vertically in the transfer
apparatus and ensures that the transfer chamber was filled with transfer buffer (pre-cooled at
4 °C) and completed the transfer at 250 mA for 90 to 120 min.

d) Blocking and immunobloting

1. The membranes with immobilized proteins were blocked with 10% skimmed milk powder
(w/v) in PBS for 1 hour at room temperature to seal the non-specific binding sites.

2. Then add primary antibody in 1% skimmed milk powder (w/v) and incubate overnight at
4°C on a shaker. Primary antibodies include: Munc18-1 protein mammalian homolog
(Munc18-1), synaptosome-associated protein 25 (SNAP25), postsynaptic density protein
95 (PSD-95) (Catalog numbers: 13414, 3926 and 2507, respectively; Cell Signaling
Technology) and mouse monoclonal synaptophysin antibody (clone SY38; Abcam),
ABCBI, B-actin, and vinculin (clone: E1Y7S, 13ES5and E1E9V respectively; Cell
Signaling Technology) and rabbit polyclonal antibodies against LRP1, and a-tubulin
(Catalog numbers: 64099 and 2144, respectively; Cell Signaling Technology); anti-human
AP mouse monoclonal antibody (clone WO0-2; Merck Chemicals GmbH, Darmstadt,
Germany).

3. The following day, the membrane was washed 3x10 min in TBS + 0.05% Tween 20 to
remove the residual primary antibody.

4. Incubated the membrane with a secondary antibody diluted in PBS +1% skim milk powder
(w/v) at room temperature for 2 hours.

5. Washing the membrane 3x10 min with TBS + 0.05% Tween 20 again.
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6. Using Western Lightning ECL substrate (PerkinElmer LAS GmbH, Rodgau, Germany)
for developing. According to the instructions, substrate solutions A and B are mixed in a
1:1 ratio and cover the membrane uniformly. After 2 minutes, the substrate mixture is
removed, and chemiluminescence is detected in a dark room using Amersham Hyperfilm
ECL (GE Healthcare). Kodak GBX developer and fixer were used to make the signal

visible.

Scan the western blot films with the Epson Perfection V700 Photo Scanner. Densitometric
analyzes  were  performed  with the 1image  processing  program  Fiji
(https://imagej.net/software/fiji/). The protein level was calculated for each sample as a ratio

of target protein/B-actin or a-tubulin or vinculin.
5.3.14 Methoxy-X04 staining for AP deposition

Methoxy-X04, a congo-red derivative, is a BBB permeable amyloid B fluorescent marker
that selectively binds fibrillar B-sheet deposits with high affinity to detect plaque, tangles, and
cerebrovascular amyloid in vivo. To quantity brain AB deposition, four paraffin brain sections
from each mouse were selected with equal space and labelled with methoxy-X04 (Tocris
Bioscience, Wiesbaden-Nordenstadt, Germany) after deparaffinization. The procedures are as

follows:

(1) Preparing stock solutions for methoxy-X04: methoxy-X04 powder is dissolved in DMSO
at a concentration of 10 mM and stored at -20 °C.

(2) Brain sections were deparaffinised sequentially 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.

(3) Rehydration of sections by rinsing in distilled water for 30 seconds, repeated 2-3 times.

(4) Antigen retrieval by cooking the sections in 1 x citrate buffer (10 mM, pH 6.0) for 1 hour
in a steamer. Cool slowly to room temperature after cooking.

(5) Dilute the stock solution of methoxy-X04 1:1000 with a 1:1 mixture of DMSO and 0.9%
NacCl solution.

(6) Brain sections incubated in methoxy-X04 working solution for 20 minutes.

(7) Wash 3 x 10 min in PBST with gentle agitation.

(8) Mount with DAPI (1ul stock solution in 1ml Mowiol)-Mowiol.

The whole cortex and hippocampus were imaged and merged using Microlucida (MBF

Bioscience).  Fluorescent-labelled  areas  were  measured using the  Fiji
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(https://imagej.net/software/fiji/), and processing thresholds were fixed for all images. The

percentage of AP coverage in the brain was calculated.
5.3.15 Immunofluorescent staining

Immunofluorescence (IF) is a required immunochemical method for detecting and
localizing antigens in various types of tissue or cell preparations. An important basis for this
technique is antigen binding to a specific antibody labelled with a fluorophore.

1. Frozen Section Preparation

(1) 4% PFA-fixed left hemisphere (described as Section 5.3.3) was sequentially dehydrated
in 10%, 20% and 30% sucrose (w/v) in PBS for 24h.

(2) Dehydrated brain tissue is placed on a pre-labelled tissue base mold.

(3) Cover the entire tissue block with Tissue-Tek® O.C.T.™ Compound (Sakura Finetek).

(4) Base mould containing the embedded brain is placed in a beaker containing isopentane
and then snap-frozen in liquid nitrogen. Store the frozen tissue block at -80°C until
sectioning.

(5) Transfer the frozen tissue blocks to cryotome cryostat (Leica CM3050 S, Leica
Biosystems) 2-3 hours before slicing to equilibrate the temperature of the frozen tissue
block with that of the cryotome.

(6) Frozen tissue blocks are cut to 30 um sections using the cryotome. Tissue sections are
placed on adhesive-coated, positively charged slides (Adhésions-Objekttrager
SuperFrost® plus, R.Langenbrinck GmbH Labor-und Medizintechnik, Germany).

(7) Dry the tissue sections overnight at room temperature.

(8) Fix sections in -20°C acetone for 30 minutes. Sections can be stored in a sealed slide box

at -80°C for later use.

2. Paraffin-Embedded Slide Deparaffinization and Rehydration

Paraffin-embedded brain tissue blocks were cut into 30 pm sections and the slides were
placed in an oven at 37°C overnight. The slides were deparaffinised sequentially 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. Rehydration of sections by rinsing in distilled water for 30 seconds,
repeated 2-3 times.

3. Antigen Retrieval
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Cut the Paraffin-embedded brain tissue blocks into 30 um sections, and the slides were
placed in an oven at 37°C overnight. The slides were deparaffinised sequentially 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. Rehydration of sections by rinsing in distilled water for 30 seconds,
repeated 2-3 times.

4. Immunostaining

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

(2) Primary Antibody reaction: dilute the antibody with dilution buffer (0.02% casein (w/v) +
0.01% Tween 20 + 0.01% Triton X-100 in PBS solution). Rabbit polyclonal anti-Ibal
(Wako), mouse monoclonal anti-Ibal(Millipore), rabbit polyclonal anti-RFP (Rockland),
mouse monoclonal anti-human Af antibody (Dako), mouse monoclonal anti-NeuN
(Millipore), mouse monoclonal anti-GFAP (Cell Signaling) dilute 1:500; the monoclonal
rabbit anti-LRP1 (Abcam) and rabbit polyclonal anti-amyloid Precursor Protein (Sigma
Aldrich) dilute 1:100. Incubate the primary antibody working solution at 4 °C overnight.

(3) Rinse slides with PBST, 10 min X 3 times.

(4) Secondary Antibody reaction: with the 1:500 diluted goat anti-rabbit Alexa 488 Conjugate,
or goat anti-mouse 546 Conjugate secondary antibodies in dilution buffer, RT, 2 hours.

(5) Rinse slides with PBST, 10 min X3 times.

(6) Coverslip slides with Mowiol with DAPI.

(7) All images were acquired by Zeiss Axiolmager.Z2 microscope (Carl Zeiss, Gottingen,

Germany) equipped with a Stereo Investigator system (MicroBrightField, Williston, USA).
As we describe in previous studies (HAO et al., 2011; QUAN et al., 2021), the interaction

between microglia and AP deposits and the morphology of microglia around AP or away from
AP were investigated. Serial brain sections were stained with Iba-1 antibody (Wako
Chemicals) and then co-staining with methoxy-X04 (Bio-Techne GmbH, Wiesbaden,
Germany) and mouse monoclonal anti-human A antibody (clone 6F/3D, Dako, Hamburg,
Germany). Under Zeiss microscopy with 40x objective, AP deposits and surrounding microglia
were imaged with Z-stack serial scanning from -10 to +10 um. From each section, >10
randomly chosen areas were analyzed. The total number (> 200) of Iba-1-positive cells co-
localizing with AP deposits were counted. Measure the area of AP by Fiji to adjust the

microglial number around Ap.
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Use the Stereological technique to count the number of microglia. Briefly, the entire
hippocampus and cortex dorsal brain slices were systematically randomly sampled at 10-slice
intervals for immunostaining first; then apply an Optical Fractionator as a stereological probe
to quantify Iba-1-labelled cells with a 120x120x18 pum director and a 400x400 um sampling
grid. The coefficient of error (CE) calculated was less than 0.08. Tissue thickness was
determined at each director location with a 0.1 m precision focus drive. Only Iba-1 positive
cells with clear DAPI nuclei staining were counted in each direction. As described above, the
microglia with dark blue nuclei were counted in the total hippocampus and cortex area in the
randomly selected sections. Data were reported as the number of antibody-labeling cells
divided by the total area (mm?) of interest. All immunohistochemical analyses were performed
by an experimenter blinded to the genotype of mice.

We also co-stained LRP1 antibody (Abcam) with NeuN (Millipore) or GFAP (Cell
signaling Technology) antibody to localize and quantify the expression of LRP1 in the brain.
The average intensity of LRP1 fluorescence in neurons or astrocytes was also quantified using
Fiji. Manually contour neurons and astrocytes based on NeuN or GFAP fluorescence signals,
respectively. The mean fluorescence intensity in the LRP1 channel was measured; the selection
was then moved to a nearby area without a significant LRP1 fluorescence signal, and the mean
fluorescence intensity in the LRP1 channel was measured as the background; the normalized
fluorescence intensity for each cell was calculated as the LRP1 fluorescence signal minus the
background.

Axonal injury is a common feature of CNS injury. APP is a type I transmembrane protein
with potential effects on neurodegeneration. Upregulation of APP is observed after brain insults
and is considered a marker of CNS axonal injury. As described above, the brain sections were
incubated overnight with rabbit antibody against amyloid Precursor Protein, C-Terminal
(A8717, Sigma Aldrich). We assessed the intensity of APP around AP in APP** mice with
different expressions of GPR109a. Take the AP plaque as the center of the circle, draw
concentric circles at a spacing of Sum radius, and then calculate the fluorescence intensity of
APP at different distances from Ap.

To detect GPR109a-RFP positive cells in the brain of APP* and APP** mice, we co-
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stained rabbit polyclonal anti-RFP antibody with mouse monoclonal anti-Ibal (Millipore),
mouse monoclonal anti-NeuN (Millipore) and mouse monoclonal anti-GFAP (Cell Signaling),
respectively. And co-stained with mouse monoclonal anti-human AP antibody (Dako) to

explore the relationship between GPR109a-positive cells and A plaques.
5.3.16 Analysis of microglial morphology

For the analysis of microglial morphology, published protocols and Fiji Image J were used
(FERNANDEZ-ARJONA et al., 2017; YOUNG, MORRISON, 2018). PFA-fixed brain tissues
were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek Europe B.V., AJ Alphen aan
den Rijn, the Netherlands) as described in section 3.3.10. The brain was cut in 30-um sagittal
sections. After fluorescent staining with Iba-1 antibody and methoxy-X04 (or A antibody), a
total of 10 AP plaques/mouse were randomly selected from the cortex dorsal to the
hippocampus and imaged under 40x objective with Z-stack scanning with 1 pm of interval.
We defined plaque-associated regions as the area within a quadruple radius of the AP core
plaque. Thus, microglia inside or outside the fourfold plaque radius were classified as plaque-
associated or microglia away from the plaque, respectively. The serial images were Z-projected
with maximal intensity, 8-bit grayscale transformed, Unsharp-Mask filter and despeckle-
treated, and binarized to obtain a black and white image. For analysis, choose the cells with
complete nuclei and branches without overlapping with neighboring cells. Eliminated the
single-pixel background noise and filled the gaps along with processes under the view of the
original image of the cell. The processed image was skeletonized and analyzed with the plugin
Analyze Skeleton (2D/3D) (http://imagej.net/AnalyzeSkeleton) for the total number of primary
branches, length of all branches, and the number of branch endpoints of each microglia. The
whole analysis was done blinded to genotypes.

The Sholl analysis was performed using the Fiji plugin Simple Neurite Tracer

(https://imagej.net/plugins/snt/) and published protocols (LONGAIR et al., 2011; TAVARES

et al., 2017) by counting the number of microglial branches at a certain distance from the soma.
Total 10 microglia from three APPY*IGPR109a” mice, 14 microglia from three

APPY%GPR109a"", and 14 microglia from three APP*'GPR109a"* littermates were analyzed.
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Concentric circles (radius) were set with 10 um of the interval from the soma to the longest

branch.
5.3.17 Phagocytosis assays in vivo

Microglial phagocytosis plays an important role in AP clearance. We investigated
microglia AP phagocytosis in vivo based on published flow cytometry-based methods (LAU et
al., 2021). This method enables direct comparison of AP phagocytic capacity between different
microglial subpopulations.

(1) In vivo labelling of amyloid plaques

Methoxy-X04 (MeX04) is an AP dye that can penetrate the blood-brain barrier. After
MeXO04 is intraperitoneally injected into mice, it enters the brain and binds to the surface of AP
plaques. If microglia engulf amyloid plaques actively, MeX04 will be internalized along with
AB. Following that, flow cytometry analysis allows the ability of microglia to phagocytose AP

to be quantified.

a) Prepare MeX04 stock solution (10 mg/ml) by dissolving in DMSO and storing in aliquots
(200 pl) at -80 °C.

MeX04 working solution (1 ml, freshly prepared)

Reagent Final concentration Volume (pul)
MeX04 stock (10 mg/ml) 2 mg/ml 200

DMSO n/a 300

0.9 % saline, pH 12.0 n/a 500

Total n/a 1000

b) Intraperitoneal injection with MeX04: the working solution was heated in a 37°C water
bath for 5 minutes. Weighted mice and injected intraperitoneally with MeX04 working
solution at a dose of 10 mg/kg. Then mice were sacrificed 3 hours after injection, and brain
tissue was collected.

(2) Brain dissociation and microglia staining

a) Brain dissociation: described as section 5.3.3.

b) Microglia staining: stain the microglia cell suspension (300 pl) with Alexa Fluor® 647 anti-
mouse/human CDI11b (M1/70) antibody (1:200) for 1 hour at 4 °C with rotation. In
addition, prepare unstained controls using AD transgenic model mice and non-transgenic

wild-type mice to serve as fluorescence-minus-one controls.

(3) Flow cytometry
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a) Turn on the flow cytometer (BD FACSCanto II) and start the machine with start-up
procedure.
b) Create the following diagram in the template:
i.  Side-scatter (SSC) versus forward-scatter (FSC) are applied to identify cell
populations.
il. Pulse width trigger versus FSC (to identify singlets).
iii.  PB660 versus FSC-A (to identify CD11b signal).
iv.  PB450 versus PB660 (to identify MeX04 signal).
c) A negative signal was set for MeX04 using a non-transgenic mouse brain sample and a
negative signal for CD11b using an unstained control sample.
d) Each sample was sequentially performed and MeX04 signals were recorded for 10,000
microglia using BD Trucount absolute counting tubes (BD Biosciences)
e) Using FlowJo to analyze the data, the following information was obtained:
1. Proportion of MeX04 positive microglia = proportion of AP phagocytic microglia.

il. Mean fluorescence intensity of MeX04 = AP phagocytic capacity.

5.3.18 Reverse transcription and quantitative PCR for analysis of gene transcripts

Real-time reverse transcription PCR (RT-PCR) is the most sensitive quantitative PCR
method for detecting the amount of PCR template (e.g., DNA or cDNA) in a PCR reaction.
There are two types of real-time PCR: intercalator-based and probe-based. Both approaches
necessitate using a thermocycler with a sensitive camera that continuously monitors the
fluorescence in each well of the 96-well plate during the PCR Reaction. The intercalator-based
method (also known as the SYBR Green method) requires using a double-stranded DNA dye
in the PCR reaction, which binds to the newly synthesized double-stranded DNA and emits
fluorescence. Probe-based real-time PCR (also known as TagMan PCR) requires a pair of PCR
primers (as in conventional PCR), an additional fluorescent probe, a 20-26 nucleotide
oligonucleotide with both a reporter fluorochrome and a quenching dye attached. The probes
bound only the DNA sequences between two specific PCR primers. Only a particular PCR
product may give a fluorescent signal in TagMan PCR. Therefore, the TagMan approach is
more precise and reliable than the SYBR green method.

The 7500 Fast Real-Time PCR System (Life Technologies) was used to run real-time PCR

using SYBR green (Roche Applied Science) or Tagman® probes (Life Technologies) in our
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study. Gene transcripts were quantified with our established protocol (QUAN et al., 2021; XIE

etal., 2013a).

1.
(1

2)

©)

(4)

)

Isolation of total RNA from brain tissue or selected cells

Sample preparation: 0.5-mm-thick tissue slices sagittally excised from the right
hemisphere (see above in Tissue Preparation section 5.3.3) were homogenized in 1 mL of
Trizol (Invitrogen).

Phase Separation: For complete dissociation of the nucleoprotein complex, the
homogenized sample was first incubated for 5 minutes at room temperature. Add 0.2 ml
of chloroform per ml of Trizol Reagent used. Cover the sample tightly, shake vigorously
by hand for 15 sec, and then incubate at room temperature for 3 min. Centrifuge the
resulting mixture at 12,000 x g for 15 min at 4 °C. The sample mixture was separated into
3 phases: a lower red organic phase (containing protein), an interphase (containing DNA),
and a colourless upper aqueous phase (containing RNA).

RNA precipitation: Transfer the colourless aqueous phase to a fresh tube and mix with 0.5
ml isopropyl alcohol per ml Trizol Reagent used in Sample Preparation section. Allow the
mixture to stand for 10 min and room temperature 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.
RNA wash: remove the supernatant and wash the RNA pellet by adding 1 ml 75% ethanol.
Mix by vortexing and centrifuge at 7,500 x g for 5 min at 4 °C. If the RNA pellets float,
perform the wash in 75% ethanol at 12,000 x g for 5 min at 4 °C.

Redissolve the RNA: Invert the tube, allow the RNA precipitate to briefly dry, and then
dissolve it in an appropriate volume of RNase-free water. One sample of brain tissue is

typically added to 100 pl.
Isolation of total RNA from selected cell

Total RNA was extracted from selected CD11b-positive or CD4-positive cells using the

RNeasy Plus Mini Kit (Qiagen) by the following steps:

(1)
2)

3)

Selected cells were lysed in 700 pl Buffer RLT Plus and vortexed for 30 s.

Transfer the homogenized lysate to a gDNA Eliminator spin column placed in a 2 ml
collection tube.

Centrifuge for 30 s at 8,000 x g. Discard the column, save the flow-through and add an
equal volume (700 pl) of 70% ethanol, mixing completely by pipetting.
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(4) Transfer up to 700 pul of the sample, including any precipitate, to a RNeasy spin column
placed in a 2 ml collection tube. Close the lid, and centrifuge for 30 s at 8,000 x g. Discard
the flow-through.

(5) Add 700 pul Buffer RPE to the RNeasy Mini spin column (in a 2 ml collection tube). Close
the lid, and centrifuge for 30 s at 8,000 x g. Discard the flow-through.

(6) Add 500 pl Buffer RW1 to the RNeasy Mini spin column. Close the lid, and centrifuge for
30 s at 8,000 x g. Discard the flow-through.

(7) Add 500 pl Buffer RW1 to the RNeasy Mini spin column. Close the lid, and centrifuge for
2 min at 8,000 x g. Discard the flow-through. And then centrifuge at full speed for 1 min
to further dry the membrane.

(8) Place the RNeasy spin column in a new 1.5 ml collection tube. Add 30 ul RNase-free water
directly to the spin column membrane. Close the lid, and centrifuge for 1 min at 8,000 x g

to elute the RNA.
3. Genomic DNA degradation prior to RT-PCR

To purify RNA samples of trace genomic DNA contamination, RQ1 (RNA Qualified)
Rnase-Free Dnase (Promega), a Dnase I that degrades double- and single-stranded DNA by

endocytosis, was used. The reaction was set up as follows:

Components Volume/10pl reaction
RNA sample in water 8 ul

RQ1 RNase-Free DNase 10 x Reaction buffer | 1 pl

RQ1 RNase-Free DNase 1 U/ ng RNA
Nuclease-free water To a final volume of 10 pl

Incubate at 37 °C for 30 min, and then the reaction is terminated by the addition of 1 pl of
RQ1 DNase Stop solution. DNase is then inactivated by heating at 65°C for 10 minutes.
4. First Strand cDNA Synthesis

First-strand cDNA was synthesized by priming total RNA with hexamer random primers
(Invitrogen) and using Maxima Reverse Transcriptase (ThermoFisher Scientific), which is an
enzyme with diminished RNase H activity with high thermal stability and enhanced
processivity, thus providing robust performance in first-strand cDNA synthesis. Add reaction

components into a sterile, nuclease-free tube on ice in the indicated order:

Components Volume/20pl reaction
Total RNA 3ug
Rndom primer (250 ng/ul) 1 pl
dNTP mix (10 mM each) 1l
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Nuclease-free water ‘ To a final volume of 15 pl

Mix gently, centrifuge briefly and incubate at 65°C for 5 min. Chill on ice for 2 min, briefly
centrifuge again and place on ice. And then add:

5x RT buffer 4 ul

Maxima H Minus Reverse Transcriptase 1 ul (200 U)

Mix gently and centrifuge briefly.

Incubate for 10 min at 25 °C followed by 30 min 50°C.
Terminate the reaction by heating at 85°C for 5 min.
The cDNA can be ready for use.

5. Real-time quantitative PCR

For quantification of tnf-a, il-15, mrcl, chi3l3, inos, ccl2, il-10, il-4, il-17a, ifny,

foxp3, ,trem2, apoe, CX3CRI, p2ryl2, clec7a, Ipl, tgfb, itgax, gapdh transcription level, real-
time quantitative PCR with the Tagman® gene expression assays were 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) 1l 0.5 uM

50 x ROX reference dye 0.06 ul 0.3 x

cDNA 1l max. 150 ng
ddH20 Up to 20 ul

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

step purpose temp time cycles

1 Initial denaturation 95 °C 10 min 1

2 Denaturation 95 °C 10s 45
Annealing + extension 60 °C 30s

By detecting the free FAM dye cleaved from the Tagman® probe, the amount of double-
stranded PCR product generated in each cycle may be determined. The threshold cycle (Ct)
value for each gene tested in the replicate PCR was normalized to the Ct value of the gapdh
RNA control from the same cDNA preparations. The ratio of transcription of each gene was

calculated as 2(ACt), where ACt is the difference Ct (gapdh) - Ct (test gene).

5.3.19 Statistical analysis

Data were presented as mean £ SEM. For multiple comparisons, we used one-way or two-

way ANOVA followed by Bonferroni, Tukey, or Dunnett T3 post hoc test (dependent on the
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result of Levene’s test to determine the equality of variances). Two independent-samples
Students #-test was used to compare means for two groups of cases. All statistical analyses were
performed with GraphPad Prism 8 version 8.0.2. for Windows (GraphPad Software, San Diego,

USA). Statistical significance was set at p < 0.05.
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6. RESULTS

6.1 GPR109a specifically expresses in Ap-associated microglia

We quantified the transcription of genes encoding gpr41, gpr43, gpri09a, and lactate
receptor (gpr81) in microglia isolated from 9-month-old APP/PS1-transgenic (tg) and wild-
type (wt) littermate mice. As shown in Fig. 6.1 A, only the gpr109a gene but not gpr41, gpr43,
or gpr8igene is transcribed at a high level in microglia, and the transcription of gpr109a is up-
regulated in APP-transgenic mice than wild-type controls (Fig. 6.1 A; t-test, p<0.05). We then
used the BAC-transgenic mouse line (Gpr109a™*"), in which the Gpr109a promoter controls
the expression of monomeric red fluorescent protein (mRFP), to determine the expressions of
GPR109a in various brain parenchymal cells. We observed that in APP¥'GPR109a™*? mice,
mRFP is expressed only in Iba-1-positive cells but not in astrocytes and neurons (Fig. 6.1 B).

And the mRFP-positive cells are recruited to AP plaques (Fig. 6.1 C).
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Fig. 6.1, GPR109a-positive microglia are recruited to Ap deposits. Adult microglia, isolated from brains of 9-
month-old APP/PSI transgenic (tg) and wild-type (wt) littermate mice with magnetic beads-conjugated CD11b
antibodies, were analysed for the transcription of gpr41, gpr43, gpr109a and gpr81 genes with real-time PCR (A,
t-test, p < 0.05; n = 5 per group). Brain sections from 3-month-old GPR109a-reporter mice were co-stained with
fluorescence-labelled antibodies against RFP and NeuN, GFAP, and Ibal (B). GPR109a-reporter mice were
further mated with APP-knock-in AD mice. RFP co-staining with AP, we clearly observed that GPR109a-

expressed cells are recruited specifically to AP deposits (C).

6.2 Deficiency of GPR109a ameliorates cognitive deficits in APP-knock-in mice

To investigate the effects of GPR109a on AD pathologies, we mated App™L-0-F/NL-G-F

mice
(APPY) with Gpr109a knockout mice (GPR109a™") (TUNARU et al., 2003). Ten-month-old
APP-knock-in littermate mice with different expressions of GPR109a were evaluated for
cognitive function with the Y maze test (Fig. 6.2 A). Consistent with established research
(SAITO et al., 2014), our experiments found that APPX/X mice exhibit significantly impaired
cognitive function with a reduced alternation in the Y maze test (Fig.6.2 B; one-way ANOVA,
p=0.006). Interestingly, deficiency of GPR109a in APPXX! mice increases the spontaneous
alternation in a gene dose-dependent manner, which suggests that deficiency of GPR109a
prevents the cognitive decline of AD mice (Fig.6.2 C; two-way ANOVA, p=0.004).
Simultaneously, APP wild-type (App™-/M-F | APP™) littermate mice with different GPR109a
expressions shown no significant differences in the alternation of the Y maze test (Fig.6.2 B;
two-way ANOVA, p>0.05). The locomotion time has no difference between APP<Y'GPR109a"
", APPX"MIGPR109a™", and APP*YiGPR109a"" mice (Fig. 6.2 D; two-way ANOVA, p>0.05).
Open field test examines general locomotor activity, anxiety, and willingness to explore
in animals (Fig. 6.2 E). In our experiments, deletion of GPR109a in either APP™ or APPK/M
mice does not alter the frequency and duration in the central area of the open field test (Fig.
6.2F, G; two-way ANOVA, p>0.05). In conclusion, these behaviour test results suggest that
GPR109a deficiency improves cognitive performances in APPXXi mice but does not affect
APP™ mice. And knockout of GPR109a neither affect locomotion nor induce anxiety-like

behaviour in APPX% mice.

58



RESULTS

A B p=0.006 C p=0.004
80 1 |—| 80 1
Y maze test o : " s aa
[0 [ 1] c n A
z S
% 40 1 T 401 [ [=
£ <
5 5
< 20 A < 20
0 T T T O T 1 1 T T T
APP:  wt ki/wt Kki/ki GPR109a: wt +/- - wt +- -
APP: ki/ki wt
D 800 1 E Open field test
e
| |
E é 600 - un = . 20 cm
g®s . r
&5 L8
&3 400 a
g2 " 'H ut N
© 3 2001 "
=

0 T T
GPR109a: wt +/- -~ wt +/- -/-

APP: ki/ki wt

F G

100 - 80 ~

2 N

§ 804 m . > 60

g 601 & 2 . ' ab é s t ’
8 a5 o 401 ma n u o
£ 401 . A L o

§ . JEORH 204 [Wn 1 |

= 20 []

© u L a L A .
>

o T T T T 0 T T T T T T

0
GPR109a:  wt - owt - - GPR109a: wt +/- -/- wt +- --
APP: Ki/ki wt APP: ki/ki wit

Fig. 6.2, Deficiency of GPR109a improves cognitive function of APP-KI AD mice. Ten-month-old APP-KI
littermate mice with homozygous (-/-) and heterogeneous (+/-) knockout of GPR109a gene and wild-type (+/+)
were analysed for cognitive function with Y maze (A). Significant reduction in the spontaneous alternation of
APPYN mice in the Y-maze (B, one-way ANOVA followed by Bonferroni post hoc test, n = 6 per group).
Deficiency of GPR109a has the potential to increase the alteration of AD mice in gene dose-dependent manner (C,
two-way ANOVA followed by Bonferroni post hoc test, n > 3 per group), but not affected movement (D, two-way
ANOVA followed by Bonferroni post hoc test). Open field test (E). Deficiency of GRP109a does not change the
duration in the centre zone, and frequency enters to centre zone in the open field test (F and G, one-way ANOVA

followed by Bonferroni post hoc test, n > 4 per group).

6.3 Deficiency of GPR109a reduces synaptic impairment of APP-knock-in AD mice

We measured the levels of synaptic-structure proteins Munc18-1, synaptophysin, SNAP25,

and PSD-95 in the brain homogenates of 10-month-old APP wild-type and APP*/¥ littermate
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mice using Western blot analysis. As shown in Fig. 6.3.1 A-E, protein levels of Munc18-1 and
PSD-95 in APPX/% mice were significantly lower than those in APP™ littermates (Fig. 6.3.1 B
and C; one-way ANOVA, p<0.05). Interestingly, deficiency of GPR109a reverses the loss of
synaptic structural proteins induced by APP knock-in (Fig. 6.3.2 A-F; one-way ANOVA,
P<0.05). The amounts of Munc18-1, SNAP25, and PSD-95 proteins are significantly higher in
brains from APP*"YiGPR109a”" mice than APP*"YiGPR109a"~ and APP*"Y'GPR109a"* control
mice (Fig. 6.3.2 A-F; one-way ANOVA, p<0.05). At the same time, there are no significant
differences in the amount of SNAP25, Munc18-1, and PSD-95 between APP* GPR109a"* and
APP™'GPR109a™" (Fig. 6.3.2 G, H; one-way ANOVA, p>0.05).

Besides the impairment of synaptic structural proteins, neuropathology is also associated
with axonal dystrophy in the brain parenchyma, which can contribute to neuronal degeneration.
Thus, we measured the volume of dystrophic neurites around individual amyloid plaques in
brain sections from 10-month-old APP-knock-in mice with different expressions of GPR109a.
Brain sections were co-stained with methoxy-X04 and an antibody against the C-terminal of
APP, and the intensity of APP-positive signals were quantified at different distances from the
plaque, with concentric circles for a 5 pm spacing. As shown in Fig. 6.3.2 I and J, abundant
dystrophic neurites are accumulated around AP plaques in APPX/X mice, while deletion of
GPR109a reduces dystrophic neurites around AP plaques in a gene-dependent manner (Fig.

6.3.2 I and J; two-way ANOVA, p<0.05).
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Fig. 6.3.1, Synaptic proteins decrease in APP-knock-in mice. Western blotting was used to detect the amounts

of synaptic structure proteins in brain tissues from 10-month-old APPY% APPY¥“ and APP* mice.
Overexpression of APP significantly decreases Munc18-1 and PSD-95 amounts (A-C; one-way ANOVA followed
by Bonferroni post hoc test, p < 0.05; n=8 per group). However, the protein levels of SNAP25 and synaptophysin
does not changed significantly (D and E; one-way ANOVA followed by Bonferroni post hoc test, p > 0.05; n=8

per group).
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Fig. 6.3.2, Deletion of GPR109a reverses AD-associated loss of synaptic proteins and axonal dystrophy in
APPYM mice, Western blotting was used to detect the amount of synaptic structure proteins, Munc18-1, SNAP23,
synaptophysin, and PSD-95 in the 9-month-old APP/%i and APP* mice (A-H). GPR109a deficiency are associated
with higher levels of Munc18-1, PSD-95, and SNAP25 in the APP/Xi mice (A-F; one-way ANOVA followed by
Bonferroni post hoc test; n=11 per group), but not in the APP" mice (G and H, two-way ANOVA followed by
Bonferroni post hoc test; n=6 per group). GPR109a deficiency reduces plaque-associated axonal dystrophy (I and
J). Visualization of amyloid-precursor-protein, C-Terminal-immunolabeled axonal dystrophy (red) around plaques
in APP-KI mice brain (I). Quantification of dystrophy volume in APPX"Xi mice with different Gpr109a genotypes
(J; two-way ANOVA followed by Bonferroni post hoc test; n=3 mice for each group, more than 8 plaques were

analysed in each mouse).

6.4 Deficiency of GPR109a reduces A load in the brain of APP-knock-in mice

Since AP accumulation is a key factor contributing to AD development, we further
analysed whether GPR109a deficiency affect amyloid pathologies in the APP¥/Xi mice. We
stained brain sections from 10-month-old APPY*IGPR109a”-, APP¥*GPR109a"", and
APPYMIGPR109a™" littermate mice with methoxy-X04, which specifically recognizes the f-
sheet secondary structure of AB. And quantitative results revealed that deficiency of GPR109a
dramatically decreases the area of methoxy-X04 staining-positive AP plaques in both
hippocampus and cortex of APPX* mice in a gene dose-dependent manner (Fig. 6.4.1 A, B;
one-way ANOVA, p>0.05). We then calibrated and quantified the volume of A based on the
volume of the assessed tissue using standard immunohistological and stereological Cavalieri
methods. The immunoreactive AP volume in APP*""GPR109a™" mice are 2.7 = 0.14 % positive
in the cortex and 1.9 + 0.78 % in the hippocampus respectively, which are significantly lower
than that of APPX""iGPR109a"* mice (3.3 = 0.15 % in the cortex, p<0.0001; 2.6 £ 0.86 % in
the hippocampus; Fig. 6.4.1 C, D; one-way ANOVA, p=0.0014).

We further measured the amount of differentially AP aggregates in brain homogenates by
Western blotting with human Ap-specific antibodies according to established biochemical
methods (QUAN et al., 2021). Consistent with our histological results, we observed that all
monomeric, dimeric, and trimeric AP are significantly decreased in APPX"Y'GPR109a”" than in
APPYMIGPR109a™", and APP"IGPR109a™" (Fig. 6.4.2 A-D; one-way ANOVA, p<0.05).
Protein levels of APP and its fragment C99, derived from cleavage of B-secretase, are not
altered by deficiency of GPR109a (Fig. 6.4.2 E, F; one-way ANOVA, p>0.05). Similarly,

deletion of GPR109a markedly decrease the concentrations of AB40 in TBS-soluble, and both
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AP40 and AP42 in TBS plus 1% Triton X-100 (TBS-T)-soluble brain homogenates from
APPYMGPR109a” mice as compared to APPX"\GPR109a""" mice (Fig. 6.4.3 A, D, E; one-way
ANOVA, p<0.05). However, neither AB40 nor AP42 are affected by GPR109a in Guanidine-
hydrochloride-soluble brain homogenates enriched with high-molecular-weight aggregated AP
(Fig. 6.4.3 G, H; one-way ANOVA, p>0.05). Recently, several studies have demonstrated that
the AP42/40 ratio may more accurately reflect the changes in AP metabolism in AD
pathogenesis than AP protein levels alone. According to our experiments, AB42/40 ratio is
decreased more than 2-fold in TBST soluble homogenate of APPX"'GPR109a”" compared to
APPYMGPR109a"", and APP¥X\GPR109a"" mice (Fig. 6.4.3 E; one-way ANOVA, p<0.05).
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Fig. 6.4.1, Deficiency of GPR109a decreases AP load in APP¥'X mouse brain. Ten-month-old APP*/X mice
with different GPR109a expressions were stained cerebral A with methoxy-X04 and A antibody (clone D12B2,
Cell Signaling Technology). Brain sections were first stained with methoxy-X04 and imaged with Microlucida
(A). The area of AB plaques were quantified and adjusted by the area of analysed brain tissues (B). Brain sections
were further stained with human Ap-specific antibody (C). The volume of immune reactive AP deposits in the
hippocampus and cortex were estimated with the stereological Cavalieri method and adjusted by the volume of
analysed tissues (D). Homozygous deletion of GPR109a significantly reduces the AP level both in the cortex and
hippocampus (B and D, two-way ANOVA followed by Bonferroni post hoc test; n="7 for each group).
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Fig. 6.4.2, Deficiency of GPR109a reduces A} monomers and oligomers in the brain of APP-knock-in mice.
Brain lysate was prepared from 10-month-old APP¥ littermate mice with homozygous (-/-), heterogeneous (+/-)
knockout of GPR109a gene and wild-type (+/+). Quantitative Western blot was used to detect monomer, dimer
and trimer of AP, C99 and APP (A). Deficiency of GPR109a reduces monomeric (B), dimeric (C) and trimeric (D)
AR, but not C99 (E) and APP (F) in the brain (One-way ANOVA followed by Bonferroni post hoc test,n > 15 per
group). Cell lysate prepared from C99 fragment-overexpressing SH-SY5Y cells was used to identify the signal of

C99 in Western blot.
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Fig. 6.4.3, Deficiency of GPR109a reduces Ap42 and AB40 amounts in the brain of APP-knock-in mice. The
concentration of AB40 and AB42 in the brain TBS, TBS-T, and Guanidine-soluble fractions were determined by
APB40 and AP42 (Invitrogen) sandwich ELISA. Brain lysate was prepared from 10-month-old APPX/ littermate
mice with homozygous (-/-), heterogeneous (+/-) knockout of GPR109a gene and wild-type (+/+). Brain TBS-
soluble AB40 (A) decreases in GPR109a gene-dependent manner, whereas AB42 (B) and AB42/40 ratio (C) are
unaffected by the expression of GPR09a. The concentration of AB40 (D), AP42 (E), and APB42/40 ratio in
APPY%GPR109a”" mice brain TBS-T-soluble are significantly lower than APPK""GPR109a"* mice. In the brain
Guanidine-soluble, neither the amounts of AB40 (G) and AB42 (H) nor AP42/40 ratio is changed by the deletion
of GPR109a (One-way ANOVA followed by Bonferroni post hoc test, n > 8 per group).
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6.5 Deficiency of GPR109a does not change neuroinflammatory activation in APP-

knock-in mice

Microglia play two-edged sword in AD pathogenesis. On the one hand, microglial
inflammatory activation exacerbates neurodegeneration (HENEKA et al., 2015) by releasing
neurotoxic inflammatory mediators, such as TNR-a and IL-1; on the other hand, they facilitate
cerebral AP clearance through internalizing AB. We investigated the effects of GPR109a
deficiency on neuroinflammation in APP*X' mice by counting the microglial number and
measuring inflammatory gene transcripts using our previously established method (QUAN et
al., 2021). As shown in Fig. 6.5 A-B, the deficiency of GPR109a does not affect the number of
Ibal immunoreactive cells (representing microglia) either in the cortex or hippocampus.

We further measured transcripts of M1-inflammatory genes (tnfa, il-15, inos, and ccl-2)
and M2-inflammatory genes (il-10, chi3l3, and mrcl) in the brains of 10-month-old APPX/i
littermate mice with different expressions of GPR109a gene and wild-type (+/+). In accordance
with the immunohistochemical staining results, the transcription of inflammatory genes are not

changed by GPR109a deficiency.

APP (ki/ki);; GPR109a(+/+) APP(ki/ki);GPR109a(-/-) B e
b
=)
g Ala
o
> 24 A
o
O
s
O T T T
GPR109a: wt  +- -/

APP (ki/ki)
C D
GPR109a:
10 - GPF10VS\3:. 8 - -
8 -1 4/ T = +/-

" /-

-/

transcripts/gapdh x 10"4
transcripts/gapdh x 106

0
tnf-a i-1B inos ccl2 mrc1 chi3I3 i-10

66



RESULTS

Fig. 6.5, Deficiency of GPR109a does not significantly change microglia-mediated inflammatory activation
in APP-KI mouse brain. Ten-month-old APP-knock-in littermate mice with different expressions of GPR109a
were used to assess inflammatory activation. Microglial cell numbers were estimated with a stereological method,
Optical Fractionator, after immunohistochemical staining of Iba-1 (A and B; One-way ANOVA followed by
Bonferroni post hoc test, p > 0.05; n > 5 per group). Inflammatory gene transcripts were measured by quantitative
RT-PCR (C, D). The deficiency of GPR109a neither alter the number of Ibal-immunoreactive cells nor the
transcription of inflammatory genes (One-way ANOVA followed by Bonferroni post hoc test, p > 0.05; n> 7 per
group).

6.6 Deficiency of GPR109a regulates morphological changes of AP plaque-associated

microglia in APP-knock-in mice

Microglial morphology is an important determinant of their activity, we investigated the
morphological characteristics of plaque-associated microglia in the brain of 9-month-old APP-
knock-in mice with different expressions of GPR109a. We evaluated the number of branches,
endpoints, and length of branches of microglia. In GPR109a-deficient mice, plaque-associated
microglia exhibited significantly more dendritic branches, as shown in Fig. 6.6 A-C, with a
remarkable increase in both the number of branches and endpoints (Fig. 6.6 B and C; One-way
ANOVA, p<0.05). In addition, we also observed that GPR109a deficiency results in an obvious
increase in the total length of dendritic branches of each microglia, but not in the average length
of each branch (Fig. 6.6 D, E). We also analyzed microglia far from A plaques (beyond the
edge of 4-fold plaque radius); in contrast, there were no differences in the number of branches
and endpoints or branch lengths in mice with different GPR109a expressions (data not shown).

Sholl analysis was further used to describe microglia branches. The Sholl intersection
profile calculates the number of intersections of a hypothetical circle with a specific radius
centred on the soma with the dendrites, which can digitize the complexity of the dendrites as
one-dimensional data. As shown in Fig. 6.6 A, F, in APP*""'GPR109a” mice, there is a
significant increase in the intersection frequency of concentric circles with microglia branches,
especially at about 50 pixels from the soma. Collectively, our findings imply that microglia in
APPYYGPR109a”" mice exhibit a ramified morphology with increased processes, the increase

in total branch length is probably due to the increased number of branches.
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Fig. 6.6, Morphometric analysis of plaque-associated microglia. Brains from APPYMGPR109a",
APPYMGPR109a™, and APP*KGPR109a"* mice were fixed, sectioned, subjected to microscopy and analysis of
microglia morphology contacted AP deposits. The brain sections were stained with antibodies against human A
(green) and Iba-1 (red) antibody. Maximum intensity projections of microscopy z-stack images illustrating
representative microglia morphology in brain sections of 9-month-old GPR109a wild-type and GPR109a-deficient
APP** mice (A). Quantitative analysis of the number of microglia branches (B), endpoints (C), total branch length
(D), and the average length of branches (E). GPR109a deficiency significantly increases the number of branches
and endpoints of microglia (B and C, one-way ANOVA followed by Bonferroni post hoc test, p < 0.05; n >4 per
group). Sholl analysis of microglia was performed by placing concentric circles at 10 pixels intervals and centred
on the soma (A). Quantification of the number of Sholl intersections along the microglia processes at all distances
from soma revealed significant differences between the microglia from APPY"iGPR109a”, APP*KGPR109a"",
and APPYYGPR109a™" mice, especially in the circles ranging from 40 to 80 pixels (F, two-way ANOVA followed
by Bonferroni post hoc test; 10 microglia from 3 GPR109a knockout mice, 14 microglia from 3 GPR109a

heterogonous mice, and 14 microglia from 3 GPR109a wild-type mice were analysed; p < 0.05).
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6.7 Deficiency of GPR109a shifts microglial activation to homeostatic profile

Recently, the disease-associated microglia (DAM or MGnD) phenotype has been defined.
This signature is characterized by the repression of homeostatic genes and the induction of pro-
inflammatory genes. We continued to detect transcripts of signature genes in selected CD11b"
microglia from GPR109a-deficient and wild-type APP-knock-in mice. We observed, in 9-
month-old AD mice, that deletion of GPR109a: 1) significantly increases the transcription of
trem2 gene, which might promote microglia to respond to changes in the extracellular
environment (Fig. 6.7 A; one-way ANOVA, p < 0.05); 2) significantly upregulates the
transcription of cx3crl, p2ryl2, and clec7a genes (Fig. 6.7 C-E; one-way ANOVA, p < 0.05);
and 3) does not change transcription of pro- nor anti-inflammatory genes, e.g. tnf-a, il-1p, ccl2,
itgax and il-10 genes (Fig. 6.7 H - I; one-way ANOVA, p > 0.05). The upregulation of cx3crl,

p2ryl2 and clec7a genes is consistent with an increase in total process length in microglia from

GPR109a-deficient mice.
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Fig. 6.7, Deletion of GPR109a shifts microglial activation to homeostatic profile in 9-month-old APP-knock-
in mouse brain. Adult microglia were isolated with magnetic beads-conjugated CD11b antibodies from 9-month-
old APP-knock-in mice with different expressions of GPR109a. The gene transcripts in microglia were detected
with real-time PCR (one-way ANOVA followed by Bonferroni post hoc test; n > 5 per group).

6.8 Deficiency of GPR109a increases microglial recruitment around the plaques and

promotes microglial Af phagocytosis

Microglial activation damages neurons by releasing neurotoxic substances and rescues
neurons by cleaning AP in the brain. It has been reported that microglia clustering around A
deposits might form a physical barrier and compact AP into dense deposits, protecting against
local neurite damage. Thus, we investigated the relationship between microglia and A deposits
by co-staining brain sections of 9-month-old APP** mice with Iba-1-specific antibody and
methoxy-X04. Immunofluorescent (IF) images revealed that abundant microglia are recruited
around A plaques in APP-knock-in mice (Fig. 6.8 A). Quantification of the microglia
surrounding AP plaques revealed that there are considerably more microglia recruited around
AP deposits in APP*"'GPR109a” mice (2.34 + 0.1 x 10* cells/mm?) than in APPX""iGPR109a""
(1.79 = 0.06 x 10* cells/mm?) and APPX""iGPR109a"* (1.60 + 0.11 x 10* cells/mm?) mice (Fig.
6.8 B; one-way ANOVA, p <0.05).

AP uptake by microglia is an important mechanism to remove A in the AD brain. We
used a flow cytometry-based approach to investigate whether the GPR109a deficiency
facilitates microglial A internalization in APP*/X mice (LAU et al., 2021). Flow cytometry
analysis showed that in 10-month-old APP*'X mice without expression of GPR109a, 10.9 +
0.89 % of microglia are methoxy-X04 positive, significantly higher than 7.9 + 0.42 % in
GPR109a wild-type mice, the proportion of methoxy-X04 positive microglia (representing A3
phagocytic) is increased about 32.9 % (Fig. 6.8 C, D; t-test, p<0.05). We further compared the
AP fluorescent intensity within the Ibal positive microglia in the brain of APP*'GPR109a™
mice with APPX"IGPR109a™* mice. As shown in Fig. 6.8 E and F, AP intensity within
microglia increases approximately 42.1% in GPR109a-deficient APP-knock-in mice. These
results of co-immunostaining for AP and Ibal confirmed the augmented uptake of AP by
microglia in APP*"'GPR109a"" mice. In conclusion, these findings implied that the deletion of
GPR109a enhances microglia recruitment and phagocytosis in the region of plaques, boosting

AB clearance in APP*/% mice.
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Fig. 6.8, GPR109a deficiency increases microglial recruitment around the plaques and promotes microglial
amyloid-p phagocytosis. Microglia were labelled with Iba-1 antibody and co-stained with methoxy-X04 (A).
Insufficiency of GPR109a significantly increases recruitment of microglia toward AP plaques (B; one-way
ANOVA followed by Bonferroni post hoc test; n > 6 per group). Mice were injected intraperitoneally with
methoxy-X04 to label cell populations that phagocytose AP. Brain tissues were collected 3 h after methoxy-X04
i.p., and stained with CD11b antibody, then flow cytometry analysis were used to identify CD11b"MeX04" cell

populations. Histogram showing the methoxy-X04 signal intensity of Af phagocytic microglia (MeX04" microglia)
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and non-Ap phagocytic microglia (MeX04~ microglia) (C). The percentage of MeX04" microglia from 6
APPYMGPR109a"* and 4 APP'GPR 109a”* mice brain shown the deficiency of GPR109a significantly increases
the proportion of microglia that phagocytose AP (D; t-test; n > 6 per group). Representative immunofluorescence
image of microglia phagocytosis AP in brain sections (E). The fluorescence intensity of AP in microglia are
increased (F; t-test; n = 5 per group).

6.9 Deficiency of GPR109a enhances anti-inflammatory activation and AP phagocytosis

in macrophages upon niacin treatment

We further investigated whether the differential responses and activities of microglia in
GPR109a-deficient and wild-type APP*/% mice are mediated by niacin, a high-affinity ligand
of GPR109a. We cultured GPR109a-deficient and wild-type BMDMs and primed them with
LPS or niacin from low to high concentrations for 12 hours. When exposed to low (1 mg/mL)
or high (100 mg/mL) concentrations of LPS, GPR109a-deficient BMDMs secrete higher levels
of TNF-a and IL-1B but reduce IL-10 production compared to the GPR109a wild type (Fig.
6.9.1 A-C; one-way ANOVA, p < 0.05). Interestingly, in contrast to GPR109a-wildtype
macrophages, GPR109a-deficient macrophages do not increase either TNF-a or IL-1f secretion
upon challenge with niacin (Fig. 6.9.1 A-B; one-way ANOVA, p > 0.05), but instead elevated
the generation of IL-10 in a dose-dependent manner, which increased most pronounced at a
niacin concentration of 10 uM (Fig. 6.9.1 C; one-way ANOVA, p <0.05). This finding indicates
that the surrounding inflammatory milieu determines the inflammatory activity of GPR109a-
deficient microglia during disease progression.

We observed a significant increase in cx3crl gene transcription in microglia from
APPY¥IGPR109a”" mice brain tissues, so we further evaluated whether niacin modulates the
expression of CX3CRI1 in macrophages. We detected the levels of CX3CR1 in BMDMs with
or without GPR109a by flow cytometry. The expressions of CX3CR1 in GPR109a-deficient
macrophages are significantly upregulated upon exposure to niacin, peaking at a concentration
of 10 uM (Fig. 6.9.1 E; two-way ANOVA, p < 0.05). Compared with GPR109a wild-type
macrophages, the lack of GPR109a increases the expression of CX3CR1 in macrophages (Fig.
6.9.1 D and E; two-way ANOVA, p < 0.05). These results demonstrate that niacin facilitates
the expression of CX3CR1 in GPR109a-deficient macrophages.
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Many studies have shown that CX3CR1 is associated with microglial phagocytic activity
(CASTRO-SANCHEZ et al., 2019; CHIDAMBARAM et al., 2020). In present study, we
investigated whether the increases of CX3CR1 resulting from niacin stimulation are related to
the phagocytosis. Firstly, we assessed the internalization of A by GPR109a-deficient and
GPR109a wild-type macrophages. As shown in Fig. 6.9.2 A-C, deletion of GPR109a
dramatically promotes AP phagocytosis by macrophages upon exposure to niacin, with the
increased proportion of AB-positive macrophages and AP fluorescence intensity (Fig. 6.9.2 A-
C; two-way ANOVA, p < 0.05). Furthermore, we observed that GPR109a-deficient
macrophages increase A internalization most significantly at a concentration of 10 uM niacin,
indicating that niacin promotes the phagocytosis of A in a concentration-dependent manner.
Subsequently, we compared the AP phagocytic activity of CX3CR1-positive and -negative
macrophages to investigate the relationship between CX3CRI1 levels and AP phagocytosis.
Flow cytometry results revealed that CX3CR1-positive macrophages have remarkably higher
phagocytic activity for A compared to that of CX3CR1-negative macrophages (Fig. 6.9.2 D
and E; paired t-test, p <0.05). In line with these findings, we used CX3CR1 knockout mice that
had replaced CX3CR1 with a ¢cDNA encoding enhanced green fluorescent protein (EGFP)
(CX3CR17" mice) further investigate the impacts of CX3CR1 in microglia phagocytosis. We
observed that ablation of CX3CRI1 significantly suppress the phagocytosis of AP by
macrophages (Fig. 6.9.2 F; t-test, p < 0.05). We further incubated GPR109a-deficient and
wildtype macrophages with 10 pM AZD 8797, a selective and high-affinity inhibitor of
CX3CR1 (RIDDERSTAD WOLLBERG et al., 2014), to validate the observation that increased
CX3CRI is associated with the microglial phagocytic activity. We observed that GPR109a
deficiency did increase AP internalization in niacin-treatment macrophages. But concurrent
treatment with AZD 8797, prevents niacin from promoting AB-phagocytosis by GPR109a-
deficient macrophages (Fig. 6.9.2 G and H; t-test, p < 0.05). Our in vitro experiments
demonstrate that deficiency of GPR109a enhances anti-inflammatory activation and A

phagocytosis in macrophages upon niacin treatment and is potentially mediated by CX3CRI.
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Fig. 6.9.1, Niacin inhibits inflammatory response and facilitates the expression of CX3CR1 in GPR109a-

deficient macrophages. Bone marrow-derived macrophages in 48-well plate at a density of 2 x 10° cells per well

were cultured from GPR109a-deficient (-/-) and wildtype (+/+) mice with our established protocol as describe in

methods, and stimulated for 12 hours with LPS or niacin at different concentrations. Concentrations of TNF-a, IL-
1B, and IL-10 in the culture medium were measured with ELISA kits (R&D Systems) (A-C, t test, n=6 per group).

The protein levels of CX3CR1 were detected with flow cytometry after immunofluorescent staining of
macrophages with Alexa Fluor® 488-labelled anti-mouse CX3CR1 Antibody (clone: SA011F11, BioLegend) (D).
We counted the percentage of CX3CR1-postitive macrophages in each group (E, two-way ANOVA followed by

Bonferroni post hoc test, n=6 per group).
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Fig. 6.9.2, Niacin promotes AP phagocytosis by GPR109a-deficient macrophages and is associated with
CX3CRI. Fluorescent AP aggregates were prepared by mixing TAMRA-labelled human AB42 (Anaspec Inc.)
and unlabelled AB42 (kindly provided by L. Fiilop, Albert Szent Gyorgyi Medical University, Szeged, Hungary)
at a ratio of 1:10 and incubating 100 uM mixed peptides in phenol red-free Ham's F-12 for 24 hours. Thereafter,
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macrophages were fed with 10uM TAMRA-conjugated oligomeric Af42 and incubate for 6 hours at 37 °C. The
internalization of Af was monitored by measuring the proportion of AB-positive macrophages and mean
fluorescence intensity (mFI) with flow cytometry (A-C, t test, n=6 per group). The proportion of AB-positive
cells in CX3CR1-positive macrophages was counted and compared with that in CX3CR1-negative (D and E, t-
test, n=8 per group, p < 0.05). CX3CR1-deficient macrophages phagocytose AP dramatically less efficiently than
wildtype macrophages (F; t-test, n=6 per group, p < 0.05). Concurrent treatment with CX3CR1 inhibitor, AZD
8797, prevents niacin from promoting AB-phagocytosis by GPR109a-deficient macrophages (Fig. 6.9.2 G and H;
t-test, n=8 per group, p < 0.05).

6.10 LRP1 upregulation in neurons and astrocytes from GPR109a-deficient APPX/ki mice

LRP1 and ABCBI are thought to be involved in A clearance and metabolism. We found
that LRP1 protein levels are significantly lower in the brain of APPXXi mice than APP™ control
mice (Fig. 6.10.1 A, B; one-way ANOVA, p <0.05). Numerous studies have demonstrated that
impairment of LPR1 in the brain leads to the accumulation of neurotoxic AP and drives AD
pathology. To shed light on whether the deficiency of GPR109a affect the LRP1-mediated A}
clearance, we compared the protein levels of LRP1 and ABCBI in the brain from APP< mice
with different expressions of GPR109a. As shown in Fig. 6.10.1 D-F, the levels of LRP1 (Fig.
6.10.1 E; one-way ANOVA, p < 0.05), but not ABCB1 (Fig. 6.10.1 F; one-way ANOVA, p >
0.05), are increased significantly in a GPR109a gene-dose-dependent manner. Whereas in
APP"Y control mice, deficiency of GPR109a neither alter the protein levels of LRP1 nor ABCB1
(Fig. 6.10.1 G-I; one-way ANOVA, p > 0.05). LRP1 has been shown to mediate Af removal
from brain parenchyma to circulation via BBB transport. Therefore, we isolated micro-vessels
from the brains of APPYM mice with different expressions of GPR109a. There are no
differences in the expressions of either LRP1 or ABCB1 in microvascular tissues (Fig. 6.10.1
J-L; one-way ANOVA, p > 0.05). In conclusion, these Western blot results suggest that the
deletion of GPR109a suppresses the reduction of LRP1 in AD mice brains, while that the
increase in LRP1 does not appear to promote AP elimination via BBB.

LRP1 not only plays an important role in the systemic AP clearance via BBB. It is also
essential for the endocytosis of AP, which is necessary for the cellular AR uptake and
subsequent degradation. To further investigate the mechanism by which elevated LRP1 affects
AD pathology, we compared the expression of LRP1 in brain parenchymal cells, such as

neurons and astrocytes, of APPX"\GPR109a”~, APP*)GPR109a"", and APP*NGPR109a""*
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mice brain. As shown in Fig. 6.10.2 A and B, compared with GPR109a wild-type mice, LRP1
fluorescence intensity is significantly upregulated in APP*"’GPR 109a”~ mice neurons by 28.9%
(Fig. 6.10.2 A, B; one-way ANOVA, p < 0.05). Similarly, the deficiency of GPR109a also
increase the LRP1 protein level in astrocytes, although it is not as noticeable as the elevation in

neurons (Fig. 6.10.2 C, D; one-way ANOVA, p < 0.05).
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Fig. 6.10.1, Deficiency of GPR109a increases the expression of LPR1 in the APPX/X mouse brain. Brain tissue
and microvascular lysates from 9-month-old APP-knock-in littermate mice with homozygous (-/-) and
heterogeneous (+/-) knockout of GPR109a gene and wild-type (+/+) were tested for Western blot to evaluate the
expression of LRP1. The levels of LRP1are decreased significantly in the brain lysates from APPX/ than that in
APP* mice, but ABCBI is not affected by the expression of APP (A-C). Knockdown of GPR109a in APP*/%i mice
reverses the reduction of LRP1 without effects on ABCBI1 expression (D-F). And the expressions of LRP1 and
ABCBI in the brain of APP™ mice are not regulated by GPR109a (G-I). Moreover, LRP1 and ABCBI levels in
the brain microvasculature of APPK/Xi mice are not altered by GPR109a expression (G-I). (one-way ANOVA
followed by Bonferroni post hoc test; n > 5 per group).
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Fig. 6.10.2, Upregulation of LRP1 in neurons and astrocytes of GPR109a-deficient APP<% mice. Brain
sections derived from 9-month-old APPX“iGPR109a”~ and APPY"Yi\GPR 109a”" mice were stained for LRP1 (red)
and marker protein of neurons NeuN (green) or astrocytes GFAP (green) (A, C). The quantification of the staining
showed an elevation of LRP1 expression both in neurons (B) and astrocytes (D). (one-way ANOVA followed by
Bonferroni post hoc test; n > 6 per group). White arrowheads represent LRP1 positive signal in neurons or

astrocytes, asterisks represent LRP1 positive but GFAP negative.
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6.11 Deficiency of GPR109a decreases IL-17a expression in intestinal CD4+ T

lymphocytes of APPX/ki mice.

It is well documented that IL-17a-producing T cells are involved in the AD pathogenesis.
We selected CD4" spleen cells by magnetic beads-conjugated antibodies from 7-month-old
APPY% and APP™ littermate mice and observed that the transcriptions of both pro- and anti-
inflammatory (il-10, ifn-g, gata3, foxp3, and t-bet) are significantly up-regulated in APPK/X
mice (Fig. 6.11.1 A; t-test, p <0.05). The gene transcription of il-1/7a is also elevated, although
no significant difference (Fig. 6.11.1 A; t-test, p > 0.05). Interestingly, among these genes, only
transcription of the il-17a gene is significantly inhibited by the GPR109a deficiency in CD4-
positive splenocytes from APP** mice (Fig. 6.11.1 B; t-test, p < 0.05), while transcriptions of
other genes are unaffected (Fig. 6.11.1 B; t-test, p > 0.05).

We further selected CD4-positive cells from the intestinal lamina propria and Peyer's
patches of APPY mice with different GPR109a expressions to evaluate whether the
distribution of intestinal lymphocyte populations regulates by GPR109. We detected the
transcription of lymphocyte marker genes by RT-PCR. GPR109a-deficient mice showed a
dramatical reduction of il-17a gene transcription in CD4" lymphocytes from lamina propria and
Peyer's patches compared with aged-matched GPR109a-wild type mice (Fig. 6.11.2; A and E,
one-way ANOVA, p < 0.05). This reduction is gprl09a gene dose-dependent. It suggests that
GPR109a deficiency significantly reduce the generation of intestinal IL-17a"CD4"
lymphocytes (Th17). However, GPR109a elimination does not change the transcripts of marker
genes for Thl (ifn-y and t-bet), Th2 (il-4 and gata3), and Treg (il-10 and foxp3) lymphocytes
both in intestinal lamina propria (Fig. 6.11.2; B-D, one-way ANOVA, p < 0.05) and Peyer's
patches (Fig. 6.11.2; F-G, one-way ANOVA, p < 0.05). Moreover, the cytometric analysis
confirmed that the population of IL-17a*CD4" lymphocytes in the intestinal lamina propria of
APPYMGPR109a” mice and APPX"\GPR109a™" are lower than that in APP*NGPR109a""*
mice (Fig. 6.11.3; A and B, one-way ANOVA, p < 0.05). In addition, we also found that
deletion of GPR109a decreases the population of y/6+ cells in the intestinal epithelium (Fig.
6.11.3; C and D, one-way ANOVA, p < 0.05), although we do not identify any IL-17a-

expressing y/6 T cells (y/017).
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Fig. 6.11.1, Deficiency of GPR109a decreases genetic transcription of IL-17a in CD4-positive spleen cells.
CD4-positive lymphocytes were selected with magnetic beads-conjugated antibodies from 7-month-old APP*/i
and APP" littermate mice (A; n = 6 and 4, respectively), from 7-month-old APPX/ with different expression of
GPR109a (B; n = 3, 6 and 4, respectively). Real-time PCR was used to quantify transcripts of marker genes for
Thl17 (il-17a and rorc), Thl (ifn-y and t-bet), Th2 (il-4 and gata3) and Treg (il-10 and foxp3) lymphocytes. T tests
for A, and One-way ANOVA followed by Bonferroni post hoc test for B.
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Fig. 6.11.2, Deficiency of GPR109a decreases il-17a gene transcription in CD4-positive lymphocytes in the
gut. CD4-positive lymphocytes were selected with magnetic beads-conjugated antibodies from the epithelial layer
and Peyer’s patches of the gut of 9-month-old APP-knock-in mice with different expression of GPR109a. Real-
time PCR was used to quantify transcripts of marker genes for Th17 (il-17a), Thl (ifn-y), Th2 (il-4) and Treg
lymphocytes (i/-10). (One-way ANOVA followed by Bonferroni post-hoc test. n > 3 per group).
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Fig. 6.11.3, Representative flow cytometry histograms of IL-17a fluorescence intensity from CD4"
lymphocytes in the intestinal epithelium (A). The percentage of IL-17a* CD4" lymphocytes is significantly
lower in haploid and diploid insufficient GPR109a mice (B). Representative expression of IL-17a and marker of
v/ cells in intestinal epithelium from 9-month-old APP-knock-in mice with different expression of GPR109a (C,
D). In APP¥"iGPR109a*- and APP*"KiGPR109a"" mice, the frequency of y/6'IL-17a" cells (Q4) from the intestinal
epithelium was significantly reduced (D). One-way ANOVA followed by Bonferroni post hoc test for B and D.

6.12 IL17a-expressing lymphocytes might be involved in the improvements of AP

pathologies in GPR109a-deficient APP*/Xi mice
To examine whether IL-17a-producing T lymphocytes mediate the effects of GPR109a
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deficiency, we crossbreed APPYIGPR109a”" mice with IL-17a knockout mice obtaining
APPNMIL17a”"GPR109a"* (GPR109a wild-type with IL-17a knockout) and APP*/SIL17a"
GPR109a”" (GPR109a-deficient with IL-17a knockout) mice. We performed a Y-maze test to
analyse the cognitive function of APP*MIL17a”"GPR109a"* and APP*MIL17a""GPR109a™
mice. In APPYMTL17a” mice, GPR109a deletion does not ameliorate mice’s alternation in the
Y maze compared with GPR109a wild-type littermates (Fig. 6.12.1 A, t-test, p > 0.05).
Moreover, we analysed the effects of IL-17a on AP load in the APP'\GPR109a”" mice.
Quantitative Western blot results showed that the amount of AR monomer, dimer, and trimer in
APPMMIL17a"GPR109a” mice have no differences between APPYMIL17a”"GPR109a™"
littermates (Fig. 6.12.1 B and C, t-test, p > 0.05). We further stained brain sections from
APPNMIL17a”"GPR109a™" and APP¥IL17a”"GPR109a” mice with methoxy-X04 and AP
antibody, the data revealed that homozygous knockout of i/-/7a gene eliminates the effects of
GPR109a deficiency in reducing AP deposits in the brains of AD mice (Fig. 6.12.1 F-G, t-test,
p > 0.05).

We observed that deficiency of GPR109a increases the expression of LRP1 in brain tissues
(Fig. 6.10.1 A and B, one-way ANOVA, p < 0.05). However, the protein levels of LRP1 are
not changed in APP¥NIL17a”"GPR109a”" mice as compared with APP*%IL17a”"GPR109a""*
mice (Fig. 6.12.2 A-C, t-test, p > 0.05), which indicated the knockout of the il-/17a gene
appeared to abolished the effects of GPR109a deficiency in LPR1 expression. Similarly, the
significant elevation of Ap-associated microglial recruitment in APP*GPR109a™ mice is
abolished by the homozygous knockout of IL-17a (Fig. 6.12.2 D and E, t-test, p > 0.05).
Interestingly, IL-17a deficiency does not abrogate the alteration of microglia morphology by
GPR109a, as shown in Fig. 6.12.2 F-K, with a significant increase in the branches and sholl
analysis intersection number in APPYMIL17a”"GPR109a” mice, consistent with that in
APPYMIGPR109a”" mice (Fig. 6.12.2 F-K, t-test, p > 0.05). In summary, IL-17a partially
modulates the effects of GPR109a deficiency in AD mice.
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Fig. 6.12.1, Knockout of IL-17a eliminated the effects of GPR109a deficiency on the amyloid pathologies of
in APPY¥K mice. APP*\GPR109a”~ mice were cross-bred with IL-17a knockout (-/-) mice. 9-month-old
APPYMIL17a”"GPR109a” and APPY%IL17a""GPR109a”" mice were used for the Y-maze test. When the il-17a
gene was knocked out in APPK/X mice, deficiency of GRP109a does not change the alteration in the Y maze (A,
t-test, n = 7 per group, p > 0.05). Moreover, the amounts of monomeric, dimeric, and trimer AB in APPK/MIL17a"
GPR109a”" mice have no difference compared with that in APPXYIL17a”*GPR109a** mice (B and C, t-test, n >4
per group, p > 0.05). Representative microscope images from brain sections staining with methoxy-X04 (D) or
human AB-specific antibody (F). The area/volume of AP plaques in cortex and hippocampus are not changed by
GPR109a deficiency when the il-17a gene was knocked out in APP¥¥ mice (E and G, t-test, n >4 per group, p >
0.05).
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Fig. 6.12.2, IL-17a partially modulates the effects of GPR109a deficiency in AD mice. Deletion of GPR109a
does not increase protein levels of LRP1 and ABCBI in brain tissue of il-17a gene-deficient APPX/X mice (A-C,
t-test, n > 4 per group, p > 0.05). We have repeated the analysis of AB-associated microglia in 9-month-old APP-
knock-in mice with (ko) and without (wt) GPR109a and with the homozygous knockout of IL-17a. IL-17a
deficiency abolished the effect of GPR109a deficiency that promotes microglia to cluster around AP deposits (D
and E, t-test, n >4 per group, p > 0.05). Morphometric analysis of plaque-associated microglia was repeated in 9-
month-old APPYSL17a”"GPR109a” and APP¥NIL17a""GPR109a"* mice’s brain sections (F). In comparison
with the aforementioned results, GPR109a deletion increases the microglial branches regardless of the presence or
absence of the il-/7a gene (G, t-test, n > 3 per group, p < 0.05). And the number of endpoints and branch lengths,
although not yet significantly different, are on the rise (H and I, t-test, n > 3 per group, p > 0.05). And Sholl analysis
revealed that the Sholl intersections along the microglial processes in APPXSTL17a”*GPR109a” mice are increased
obviously than that in APPYMIL17a"GPR109a™"* mice, especially in the circles ranging from 50 pixel to 80 pixel
(K, two-way ANOVA followed by Bonferroni post hoc test; 10 microglia from 3 PPYIL17a""GPR109a’" mice,
10 microglia from 3 APPYSIL17a"*GPR109a"* mice were analyzed; p < 0.05).
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7. DISCUSSION

7.1 Deficiency of GPR109a ameliorates Alzheimer’s pathologies

Microglial activation has been extensively studied in the context of AD pathogenesis. It
drives both inflammatory neurotoxicity, and AP clearance and neuronal survival. In this study,
we observed that deficiency of GPR109a attenuates AP pathology and protects neurons in APP-
knock-in AD mice. Specifically, knockout of gpri09a gene promotes microglial clustering
around AP deposits and increases microglial internalization of Af in the brain of 9-month-old
APPY% mice. GPR109a-deficient microglia display a homeostatic profile, with ramified
morphology and an increase of CX3CRI, trem2, and p2ryl2 gene transcripts. GPR109a
deficiency also enhances niacin treatment-induced anti-inflammatory activation (e.g., secretion
of IL-10) and AP phagocytosis, which is associated with an up-regulation of CX3CRI
expression. Deficiency of GPR109a also increases LRP1 expression in neurons and astrocytes
and facilitates LRP1-mediated A clearance. Moreover, GPR109a deficiency reduces IL-17a-
producing CD4-positive lymphocytes in the gut, which has the potential to regulate microglial

activation and A clearance in AD brain.
7.2 Deficiency of GPR109a modifies microglial activation and response in AD brain

Microglial pro- and anti-inflammatory activation are simultaneously increased in the
brains of AD patients and animal models, which exert both deleterious and beneficial effects
on AD (COLTON et al., 2006). Nowadays, the well-known M1 and M2 inflammatory profiles
seem insufficient to characterize the microglial phenotypes. Next-generation sequencing
methodologies, particularly single-cell and single-nucleus RNA sequencing, allow scientists to
explore progressive changes in microglial gene transcription and epigenetic regulation in the
AD brain at single-cell resolution (COLONNA, BRIOSCHI, 2020). Scientists have identified
the phenotype of disease-associated microglia (DAM) in AD brain, which is characterized by
a suppression of homeostatic genes (e.g., p2ry12, tmeml 19, tgfbrl, salll, csf1r, and CX3CRI),
and an induction of pro-inflammatory genes (including il- 15, ccl2, itgax, and csfT), which might

be shared by M1 profile. However, transcription of apoe and frem?2 genes is up-regulated in
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DAM (KEREN-SHAUL et al., 2017), but down-regulated in M1 profile (KRASEMANN et al.,
2017; LIU et al., 2020). It should also be pointed out that the characteristics of DAM in AD
patients are not necessarily identical to those in AD mice. Homeostatic genes (p2ry12, tremli19,
and CX3CRI) down-regulated in microglia of AD mice were transcriptionally increased in AD
patients (ZHOU et al., 2020). Similarly, protein C1QB and CD14, which are upregulated in
microglia of AD patients, were not detected in AD animal models (LIU et al., 2005; MATHYS
etal., 2019).

In our study, we observed that GPR109a deficiency significantly increases the
transcription of trem2, CX3CR1, p2ry12, and clec7a genes in microglia of 9-month-old APP*/i
mice. But GPR109a deficiency not change pro- and anti-inflammatory genes in microglia,
such as tnf-a, il-1f, ccl2, and il-10. Deficiency of GPR109a appears to promote homeostatic
transformation of microglial activation in AD mice, although the transcription of trem?2 gene is
up-regulated.

TREM?2 is the essential receptor for microglial sensing the environment. TREM2 enables
microglia response in AD by maintaining microglial metabolic fitness; TREM2-deficient AD
mice exhibit impaired cellular metabolism and increased microglia autophagy (ULLAND et al.,
2017). TREM2-deficient microglia fail to recruit to AP plaques (ULLAND, COLONNA, 2018)
and form a physical barrier around AP plaque to protect nearby neurons from AP toxicity
(CONDELLO et al., 2015; ULLAND, COLONNA, 2018). It has been shown that microglia-
covered plaques were compact and enriched in neurotoxic APi-42 species, but non-microglia-
covered plaques displayed a high degree of neuronal dystrophy (CONDELLO et al., 2015).
Elevated microglial TREM2 expression reduces cerebral AP load, neuritic dystrophy, and
cognitive deficits in SxFAD transgenic mice, and enhances ramification and phagocytic
capacity of plaque-associated microglia (LEE et al., 2018). However, the pathogenic role of
TREM2 remains inclusive, since there were studies showing that TREM?2 deficiency attenuates
amyloid pathology in APPPS1-21 mice (JAY et al., 2015). Subsequent studies suggest that the
consequences of TREM2 deficiency in AD are disease progression-dependent, with TREM?2
deficiency improving amyloid pathology early but exacerbating it in the late disease stages

(JAY et al., 2017).
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In AD patients, the concentration of soluble TREM2 (sTREM2) in CSF fluctuates
dramatically during the disease progresses, peaking in the early stages of the disease. In a 2-
year prospective study of subjects from cognitively normal to symptomatic AD dementia, a
higher level of sSTREM2 in CSF at baseline is correlated with an increased AP accumulation in
the brain in the follow-up examination (EWERS et al., 2020). However, in elderly subjects with
decreased AP42 and increased p-Tau in CSF, a higher level of sSTREM2 CSF is associated with
a slower decline of memory and cognition, and with a less conversion from cognitively normal
to symptomatic stages or from MCI to AD dementia (EWERS et al., 2019).

The transcription of microglial homeostatic genes (e.g., p2ryl2, and CX3CRI) were

reduced in App"L-CFNL-GF

mice and associated with the degree of neuron loss (SOBUE et al.,
2021). P2ryl12 regulates morphological changes and motility of microglia, with a lower
expression level in aged microglia than in younger cells (BISHT et al., 2021). Its expression
was reported to decrease or be absent in most microglia nearby A deposits (JAIN et al., 2020;
MILDNER et al., 2017). However, there is also a study showing that hyperactivated microglia,
which interact with diffuse plaques, express abundant P2ry12 (WALKER et al., 2020).
Microglia in P2ry12 knockout mice showed a diminished directional extension of branches
toward lesion sites, suggesting that P2ry12 is essential for microglial chemotaxis (HAYNES et
al., 2006). P2ry12-mediated chemotaxis of microglia processes is needed for the rapid closure
of the injured BBB (LOU et al., 2016). P2ry12 contributes to, but is not necessary for, initial
hyper-ramification of microglia (SIPE et al., 2016). It is, nevertheless, required for rapid
morphological hyper-ramification involving the phagocytosis of synaptic components during
development (SIPE et al., 2016).

CX3CRI1 responds to the fractalkine ligand CX3CL1 and drives the migration of microglia
to their synaptic targets, where phagocytosis and synaptic refinement occur (PAOLICELLI et
al., 2011). Under physiological conditions, mice lacking the CX3CR/ exhibit impaired
cognitive function and synaptic plasticity (ROGERS et al., 2011). Expression of CX3CR1
decreases in AD brain, which promotes neuroinflammation, amyloid pathology and
cytotoxicity (HEMONNOT et al., 2019; KEREN-SHAUL et al.,, 2017). (LIMATOLA,
RANSOHOFF, 2014). CX3CRI1-deficient microglia from young mice exhibit a premature
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senescence transcriptomic signature with a down-regulated transcription of immune-related
genes (GYONEVA et al., 2019). Late-onset AD patients with the CX3CRI-V249] mutation
show more loss of neurons than AD patients without mutation in CX3CRI gene (LOPEZ-
LOPEZ et al., 2018). It has been observed that tau and fractalkine competitively bind to
CX3CRI1, so that the down-regulation of fractalkine in AD brain promotes tau binding to
CX3CRI and its internalization by microglia (CHIDAMBARAM et al., 2020). The absence of
CX3CR1 impairs microglial phagocytosis of tau (BOLOS et al., 2017). Deficiency of
microglial CX3CR1 then accelerates tau spreading in the brain and exaggerates the impairment
of memory in human tau-transgenic mice (MAPHIS et al., 2015). The effect of CX3CRI-
deficient microglia on AP deposits is unclear. Some studies also indicated that CX3CR1
deficiency enhances AP phagocytosis by microglia and decreases cerebral AP load in various
APP transgenic mice (HICKMAN et al., 2019; LEE et al., 2010; LIU et al., 2010). CX3CR1
deficiency even pushes microglial migration toward A deposits (LIU et al., 2010).

Our experiments demonstrated that GPR109a deficiency enhances CX3CR1 expression
induced by niacin treatment as compared with niacin-treated GPR109a wild-type cells. And
CX3CRI expression is correlated with phagocytosis of AP oligomers. Macrophages from
CX3CR17 mice showed substantially diminished phagocytosis of AP. Moreover, the
concurrent treatment with CX3CR1 antagonist, AZD 8797, prevents niacin from promoting
AB-phagocytosis by GPR109a-deficient macrophages. These results suggest that CX3CR1 is
essential for microglial phagocytosis of AR and GPR109a deficiency enhances A} phagocytosis
by up-regulating CX3CRI1 expression. Our study is in line with a previous study that loss of
CX3CRI impairs the phagocytosis and migration of microglia (CASTRO-SANCHEZ et al.,
2019).

7.3 Deficiency of GPR109a promotes construction of microglia physical barrier around

AP deposits

It has been suggested that microglia cluster around A deposits, form a physical barrier
and condense AP into dense plaques, which protect local neurites from the damage by AP

(CONDELLO et al., 2015; SPANGENBERG et al., 2019; WANG et al., 2016; YUAN et al.,
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2016). In APP-transgenic mice, which express inducible diphtheria toxin (DT) receptor on
microglia (CX3CR1-iDTR), induction of microglial deletion leads to an expansion of AP
plaques and increases the impairment of neuronal dendrites crossing the plaques. Microglial
deletion does not change the number of AP plaques. The repopulation of microglia after DT
injection is able to discontinue the growth of AP plaques (ZHAO et al., 2017). We observed
that GPR109a deficiency promotes microglia clustering around AP deposits in APP-knock-in
mice. In parallel with the increased aggregation of microglia, synaptic structural proteins (e.g.,
PSD-95, SNAP2S5) are preserved and dystrophic neuritis are decreased around plaques in the
brain of APP*""'GPR109a”" mice.

The mechanism that drives microglia to migrate to AP deposits is unclear. We observed
that GPR109a deficiency dramatically increases frem?2 gene transcription in microglia from
APP-knock-in mice brain. Many studies have described that TREM2 mediates the relationship
between microglial clustering and AP reduction in AD mice. TREM2 deficiency inhibits the
recruitment of microglia to AP, demonstrating that it is a prerequisite for the formation of the
neuroprotective microglia barrier (WANG et al., 2016). Further evidence supports this
argument that administration of TREM2 agonist antibodies increases Ap-associated microglia
activation and proliferation, reducing AP pathology in an AD animal model (FASSLER et al.,
2021; WANG et al., 2020).

7.4 Deficiency of GPR109a facilitates AP clearance in the brain

In our APP-knock-in mice, deficiency of GPR109a decreases cerebral AP deposits and
soluble Ap. It also dramatically decreases the ratio of AB42/40. The ratio of AB42/40 is a well-
known biomarker for AD diagnosis. Elevated AB42/AB40 ratios positively correlate with the
amyloid formation in sporadic AD (DOLEV et al., 2013). The increase of AB42/40 ratio is
linked to impairments of spontaneous synaptic activity, neuronal survival, and memory
formation in AD animals (KUPERSTEIN et al., 2010). In a 3-D human neural cell culture
models, APB42/40 ratio rather than total AP levels (AP40 or AP42) determines AP aggregation
(KWAK et al., 2020). The converging data suggests that A accumulation is a crucial event in

AD pathology, and progressive AP accumulation in the brain is thought to be the net
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consequence of an imbalance between its production and clearance (HARDY, SELKOE, 2002;
ZUROQOFF et al., 2017). Our data implicate that deficiency of GPR109a promotes microglia- and

LRP1-mediated AP clearance in APP-knock-in mice.
7.4.1 Deficiency of GPR109a increases microglia-mediated Af clearance

Numerous studies have demonstrated microglia exert neuroprotective roles in early stages
of AD by scavenging apoptotic cells and pathological protein aggregates (GALLOWAY et al.,
2019; LEE, LANDRETH, 2010). The ability of microglia phagocytosing amyloid proteins
decrease with aging. In the late stages of AD, repetitive pathogenic stimuli (e.g., AP, tau) drive
microglia reprogramming, resulting in a pro-inflammatory profile that reduces phagocytosis
(BOCHE, GORDON, 2021; HENEKA et al., 2015; PERRY, HOLMES, 2014). Our study
shows that deficiency of GPR109a promotes microglial phagocytosis of AB by around 32.9%
in APP-knock-in mice as compared with GPR109a-wild-type control AD mice.

As a potential mechanism, we observed that GPR109a deficiency potentially increases
niacin-induced anti-inflammatory activation (e.g., secretion of IL-10) and AP phagocytosis.
Niacin, a precursor for NAD" and NADP", is absorbed in the gut or transferred from tryptophan
(GASPERI et al., 2019). Its concentration decreases in the brain of 3xTg AD mice (VAN DER
VELPEN et al., 2021). Niacin is a high-affinity GPR109a agonist (TUNARU et al., 2003). Our
results obviously suggest that the immunomodulatory and anti-inflammatory effects of niacin
are mediated by mechanisms other than GPR109a. An alternative receptor expressed by
microglia might respond to niacin competitively with GPR109a (ROQUE et al., 2019). For
example, G protein-coupled estrogen receptor (GPER, also known as GPR30), a seven-
transmembrane GPCR, also acts as a niacin receptor with a lower affinity than GPR109a. It is
widely expressed in various brain parenchymal cells in CNS. Studies have documented that
GPER is involved in the anti-inflammatory effects of microglia (DU et al., 2018). One study
reported that niacin binds to and activates GPER-mediated signaling in breast cancer cells and
cancer-associated fibroblasts, preventing upregulation of ICAM-1 triggered by the pro-
inflammatory cytokine TNF-a through GPER (SANTOLLA et al., 2014). Selective activation
of GPER improves cognitive function in female SXFAD AD mice (KUBOTA et al., 2016).
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There is evidence showing that niacin insufficiency causes neurological symptoms, such
as dementia and depression (GASPERI et al., 2019). A prospective study suggested that dietary
niacin potentially prevents the cognitive decline related to AD and aging (MORRIS et al., 2004).
Niacin treatment also increases hepatic X receptor expression, accelerating AP42 clearance
(FRICKER et al., 2018; VANMIERLO et al., 2011). Numerous studies in inflammatory and
neurological diseases have shown that the anti-inflammatory properties of niacin and its
neuroprotective effects are mediated by GPR109a (DIGBY et al., 2012; GIRI et al., 2019). For
example, niacin reduces the secretion of pro-inflammatory mediators in LPS-activated human
monocytes; knockdown of GPR109a abolishes this anti-inflammatory effect of niacin (DIGBY
et al., 2012). And a most recent study on 5XxFAD mouse model indicates that therapeutic doses
of niacin induce a protective response of microglia to amyloid pathology mediated by GPR109a
(MOUTINHO et al., 2022). However, it should be noted that in all previous therapeutic studies
as well as in clinical practice, high doses (=10 mM) of niacin was always used. In our cell

culture experiments, we treated cells with niacin at 10 and 100 uM that are closer to the

physiological levels (SPECTOR, JOHANSON, 2007).
7.4.2 Deficiency of GPR109a elevates LRP1-mediated AP clearance

Transportation of AP from brain parenchyma to peripheral plasma might contribute 25%
of total clearance of cerebral AR (ROBERTS et al., 2014). LRP1 and ABCBI1 are two key
transporters on blood-brain-barrier (BBB) responsible for AB efflux (KUHNKE et al., 2007;
SHINOHARA et al., 2017). LRP1 expression in brain capillaries decreases with aging and the
progression of AD (SHIBATA et al., 2000). Deletion or inhibition of endothelial LRP1 and
ABCBI resulted in AP accumulation in AD mouse brain (CIRRITO et al., 2005; STORCK et
al., 2016). We observed that GPR109a deficiency increases the expression of LRP1 in the brain
of APP-knock-in mice; however, our further experiments did not show an increase of LRP1 in
cerebral capillaries of GPR109a-deficient mice, suggesting that GPR109a deficiency might
promote LPR1-mediated A clearance in the brain parenchyma.

LRP1 acts as an endocytic receptor for various ligands, including AP. It is also essential

for AP removal by lysosomal degradation in the brain parenchymal cells. LRP1 is reduced in
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the midfrontal cortex of AD patients compared with age-matched controls, and the amounts of
LRP1 are strongly correlated with the age at the onset of AD (KANG et al., 2000). The protein
level of PSD-95, indicating the preservation of synaptic connection, in postmortem tissues of
AD patients is positively correlated with LRP1 (SHINOHARA et al., 2013). Conditional
knockout of /rp1 in forebrain neurons results in elevated AP and aggravated amyloid pathology
in the brains of APP/PS1 mice, which appears to be caused by inhibition of LRP1-mediated
neuronal AP uptake and degradation (KANEKIYO et al., 2013). Similarly, selective deletion
of /rpl in astrocytes leads to reduced cellular AP uptake and degradation in astrocytes and
downregulates the amounts of major extracellular AR degrading enzymes in the brain (e.g.,
MMP2, MMP9, and IDE) (LIU et al., 2017). Together, these lines of evidence suggest that
restoring LRP1 expression and function in the brain may be an effective strategy to promote
AP clearance and counteract amyloid pathology in AD. Although further experiments are
needed to verify the concrete mechanisms of LRP1-mediated AP clearance in neurons and
astrocytes in GPR109a-deficient APP-knock-in mice, our study has shed light on a possible

pathway that deficiency of GPR109a facilitates AP clearance by brain cells besides microglia.

7.5 1IL-17a-producing CD4-positive lymphocytes may regulate the pathogenic role of
GPR109a in APP knock-in mice.

Peripheral circulating IL-17a-expressing lymphocytes might be a linker between gut
bacteria and brain cells. It has been observed that deletion of gut bacteria reduces generation of
IL-17a-expressing cells (BENAKIS et al., 2016; BERER, KRISHNAMOORTHY, 2012) and
APP is expressed in myenteric neurons of the gut (SEMAR et al., 2013). We observed that
deletion of GPR109a reduces the il-17a gene transcription in CD4-positive lymphocytes from
lamina propria and splenocytes in APP knock-in mice. Elimination of GPR109a also reduces
IL-17a-producing CD4-positive lymphocytes in the lamina propria, which reverses the increase
in Th17 cells induced by APP knock-in. Moreover, in the context of IL-17a deficiency, the
contribution of GPR109a deficiency in improving cognitive functions and amyloid pathologies
in APP knock-in mice is eliminated. However, the morphological pattern of GPR109a-deficient

microglia surrounding AP deposits is not changed by IL-17a-deficient in APP-knock-in mice.
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Collectively, our data strongly suggests that IL-17a may at least partially mediate the
pathogenic role of GPR109a in AD. Increased Th17 cells in the blood of AD patients have been
documented (OBERSTEIN et al., 2018). IL-17a-expressing T lymphocytes accumulate in the
meanings and brain of triple-transgenic AD mice (3xTg-AD) (BRIGAS et al., 2021). In our
future studies, it is worthwhile to reanalyze the pathogenic effects of GPR109a in AD mice

based on IL-17a deficiency.

In summary, our study shows that deficiency of GPR109a modifies microglial activity,
and increases AP clearance by microglia and possibly also by neurons and astrocytes, which
subsequently attenuates amyloid pathology and protects neurons in AD mice. This study
provides evidence for a potential GPR109a-independent pathway for the immunomodulatory
and anti-inflammatory effects of niacin. Combining our current results with published studies,
microglia "activation" is likely to involve dynamic responses to adaptive gene transcription and
morphological changes. GPR109a deficiency might keep microglia in a neuroprotective
homeostatic state rather than evolving into a late pro-inflammatory peak stage, but further
studies are needed to verify this insight. These results contribute to a better understanding of

underlying mechanisms that involve a potential therapeutic agent, niacin, for AD patients.
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Abstract

Growing evidence indicates that innate immune molecules regulate microglial activa-
tion in Alzheimer's disease (AD); however, their effects on amyloid pathology and
neurodegeneration remain inconclusive. Here, we conditionally deleted one allele of
myd88 gene specifically in microglia in APP/PS1-transgenic mice by é months and
analyzed AD-associated pathologies by 9 months. We observed that heterozygous
deletion of myd88 gene in microglia decreased cerebral amyloid B (AB} load and
improved cognitive function of AD mice, which was correlated with reduced
number of microglia in the brain and inhibited transcription of inflammatory genes,
for example, tnf-a and iI-1, in both brain tissues and individual microglia. To investi-
gate mechanisms underlying the pathological improvement, we observed that
haploinsufficiency of MyD88 increased microglial recruitment toward Ap deposits,
which might facilitate Ap clearance. Microglia with haploinsufficient expression of
MyD88 also increased vasculature in the brain of APP/PS1-transgenic mice, which
was associated with up-regulated transcription of osteopontin and insulin-like growth
factor genes in microglia. Moreover, MyD88-haploinsufficient microglia elevated pro-
tein levels of LRP1 in cerebral capillaries of APP/PS1-transgenic mice. Cell culture
experiments further showed that treatments with interleukin-1p decreased LRP1
expression in pericytes. In summary, haploinsufficiency of MyD88 in microglia at a
late disease stage attenuates pro-inflammatory activation and amyloid pathology,
prevents the impairment of microvasculature and perhaps also protects LRP1-medi-
ated AP clearance in the brain of APP/PS1-transgenic mice, all of which improves

neuronal function of AD mice.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive neurcdegenerative disease
pathologically characterized by extracellular amyloid § (Ap) deposits,
intracellular neurofibrillary tangles, and microglial activation (Heneka
et al, 2015). Genome-wide association studies correlated microglial
genes (l.e, TREM2, APCE, CD33, ABCA7, and PLCG2) with the occur-
rence of late-onset AD, which highlights an essential role of microglia in
AD pathogenesis (Lewcock et al, 2020). In AD mouse models, which
overexpress Alzheimer's amyloid precursor protein (APP) in neurons,
microglia are activated and recruited to AP deposits (Bolmont
et al, 2008; Meyer-Luehmann et al., 2008), and are more closely corre-
lated with the impairment of cognitive performance than Al deposition
{Focke et al, 2018). Elimination of microglia at a late disease stage with
noticeable Af already in the brain prevents the synaptic and neurcnal
loss in APP-transgenic mice (Spangenberg et al, 2016). However, acti-
vated microglia also exert a protective effect on neurons in AD mice by
up-taking AP peptides (Michaud et al,, 2013) and promoting degradation
of phosphorylated tau proteins in neurons (Qin et al, 2014).

Many studies through cross-breeding or hone marrow recon-
struction have shown that the innate immune signaling regulates
microglial activation in AD mice. Deficiency of CD14 (Reed-Geaghan,
Reed, Cramer, & Landreth, 2010}, Toll-like receptor (TLR) 2 (5. Liu
et al, 2012), TLR4 (Song et al.,, 2011), myeloid differentiation factor
88 (MyD88) (Hao et al.,, 2011), interleukin receptor-associated kKinase
4 (IRAK4) (Camercn et al., 2012), inhibitor of nuclear factor x-B kinase
subunit § (IKKp) (Y. Liu et al.,, 2014), or NLR family pyrin domain con-
taining 3 (NLRP3) {Heneka et al, 2013) attenuates the degree of
inflammation, shifts inflammatory activation from pre-inflammatory to
anti-inflammatory profiles, or both in the brain of APP-transgenic
mice. However, results on the effects of innate immunity on Aj
pathelogy and neurcnal degeneration in AD mice are often contradic-
tory. For example, deletion of MyD88 or its downstream signaling
molecule, IRAK4, and IKKB, or disruption of the interaction between
TLR2 and MyD8&8, attenuates Ap pathology and neuronal death in
APP-transgenic mice {Camercn et al, 2012; Hao et al, 2011; Lim
et al., 2011; Y. Liu et al, 2014; Rangasamy et al, 2018), whereas,
wild-type MyD88 was also reported to promote AP clearance and
protect neurcns (Michaud, Richard, & Rivest, 2011, 2012). There was
one study even showing that overall deleticn of MyD88 in AD mice
have no effects on neurcinflammation and Af deposition (Weitz,
Gate, Rezai-Zadeh, & Town, 2014). It is difficult to explain the appar-
ently cenflicting results delivered from different animal medels and
different experimental methods. However, in the investigation of
MyD88 and AD, it should be noted that: (a) MyD88 functions not only
in microglia, but alse in other brain cells (e.g., neurens, astrocytes and
endothelial cells; Gosselin & Rivest, 2008; Hung et al, 2018; Shen
et al, 2014); and (b) overall deletiocn of MyD&8 in AD mice alters
development of the brain and is potentially fatal (Michaud
et al, 2011; Schroeder et al, 2021). Thus, to clarify the pathogenic
role of MyD88 in AD, MyD88 expression should be manipulated spe-
cifically in microglia or other brain cells within a designed time win-

dow in AD animals.

Growing evidence suggests that vascular disorders contribute to
AD pathogenesis. AD patients often have vascular pathologies, which
are from large artery atherosclerosis, cerebral amyloid angiopathy
{CAA) to microvascular disease, and blood-brain-barrier (BBB) impair-
ment (Cortes-Canteli & ladecola, 2020). We observed a reduction of
vasculature and hlood flow in the hippocampus of APP- or tau-
transgenic AD mice (Decker et al., 2018). Pericytes wrapping around
endothelial cells are essential for the maintenance of normal structure
and function of cerebral blood circulation, which include BBB homeo-
stasis and angiogenesis (Sweeney, Ayyadurai, & Zlokovic, 2016). Peri-
cytes are injured in AD at an early disease stage (Montagne
et al, 2020; Naticn et al,, 2019). Deletion of pericytes increases per-
meability of BBB, decreases vasculature and blood flow, and exagger-
ates Ap accumulation in the brain of APP-transgenic mice {Montagne
et al, 2018; Sagare et al., 2013). BBB is able to efficiently clean cere-
bral Ap by transporting Ap cutside of brain (Roberts et al, 2014),
which is at least partially mediated by low-density lipoprotein
receptor-related protein 1 (LRP1) and ATP binding cassette subfamily
B member 1 (ABCB1) (Kuhnke et al, 2007; Shinchara, Tachibana,
Kanekiyo, & Bu, 2017). Interestingly, LRP1 also mediates Ap internali-
at BBB

(Ma et al., 2018). However, how microglia regulate microcirculation,

zation by pericytes, thereby cleaning Ap locally
pericyte function, and BBB-mediated Af clearance in AD brain
remains unclear.

In this study, we knocked cut one allele of myd88 gene specifi-
cally in micreglia in APP/PS1-transgenic mice by & months and inves-
tigated amyloid pathology, neurcinflammation, and cerebral
vasculature by 9 months. We ohserved that haploinsufficiency of
MyD88 in microglia attenuated AD-associated pathologies and

protected neurons.

2 | MATERIALS AND METHODS

21 | Animal models and Cross-breeding

APP/PS1-double transgenic mice over-expressing human mutated
APP (KM&70/671NL) and PS1 {L166P) under Thy-1 promoters
(Radde et al., 2006) were kindly provided by M. Jucker, Hertie Insti-
tute for Clinical Brain Research, Tlbingen, Germany; myd88-floxed
mice (B6.129P2[SIL}-Myd88tm1Defr/); MyD88Y™: Stock number:
008888; Hou, Reizis, & DeFrance, 2008) were imported from the
Jackson Laboratory, Bar Harbor, ME; and Cx3Crl-CreERTZ2 mice that
express a fusion protein of Cre recombinase and an estrogen receptor
ligand binding domain under the control of endogenous ex3cri pro-
moter/enhancer elements (Goldmann et al., 2013) were kindly pro-
vided by M.
APP/PS1-transgenic mice were cross-bred with MyD8

Prinz, University of Freiburg, Germany.

AL
Cx3Cr1-Cre mice to obtain mice with the following genotypes: APPE
er wipyD8EM WMCre™~ and APP® ° “iMyD88YWiCre™/~. In order to
minimize potential toxic effects of MyD88 deficiency on the
physiclogical function, we used heterozygous myd88-floxed mice

(MyDSSﬂIWt) in the whole study. To induce the recombination of
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myd88 gene, 6-month-cld mice were injected (i.p.) with tamoxifen
{Sigma-Aldrich Chemie GmbH, Munich, Germany; 100 mg/kg) in comn
oil once a day over 5 days. The phenctype of APP/PS1-transgenic
mice with or without haploinsufficient expression of MyD88 in
microglia was compared between siblings. As a control experiment,
APP/PS1-transgenic and Cx3Crl-Cre mice were mated with gpr43-
floxed mice (Tang et al, 2015) to obtain mice with APP%Gpr43"
fcre*’~ and APPtngr43ﬂ/ﬂCre”" of genotypes. Centrol mice were
treated completely the same as for MyD88-deficient mice. To identify
cells, which express Gprd3, Gprd3-RFP reporter mice cverexpressing
menomeric red fluorescence protein (mRFP) under the control of
gprd3 promoter (Tang et al,, 2015) were used. Both gpr43-floxed mice
and Gprd3-RFP reporter mice were kindly provided by 5. Offermanns,
Max Planck Institute for Heart and Lung Research, Germany. All ani-
mal experiments were performed in accordance with relevant naticnal
rules and authorized by Landesamt flr Verbraucherschutz, Saarland,
Germany (permission numbers: 29/2016 and 14/2018).

2.2 | Morris water maze

The Morris water maze test, consisting of a 6-day training phase and a
1-day probe trial, was used tc assess the cognitive function of
APP/PS1-transgenic mice and their wild-type littermates, as previ-
ously described (Qin et al., 2016; Schnéder et al.,, 2020). During train-
ing phase, latency time, distance, and velocity were recorded with
Ethovision video tracking equipment and software (Noldus Informa-
tion Technology, Wageningen, the Netherlands). During the probe
trial, the platform was removed and we measured the latency of first
visit to the location of original platferm, the frequency of crossing in

that lecation, and the time spent in the platform area.

23 |
vessels

Tissue collection and isolation of blood

Animals were euthanized at ¢ months of age by inhalation of iso-
fluorane. 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 immunchistochemistry. For one part of mice,
a 0.5-pm-thick sagittal piece of tissue was cut from the right hemi-
sphere. 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 bicchem-
ical analysis.

For the other part of mice, the cortex and hippecampus from right
hemisphere were carefully dissected and brain vessel fragments were
isclated according to the published protecol (Boulay, Saubamea,
Decleves, & Cohen-Salmon, 2015). Briefly, brain tissues were homog-
enized in HEPES-contained Hanks' balanced salt sclution (HBSS) and
centrifuged at 4,400g 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 20 um
-mesh. The blood vessel fragments were collected on the top of filter

and stored at —80°C for biochemical analysis.

2.4 | Histological analysis

Serial 30-pm-thick sagittal secticns were cut from the paraffin-
embedded hemisphere. For each animal, four sections with an interval
of 10 layers between neighboring sections were examined. Human Ap
was stained with rabbit anti-human Af antibody (clone D12B2; Cell
Signaling Technology Europe, Frankfurt am Main, Germany) and
microglia labeled with rabbit anti-ionized calcium-binding adapter mol-
ecule (Iba)-1 antibody (Wako Chemicals, Neuss, Germany), and visual-
ized with the VectaStain Elite ABC kit (Vector Laboratories,
Burlingame, USA) or flucrescence-conjugated second antibodies. In
the whole hippocampus, velumes of AR were estimated with the Cav-
afieri method, and Iba-1-positive cells were counted with Optical Frac-
ticnator as described previously (Y. Liu et al, 2014) on a Zeiss
Axiclmager.Z2 microscope (Carl Zeiss Microscopy GmbH, Géttingen,
Germany) equipped with a Stereo Investigator system (MBF Biosci-
ence, Williston, ND).

To evaluate the cerebral Af} deposition, four serial brain sections
from each animal were labeled with methoxy-X0O4 (Tocris Bioscience,
Wiesbaden-Nordenstadt, Germany) after deparaffinization. The whole
cortex and hippocampus were imaged with Microlucida (MBF Biosci-
ence) and merged. Fluorescence-labeled areas were measured using
the Image J software (https://imagej.nih.gov/ij/) with fixed thresholds
for all compared animals. The percentage of Ap coverage in the brain
was calculated.

To detect the deposition of Al at blood vessels, brain sections were
co-stained with human AS antibody (clone D12B2) and biotin-labeled
Griffonia Simplicifolio Lectin | isolectin B4 (Catalog number: B-1205; Vec-
tor Laboratories, Burlingame, CA), and Alexa488-conjugated anti-rabbit
1gG and Cy3-conjugated streptavidin, respectively (Thermo Fisher Scien-
tific). To identify Gprd3-expressing cells, brain sections from
Gprd3-reporter mice were co-stained with rabbit anti-RFP antibody
{Catalog number: 600-401-379; Rockland Immunochemicals, Limerick,
PA) and mouse anti-Tmem119 antibody (clone: 195H4; Synaptic Sys-
tems GmbH, Géttingen, Germany), which were followed by incubation
with Alexad88 or Cy3-conjugated second antibodies (Thermo Fisher
Scientific).

The relationship between microglia and Aj deposits was investi-
gated as we did in a previous study (Hao et al., 2011). Serial brain sec-
tions were stained with Iba-1 antibody {(Wake Chemicals) and
Alexa54é-conjugated anti-rabbit IgG (Thermo Fisher Scientific), and
then co-stained with methoxy-XO4 (Bio-Techne GmbH). Under Zeiss
microscopy with 40x objective, AB 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
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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 AR was measured with
Image J and used for the adjudgment of microglial cell number.

To quantify vasculature in the brain, our established protocel was
used (Decker et al, 2018; Quan et al, 2020). Four serial paraffin-
embedded sections per mouse with 300 pm of distance in between
were deparaffinized, heated at 80°C in citrate buffer (10 mM, pH = 6)
for 1 hr and digested with Digest-All 3 (Pepsin) (Thermo Fisher Scien-
tific) for 20 min. Thereafter, brain sections were stained with rabbit
anti-collagen IV polyclonal antibody (Catalog number: ab6586; Abcam,
Cambridge, UK) and Alexa488-conjugated goat anti-rabbit 1gG (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, AngicTool (http://angiotcol.nci.nih.
gov; Zudaire, Gambardella, Kurcz, & Vermeren, 2011). The mean diame-
ter of blood vessels was calculated by dividing total area of blood ves-
sels 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 brain area of interest.

25 | Woestern blot analysis

Frozen mouse brains were homogenized on ice in 5x radio-
immunoprecipitation assay buffer (RIPA buffer; 50 mM Tris [pH 8.0],
150 mM NaCl, 0.1% SDS, 0.5% scdiumdecxy-cholate, 1% NP-40, and
5 mM EDTA) supplemented with protease inhibitor cocktail (Sigma-
Aldrich Chemie GmbH), followed by centrifugation at 16,000g for 30 min
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-
assoclated protein 25 (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
Technelogy) and mouse menoclonal antibody (clone §Y38; Abcam). In
the same sample, f-actin was detected as a lcading control using rabbit
monoclenal antibody (clone: 13E5; Cell Signaling Technology). For the
detection of proteins in cerebral capillaries, rabbit monoclenal antibodies
against platelet-derived growth factor receptor f (PDGFRp), CD13/APN,
ABCB1, and vinculin (clone: 28E1, D&VIW, E1Y7S, and E1ESY respec-
tively; Cell Signaling Technology) and rabbit pelyclenal antibodies against
LRP1 and a-tubulin (Catalog numbers: 64099 and 2144, respectively;
Cell Signaling Technology), tight junction protein 1 (TJP1; Catalog num-
bers: NBP1-85047; Novus Biclogicals, Wiesbaden-Nordenstadt, Ger-
many), 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
the Image J software. For each sample, the protein level was calculated

as a ratio of target protein/f-actin, a-tubulin or vinculin.

For detection of Aj oligomers, the proteins in the brain homoge-
nate or in the isolated blood vessels were separated by 10-20%
precasted Tris-Tricine gels (Anamed Elektrophorese GmbH, GroR-
Bieberau/Rodau, Germany). For Western blot, anti-human Ap mouse
meneclenal antibody (clone WO0-2; Merck Chemicals GmbH, Darm-
stadt, Germany), anti-f-actin, or anti-e-tubulin antibodies (Cell Signal-

ing Technology) were used.

2.6 | p-and y-secretase activity assays

Membrane components were purified from the brain homogenate of
92-month-old APP/PS1-transgenic mice with and without heterozy-
gous deletion of myd88 gene and - and y-secretase activity were
measured by incubating the crude membrane fraction with secretase-
specific FRET substrates according to our estahblished methods (Hao
etal, 2011; Xie et al,, 2013).

2.7 | Positive selection of CD11b-positive
microglia in the adult mouse brain

To determine the gene expressicn 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 sus-
pension 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 CD 11b-positive cells for isolation of total
RNA with RNeasy Plus Mini Kit (Qiagen, Hilden, Germany).

2.8 | Quantitative PCR for analysis of gene
transcripts

Total RNA was isolated from mouse brains or selected CD11b-
positive cells and reverse-transcribed. Gene transcripts were quanti-
fied with our established protocol (Y. Liu et al., 2014) using Tagman
gene expression assays of mouse tumor necrosis factor (tnf-a), interleu-
kin-1 (i-1p), inducible nitric oxide synthase (inos), chemokine (C-C
motif) ligand 2 (ccl-2), i-10, chitinase-fike 3 (chi3I3), mannose receptor C
type 1 (mrcl), insulin-like growth factor (igf)-1, triggering receptor
expressed on myeloid cells 2 (trem2), apoe, CX3C chemokine receptor 1
(ex3crl), purinergic receptor P2Y12 (p2ry12), C-type lectin domain family
7 member A (clec7a), lipoproteinlipase (Ipf), transforming growth factor g
receptor 1 (tgfbrl), integrin o X (itgax), neprilysin, insulin-degrading
enzyme (ide), and glyceraldehyde 3-phosphate dehydrogenase (gapdh)
(Thermo Fisher Scientific). The transcription of esteopontin (opn), vas-
cular endothelial growth factor (vegf), and peptidyl-prolyl cis-trans isom-
erase A (ppia) genes in CD11b-positive cells was evaluated using the
5YBR green binding technique with the following pairs of primers:
opn, 5-CAGCCATGAGTCAAGTCAGC-3 and 5-TGTGGCTGT
GAAACTTGTGG-3; vegf, 5-CCCTTCGTCCTCTCCTTACC-3' and
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5-AGGAAGGGTAAGCCACTCAC-3; and ppia, 5-AGCATACAGGT
CCTGGCATCTTGT-3 and 5-CAAAGACCACATGCTTGCCATCCA-3.
The primer sequences for detecting the transcripts of varicus recep-

tors of free fatty acids were listed in the legend of Figure 51.

2.9 | Pericyte culture and treatments

Human primary brain vascular pericytes (HBPC) were immortalized by
infecting cells with tsSV40T lentiviral particles (Umehara et al,, 2018).
The selected immeortalized HEPC clone 37 (hereafter referred to as
HBPC/ci37) was used for our study. HBPC/ci37 cells were cultured at
33°C with 5% C02/95% air in pericyte medium (Catalog: # 1201;
Sciencell Research Laborateries, Carlsbad, CA) 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 Sclution (Catalog: # 125-50; Sigma-Aldrich). HBPC/ci37 cells
were used at 40-60 passages in this study.

To investigate the effects of inflammatory activation on expression
of LRP1, PDGFRf, and CD13, pericytes were cultured in 12-well plate at
5.0 x 10° cells/well. Before experiments, the culture medium was rep-
laced with serum-free pericyte medium and cells were cultured at 37°C
for 3 days to facilitate the cell differentiation (Umehara et al,, 2018).
Thereafter, pericytes were treated with recombinant human IL-1f
(Catalog: # 201-LB; R&D Systems, Wiesbaden-Nordenstadt, Germany)
at 0, 5, 10 and 50 ng/ml for 24 hr, or for 8 days with and without with-
drawal of IL-1§ 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 LRP1, PDGFRp, and CD13 were detected with
quantitative Western blot as described in Section 2.5.

210 | Statistical analysis

Data were presented as mean = SEM. For multiple comparisons, we
used cne-way or two-way ANCVA fellowed by Bonferroni, Tukey, or
Dunnett T3 post hoc test (dependent on the result of Levene's test to
determine the equality of variances). Two independent-samples Stu-
dents t-test was used to compare means for two groups of cases. All
statistical analyses were performed with GraphPad Prism 8 version
8.0.2. for Windows (GraphPad Software, San Diego, CA). Statistical

significance was set at p <.05.

3 | RESULTS

3.1 | Haploinsufficient expression of MyD88 in
microglia protects neurons and improves cognitive
function of APP/P51-transgenic mice

To investigate effects of microglial MyD88 on AD pathogenesis, we mated
APP/PS1-transgenic mice with MyD88%" mice and Cx3Cr1-CreERTZ mice.
Littermate mice with APPEMyd88"*Cre*’~ and APP®Myd38"“Cre~'~

of genotypes were injected with tamoxifen at 6 menths 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). Tamoxi-
fen injecticn alsc knocks out loxP site-flanked myd88 gene in peripheral
Cx3Crl-positive myeloid cells; however, normal MyD88-expressing mye-
loid 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 frem 9-moenth-cld
APPEMyd88¥™Cre'~  (MyDS88™)  and  APP®MydssV“iCre /-
(MyDSSWt) mice, we ohserved that the transcriptional level of myd88 in
microglia of MyD88"™" mice was only 11.4% of that in MyD88" mice
(myd88/gapdh: 0.178 + 0.054 [wt] and 0.020 + 0.004 [het]; t test, p = .044;
n = 3 per group), which was in accordance with a previous cbservation that
heterozygous knockout of myd88 gene reduced myd88 transcripts by 66%
in the whole brain of APP-transgenic mice (Michaud et al, 2011). Asa con-
trel, transcriptional levels of myd88 (myd88/gapdh) in CD11b-positive blood
cells were 0.100 + 0.023 and 0.123 = 0.025, in M\/DBS'“et and MyD88"e
mice, respectively (t test, p = .518; n = 4 per group), which indicated that
peripheral myeloid cells had been replenished by bone marrow-produced
cells expressing MyD88 at a normal level.

We used the Morris water maze test to examine cognitive function
of mice. During the acquisition phase, $-month-cld non-APP-transgenic
(APPYY littermate mice with or without haploinsufficiency of microglial
MyD88 (APP*Myd88"“*Cre™~ and APP*™Myd88""*'Cre™"} showed
nc significant differences in either swimming time or swimming distance
before climbing onto the escape platform (Figure 1lab; two-way
ANOVA, p >.05). Compared to APP*™Myd38"“*Cre™'~ [ittermates,
2-month-old APPthdeSWWtCre’/’ mice with normal MyD88 expres-
sion spent significantly more time (Figure 1a; two-way ANOVA, p <.05)
and traveled longer distances (Figure 1b; two-way ANOVA, p <.05) to
reach the escape platform. Interestingly, APP‘gMdeSH/MCre” ~ mice
with the heterozygous deletion of microglial MyD88 performed signifi-
cantly better than their APP‘gMydESBFVWtCre’/ ~ littermates in searching
and finding the platform after 3 days of training (Figure 1ab; two-way
ANOVA, p <.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 plat-
form was removed and a 5-min probe trial was performed to test the
memory of mice. Compared to APP¥Myd88%""iCre~'~ littermates,
APPthdeSﬂ/WtCre"l' mice crossed the region where the platform had
been located with significantly less frequency, and remained for a signifi-
cantly longer time in their first visit to the original platform region during
the total 5-min probe trial (Figure 1c,d; one-way ANOVA followed by
post-hoc test, p <.05). Interestingly, when compared to APPeMydaa’
WiCre™/~ mice, APPEMyd88"*'Cre™~ mice were able to cross the
region more frequently and reach the original platform region in less
time (Figure 1cd; one-way ANOVA followed by post-hoc test, p <.05).
We observed differences in neither parameter analyzed in the probe
trial between APP**Myd88""*C e~ and APP*tMyd88™" *“ Cre='~ litter-
mate mice (Figure 1c,d; one-way ANOVA, p >.05).

In our previous study, we have chserved that overexpression
of APP/PS1 decreases protein

levels of synaptic proteins
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FIGURE 1 Haploinsufficiency of microglial MyD88 improves

cognitive function and attenuates AD-associated loss of synaptic proteins
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 5-min experiment, and spent significantly
longer time in the first visit to the platform region; heterozygous deletion
of MyD88 in microglia recovered these APP expression-induced
cognitive impairments (c,d; one-way ANOVA followed by Bonferroni post
hoc test). Western blotting was used to detect the amount of synaptic
structure proteins, Munc18-1, SNAP25, synaptophysin, and PSD-95 in
the brain homogenate of 9-month-old APPtg mice (e-i).
Haploinsufficiency of microglial MyD88 was associated with higher
protein levels of synaptophysin and SNAP25 (t test; n 25 per group)

2020). We further used Western blot analysis to
quantify the levels of four synaptic structure proteins: Munc18-1, syn-
aptophysin, SNAP-25, and PSD-95 in the brain homogenate of
9-month-old APP'8 littermate mice with different expression of MyD8&8.

(Schnéder et al,,

As shown in Figure 1e-g, protein levels of synaptophysin, and SNAP-25
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these proteins derived from APPMyd88""“Cre™~ littermate mice
(t test, p <.05). Haploinsufficient expression of MyD88 in microglia
tended to increase the protein level of PSD-95 in the brain as compared
with MyD88-wildtype AD mice (Figure 1i; t test, p = .096).

3.2 | Haploinsufficient expression of MyD88 in
microglia reduces Ap load in the brain parenchyma and
blood vessels of APP/PS1-transgenic mice

After observing that heterozygous deletion of MyD88 in microglia
attenuated cognitive deficits of APP'® mice but not of APP"! litter-
mates, we analyzed the effects of microglial MyD88 on AB load in the
APP'8 mice, as A is the key molecule leading to neurodegeneration in
AD (Mucke & Selkoe, 2012). We stained brain sections from
APP'8Myd88"™*'Cre*’~ and APP"8Myd88"*'Cre”’~ mice with
methoxy-XO4, which specifically recognizes p-sheet secondary struc-
ture of AB. We observed that haploinsufficiency of microglial MyD88
significantly reduced the area of methoxy-XO4 staining-positive AB
plagues in both hippocampus and cortex of APP/PS1-transgenic mice
(Figure 2a,b; t test, p <.05). We then used standard immunohistological
and stereological Cavalieri methods to evaluate A volume, adjusted rel-
ative to the volume of analyzed tissues, in the hippocampus of
9-month-old APP'€Myd88"*'Cre*’~ and APP'®Myd88"*“'Cre™'~ mice.
The volume of 7.67% + 0.71% of APP'8MyD88™'Cre*/~ mice was sig-
nificantly lower than that of APP®MyD88™""“!Cre~'~ mice (10.83% +
0.56%; Figure 2¢,d; t test, p <.05).

To measure the amount of oligomeric AB in brain tissues, quanti-
tative Westermn blot was performed as we did in previous studies
(Schnéder et al., 2016, 2020). 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 APP¥MyD88"“'Cre ™ lit-
termates (Figure 2e,f; t test, p <.05). Dimer has been considered as a
toxic species of Ap aggregates (Shankar et al., 2008).

AB is deposited not only in the brain parenchyma, but also at
blood vessels (Stakos et al., 2020). Blood circulation contributes to A
clearance (Roberts et al., 2014). APP/PS1-transgenic mice used in our
study were not a typical animal model for amyloid angiopathy; how-
ever, 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 cere-
bral blood vessels of APP/PS1-transgenic mice (Figure 2h). To quan-
tify 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 Ap in APP'¥MyD88""'Cre*/~ mice was
also significantly lower than that in APPBMyD88"/"!Cre~/~ littermate
mice (Figure 2ij; t test, p <.05). As a negative experimental control,
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FIGURE 2 Haploinsufficiency of
microglial MyD88 reduces cerebral A load in
APP/PS1-transgenic mice. Six-month-old
APP'EMyD88""!Cre*/~ (MyD88 het) and
APPEMyD88™"ICre~/~ (MyD88 wt) were
injected with tamoxifen and analyzed by

9 months of age for AB load in the brain. Brain
sections were first stained with methoxy-X0O4
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
Ap-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). Heterozygous deletion of
microglial MyD88 significantly decreases Af
deposits in the brain (b,d; t test; n 29 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). To demonstrate
the relationship between blood vessels and
AB, brain sections were co-stained Ap
antibodies and isolectin B4. Some Ap deposits
are located in and around the vessels (h;
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.
Haploinsufficiency of MyD88 significantly
reduces dimeric AB in the whole brain
homogenate and isolated cerebral blood
vessels of APP-transgenic mice (f,g,jk; t test;
n 26 per each group) [Color figure can be
viewed at wileyonlinelibrary.com]
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oligomeric Ap species could not be detected in capillaries isolated APP'¥Myd88™""'Cre*~ mice, we created APP/PS1-transgenic control
from non-APP transgenic mice (Figure 2i). mice with APP8Gpra3"MCre*’~ and APPeGpra3™fCre™'~ of genotypes,
In APPMyd88""“tCre*’~ mice, one allele of cx3crl gene is replaced in which gpr43, instead of myd88 gene was loxP site-flanked. By
by the insertion of Cre-encoding sequence (Yona et al., 2013). To investi- detecting gpr43 gene transcripts in CD11b-positive brain cells and
gate the potential effects of heterozygous knockout of ¢x3crl gene in staining RFP in the brain tissue of Gpr43-reporter mice, we observed that
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FIGURE 3

o
L

Haploinsufficiency of microglial MyD88 inhibits inflammatory activation in the brain of APP-transgenic mice. Six-month-old

APPBMyD88"Cre*/~ (MyD88 het) and APPBMyD88""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. Haploinsufficiency of MyD88 reduced Iba-1-positive cells in 9-month-old APP-transgenic (APPtg) mice, but not in 9-month-old APP-wild-
type (APPwt) mice (b; one-way ANOVA followed by Bonferroni post hoc test; n 26 per group for APPtg mice and = 3 per group for APPwt 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-infllmmatory genes, tnf-a and il-15, was reduced by heterozygous deletion of MyD88 in 9-old APPtg mice (c and d; t test; n =9 per group) [Color

figure can be viewed at wileyonlinelibrary.com]

there was no expression (or expression at a very low level) of Gpr43 in
microglia (see Figure S1a,b), which corroborated a previous observation
(Erny et al, 2015). As Gprd3 was absent in microglia of both
APPEGpra3"Cre™’~ and APP®Gpra3™Cre~~ mice, the phenotypical
difference between these two groups of mice was caused by
haploinsufficiency of Cx3Crl. Surprisingly, with immunohistochemical
methods, we did not detect changes of cerebral AB deposits in
APP%EGpra3™iCre’’~ mice compared with APP®Gpra3™iCre=~ litter-
mate mice (see Figure S1c,d; t test, p >.05).

3.3 | Haploinsufficient expression of MyD88 in
microglia inhibits pro-inflammatory activation in APP/
PS1-transgenic mouse brain

Microglial inflammatory activation contributes to neurcnal degeneration
(Heneka et al, 2015). We observed that the number of Iba-1-

immunoreactive cells (representing microglia) in the hippocampus was sig-
nificantly fewer in 9-month-old microglial MyD88-haploinsufficient
APP/PS1-transgenic mice than in MyD88-wild-type APP/PS1-transgenic
littermates (APP®®Myd88""Cre*’~ mice, 1.64 +0.16 x 10* cells/mm?
vs. APP®Myd88™""iCre™'~ mice, 2.60 = 0.29 x 10* cells/mm?3; t test,
p <.05; Figure 3ab). Haploinsufficiency of MyD88 in microglia did not
change the number of |ba-1-positive cells in 9-month-old non-APP trans-
genic mice (Figure 3b; t test, p >.05).

We further measured transcripts of M1-inflammatory genes (tnf-
a, iI-1p, inos, and ccl-2) and M2-inflammatory genes (il-10, chi3I3, and
mrcl) in brains of 9-month-old APP®Myd88"“Cre*/~ and
APP'8Myd88"¥'Cre~/~ As 3cd,

haploinsufficient expression of MyD88 in microglia significantly

mice. shown in Figure
reduced cerebral tnf-a and il-1p transcripts in APP-transgenic mice
compared to MyD88-wildtype AD littermate mice (t test, p <.05).
However, the transcription of other genes tested was not changed by

MyD88 deficiency in microglia (Figure 3e-i).
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FIGURE 4 Haploinsufficiency 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""i(Cre*/~ (MyD88 het) and APP#MyD88"“iCre ™~ (MyD88 wt) mice. Transcription of signature genes associated with

neurodegenerative diseases were detected with real-time PCR. MyD88 deficiency significantly decreases transcripts of tnf-q, il-14, chi3I3, and cx3crl
genes (a,b,ei; t test; n 25 per group). Iba-1 was also co-stained with methoxy-XO4, which recognizes aggregated AB (o). Haploinsufficiency of MyD88
significantly increases recruitment of microglia toward Ap deposits (p; t test; n = 6 per each group) [Color figure can be viewed at wileyonlinelibrary.com]

In additional experiments, we also detected transcripts of inflamma-
tory genes (tnf-a, il-18, ccl-2, and il-10) in the brains of 9-month-old
APPeGpra3"fiCre’~ and APP®Gpra3™fiCre™~ mice, which were

injected with tamoxifen by 6 months of age. As shown in Figure Sle-h,

3.4 | Haploinsufficient expression of MyD88
suppresses pro-inflammatory activation in microglia
but enhances microglial responses to Ap in APP/PS1-
transgenic mice

heterozygous deletion of cx3crl gene did not change the inflammatory
gene transcription in APP®Gpra3™"fCre*/~ mice as compared with
Cx3Cr1-wild-type APP8Gpr43™"/Cre™~ mice (t test, p >.05).

Recently, disease-associated microglia (DAM) phenotype was defined

after comparing microglial transcriptome between APP/PS1-transgenic
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FIGURE 5 Haploinsufficiency of microglial MyD88 increases cerebral vasculature of APP/PS1-transgenic mice. The brains of 9-month-old
tamoxifen-injected APP¥MyD88"*!Cre*/~ (MyD88 het) and APPEMyD88™"iCre~'~ (MyD88 wt) mice were stained for collagen type 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; t test, n 211 per group). The mean diameter of blood vessels was calculated by dividing area of total blood vessels with total length
of vessels (e). 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) (f). Haploinsufficiency of MyD88 in microglia significantly increased the distribution of microglia around blood vessels
(g; one-way ANOVA followed 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 (h,i; t test, n =5 per group). In order to evaluate the integrity of
BBB, isolated brain capillaries were detected for TJP1, Claudin-5, and AQP4 with quantitative Western blot (k). Haploinsufficiency of MyD88 in
microglia did not significantly change the expression levels of all proteins tested (I-n; t test, p >.05, n 28 per group) [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Haploinsufficiency of microglial MyD88 increases LRP1 in cerebral micro-vessels of APP/PS1-transgenic mice and IL-1f treatment
decreases LRP1 in cultured pericytes. Micro blood vessels were isolated from the brains of 9-month-old APP¥MyD88"*iCre*/~ (MyD88 het) and
APPEMyD88"“Cre ™~ (MyD88 wt) mice, which were injected with tamoxifen 3 months ago. Protein levels of LRP1, ABCB1, PDGFRS, and CD13 were
determined with quantitative Western blot (a-¢). Haploinsufficiency 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 26 per group). Immortalized pericytes from human cerebral
capillaries were cultured and treated with IL-1p at various concentrations for 24 hr (f-i) or for 8 days with and without withdrawal of IL-1p during the
last 3 days (j-m). At the end of experiments, cell lysates were prepared from IL-1p-treated pericytes and detected for LRP1, PDGFRB, and CD13 with
quantitative Western blot. One-way ANOVA comparing levels of each tested protein at different concentrations of IL-1f shows that: (1) IL-1p
treatments significantly decreases LRP1, but increases PDGFRB and CD13 in a concentration-dependent manner after a 24-hr treatment (g-i; p values
are shown in the figure); (2) IL-1p treatments significantly decreases LRP1 in a concentration-dependent manner after a 8-day treatment (k; p <.001);
and (3) IL-1p treatments does not significantly changes protein levels of PDGFRp and CD13 after a 8-day treatment (I,m). Two-way ANOVA comparing
protein levels of LRP1, PDGFRf, or CD13 with and without withdrawal of IL-1p in the last 3 days of experiments shows that withdraw of IL-1§ recovers
expression of LRP1 (k; p = .004), but not for PDGFRB and CD13 (Im). t test was used to analyze the difference of protein levels in cells treated with IL-
1B at 50 ng/ml shows that withdrawal of IL-1 significantly recovers expression of LRP1, PDGFRB, and CD13 (k-m; **: p <.01). n = 3 or 4 per group
[Color figure can be viewed at wileyonlinelibrary.com]
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and wild-type mice. This signature is characterized by an induction of
pro-inflammatory genes (incuding i-15, ccl2, and itgax), and a suppres-
sion of homeostatic genes (e.g., cx3crl, p2ry12, tmem119, tgfbri, sall1,
and c¢sf1r). APOE and TREM2 are two signaling proteins essential for
DAM development (Keren-Shaul et al., 2017; Krasemann et al., 2017).
We guantified the transcription of several DAM signature genes to
characterize the effects of MyD88 on microglial activation. We
cbserved that hapleinsufficiency of MyD8&8 significantly decreased tran-
scripts of pro-inflammatory genes, tnf-e and i-15 (Figure 4a,b; t test,
p <.05), and alsc reduced the transcription of anti-inflammatory gene
chi3I3 (Figure 4e; t test, p <.05) and homeostatic gene cx3crl (Figure 4i;
t test, p <.05), as compared with MyD88-wildtype microglia.

In order to investigate the relationship between microglia and Ap
depaosits, we co-stained brain sections of 9-month-cld AD mice with
|ba-1-specific antibodies and methoxy-XO4. There were significantly
more microglia surrounding AR deposits in APPthdeSWWtCre”’
mice (6.21 +0.47 x 10° cells/mm?) than in APP®Myd88"“Cre=/~
mice (2.68 = 0.24 x 107 cells/mm? Figure 4o,p; t test, p <.001), which
agrees with our previous observation in MyD88-deficient bone mar-

row chimeric APP-transgenic mice (Hao et al., 2011).

3.5 | Haploinsufficient expression of MyD88 in
microglia increases cerebral vasculature in APP/PS1-
transgenic mice

We observed that
APP/PS1-transgenic mice (Decker et al,, 2018). In this study, we asked
whether haploinsufficiency of microglial MyD88 changed the vascula-

cerebral  microvasculature is  reduced in

ture in AD mouse brain. We stained brains of 9-month-old
APPEMyda8 " Cre™- and APPEMyd88%*"iCre'~ mice with collagen
type IV-specific antibodies, skeletonized and quantified the immunore-
active blood vessels (Figure 5a). As shown in Figure 5b-d, MyD88 defi-
ciency in microglia significantly increased the total length, vessel density
and branching points of micro-blood vessels (t test, p <.05), but did not
change the mean diameter of blood vessels (Figure 5e; t test, p >.05).

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®EMyd88 " (Cre™~ and APPEMyd88™"*{Cre~'~ mice and counted
microglia with and without contact with bleood vessels in CAl area of
the hippocampus (Figure 5f). We chserved that haploinsufficiency of
MyD88 significantly increased the distribution of microglia to blood
vessels (Figure 5g; one-way ANOVA followed by post-hoc test,
p <.05). Furthermcre, we quantified gene transcription of pro-
angiogenic genes in CD11lb-positive brain cells. As shown in
Figure 5h-j, MyD88 deficiency significantly up-regulated the tran-
scription of opn and igf-1 genes (t test, p <.05).

To evaluate the integrity of BBB in AD mice, we quantified TJP1,
Claudin-5 and AQP4 in blood vessels isclated from 9-month-cld
APPEMyd88 ¥ Cre™~ and APPEMyd88"“Cre~'~ mice. As shown in
Figure 5k-n, haploinsufficiency of MyD&88 in microglia did not signifi-
cantly alter the protein levels of all proteins tested (t test, p >.05).

3.6 | Haploinsufficient expression of MyD88 in
microglia increases LRP1 in cerebral capillaries of
APP/PS1-transgenic mice

LRP1 mediates Ap efflux and local clearance by pericytes at BBB (Ma
et al, 2018; Shinohara et al, 2017). We isolated micro-vessels from
brains of 9-month-old APP%EMyd28"™Cre™~ and APP%Mydgs™
Wige =
microglia significantly increased protein levels of LRP1, but not ABCB1

mice and observed that hapleinsufficiency of MyD88 in

in APP/P51-transgenic mice, as compared with MyD88wildtype AD
mice (Figure 6a-c; t test, p <.05). The protein levels of pericyte markers,
PDGFRp, and CD13, were not changed by microglial deficiency of
MyD&88 (Figure 6d,e; t test, p >.05). In isolated blood vessels from non-
APP-transgenic (APP*"Myd88WV™Cre*~  and
APP*Myd88"*'Cre~"), haploinsufficiency of MyD88 in microglia did

not alter the protein levels of all molecules examined (data not shown).

control mice

To examine the effects of inflammatory activation on LRP1
expression, we treated cultured pericytes with recombinant IL-15
either for 24 hr or for 8 days. As shown in Figure &f,g,),k, both short-
and leng-term treatments of IL-1p significantly decreased the protein
levels of LRP1 in a dose-dependent manner (one-way ANQVA,
p <.05). In the 8-day treatment experiment, withdrawal of IL-1p for
the last 3 days restored expression of LRP1 in cultured pericytes
(Figure &jk; two-way ANOWVA, p <.05). The short-term treatment of
IL-15 markedly increased expression of PDGFRpA and CD13, which
corrcborates our recent finding (Quan et al., 2020) (Figure éf,h,i; one-
way ANOVA, p <.05). The long-term treatment of IL-15 enly at a high
concentration {e.g., 50 ng/ml) tended to decrease the expression of
PDGFRp and CD13; however, it was not statistically significant
{shown in Figure &l,m with sclid lines; cne-way ANOVA, p >.05). The
withdrawal of IL-1f recovered the expression of PDGFRf and CD13
in cultured pericytes after treatment of IL-1p at 50 ng/ml (Figure &l,m;
t test comparing cells with and without treatment of IL-1p at
50 ng/ml, p <.05).

3.7 | Haploinsufficient expression of MyD88 in
microglia decreases fi- 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 protecels (Hao et al., 2011; Xie
et al., 2013), we detected the activity of f- and y-secretases in brains
of 9-month-old APP®EMyd881*Cre*/~ and APPEMyd881"(Cre~/~
mice. Interestingly, the activity of both enzymes was significantly
lower in the brain of APP®Myd88%*Cre*~ mice than in MyD88-wil-
diype APP®Myd88 " “iCre™~ littermates (Figure 7a,b; two-way
ANOVA, p <.05).

To further investigate the clearance of A, we quantified gene
transcripts of Ap-degrading enzymes, neprilysin, and ide (Leissring

et al., 2003). There were no changes in the transcription of neprifysin
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Haploinsufficiency of MyD88 in microglia decreases 8- 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 APPMyD88"“'Cre*/~ (MyD88 het) and
APPEMyD88""!Cre™'~ (MyD88 wt) mice were used to prepare membrane components and RNA isolation. - 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)

and ide genes in both brain tissues and microglia from 9-month-old
APP'#Myd88" “Cre*'~ mice compared with APP®Myd88™"“iCre~/~
mice (Figure 7c-f; t test, p >.05), suggesting that haploinsufficiency of
MyD88 in microglia does not affect A catabolism.

4 | DISCUSSION

Microglial activation has been extensively investigated in AD brain
(Heneka et al., 2015), but microglial effects on A pathology and neu-
ronal degeneration remain inconclusive. In this study, we deleted one
allele of myd88 gene 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 transcrip-
tion 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 function.

MyD88-haploinsufficient

cognitive Interestingly,
APP/PS1

overexpression-induced changes of cerebral vasculature and LRP1

microglia  might prevent
expression at BBB.

The regulating effects of innate immune signaling on the role of
microglia in AD pathogenesis are highly heterogenous. For example,
TREM2 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 AB burden and accelerates
neuron loss (Y. Wang et al., 2015), while another group showed that
TREM2 deletion reduces cerebral AB accumulation (Jay et al., 2015).
Subsequent work suggested that TREM2 may have a protective effect
at the early disease stage through phagocytic clearance of Ag, but dis-
play a pathogenic effect at the later disease stage by triggering neuro-
toxic 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 had 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 AB deposits appeared in the brain. With such
an experimental setting, MyD88-deficient microglia promote AB accu-
mulation in the brain and accelerate spatial memory deficits (Michaud
et al., 2011, 2012). Thus, the pathogenic role of innate immune mole-
cules 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 het-
erozygous deletion of myd88 gene inhibits the inflammatory activa-

tion of microglia in APP/PS1-transgenic mice. MyD88 deficiency
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might reduce the generation of new microglia, as we previously
cbserved that deletion of IKKB, a signaling molecule downstream to
MyD88, decreases proliferating microglia in APP-transgenic mice
(Y. Liu et al, 2014). It is unlikely that MyD88 deficiency induces
microglial cell death in APP/PS1-transgenic mice, 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 cbserved that
MyD88 deficiency promotes clustering of microglia around Ap
deposits as we chserved in MyD88-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 AR in AD brain. The relationship between microglial clustering and
AP reduction in APP-transgenic mice has been described in many
studies. For example, deficiency of TREM2 blocks microglial recruit-
ment to AR, which is correlated with cerebral A accumulation
(Y. Wang et al,, 2015). Administration of TREM2 agonist antibodies
increases Af-associated microglia, which decreases Af in the brain
(Fassler, Rappaport, Cuno, & George, 2021; Price et al, 2020;
5. Wang et al, 2020). However, the molecular mechanisms, which
mediate the migration of microgla toward Ap and the following Ap
internalization, remain unclear.

The haploinsufficiency of MyD88 strongly decreases the tran-
scription of cx3cri, chi3l3, tnf-e, and i-16 genes in microglia of our
APP/PS1-transgenic mice. Cx3Crl expression is up-regulated in the
brain of AD patients or animal models (Gonzalez-Prieto et al., 2021).
Deficiency of Cx3Crl decreases cerebral Af in various APP-transgenic
mice (Hickman, Allison, Coleman, Kingery-Gallagher, & El
Khoury, 2019; Lee et al, 2010; Z. Liu, Condello, Schain, Harb, &
Grutzendler, 2010). Homozygous knockout of cx3crl gene was alsc
observed to increase Af deposits-associated microglia and microglial
phagocytosis of A (Z Liu et al,, 2010). However, it should be ncted that
the reduction of cx3crl transcription in our APPthdeSﬂ/WtCre”’ mice
might be caused by the replacement of endogenous cx3ar? gene by Cre-
encoding sequence (Yona et al,, 2013). To address the question whether
Cx3Crl haploinsufficiency in APPthydBSH/WtCre”’ mice affects amy-
loidosis, we created APP®Gprd3"iCre*~ and APP®Gprd3"iCre-
mice, in which gpr43 instead of myd88 gene was loxP site-flanked. As
Gpra3 is not expressed in microglia in both APP®Gpra3"iCre™~ and
APPEGP2MACe™ mice (Ermy et al, 2015), any changes in
APPEGpra3Cre*’~ mice relative to APP®Gpra3™"Cre~ littermates
should be due to the hapleinsufficiency of Cx3Crl. Qur experiments rev-
ealed that the haploinsufficiency of Cx3Cr1 alters neither Ap deposition
nor transcription of inflammatory genes (e.g., tnf-, il-15, cc-2, and i-10)
in the brain of our APP/PS1-transgenic mice. Thus, the pathological
improvement in APP®Myd88""Cre*’~ mice is a result from the
haploinsufficiency of MyD&8 instead of Cx3Crl deficiency in microglia.

Chi3I3 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 Chi3I3 in AD mice is indeed unknown. Our serial studies

revealed that neurcinflammation and Apj level are often simulta-
neously attenuated in the brain of APP-transgenic mice (Hao
etal, 2011; S. Liu et al., 2012; Y. Liu et al., 2014). As pro-inflammatory
activation inhibits phagocytosis of cultured microglia (Koenigsknecht-
Talboo & Landreth, 2005}, inhibitien of proinflammatory activaticn in
microglia might help AB clearance in AD brain. However, systemic
injection of TLR4 or TLRY agcnist induces both pro- and anti-
inflammatory activation and decreases Af in the brain of AD mice
(Michaud et al.,, 2013; Scholtzova et al., 2014). Thus, how inflamma-
tory activation regulates Aj clearance in the brain is still an unan-
swered question.

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). Qur previcus 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). Af-activated perivascular
macrophages injure the neurovascular coupling through preducing
reactive oxygen species (Park et al., 2017). However, microglia were
chserved to serve pro-angiogenic effects in brains with glioma, ische-
mia, or direct vascular injury (Brandenburg et al, 2016; Jiang
et al., 2020; Mastorakes et al., 2021). Transcription of opn, vegf and
igfl genes in microglia is associated with angiogenesis (Jiang
et al, 2020). Our study showed that hapleinsufficiency of MyD&88 in
microglia increases cerebral vasculature, and distribution of microglia
around blood vessels. MyD88 deficiency also up-regulates the tran-
scription 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-haploinsufficient microglia might prevent vas-
cular 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). Tgd4510 tau-transgenic mice display
increased capillaries, but with atypical and spiraling morphclogies, 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 required.

BBB breakdown is an early biomarker of AD (Nation et al., 2019).
APGE4 variant was recently linked to the loss of BBB integrity before
the cognitive deficit (Montagne et al., 2020). The cerebrovascular
leakage of ~100 nm nancparticles was 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 cbserve altered pro-
of TJIPL, Claudin-5, and AQP-4 in
MyD88-haploinsufficient AD mice, although we were not able to

tein levels microglial

exclude small damages in BBB integrity.

LRP1 contributes to Ap clearance at BBB through mediating A
efflux and pericyte internalization of Af (Ma et al., 2018; Shinchara
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et al, 2017). Deletion of LRP1 in endcthelial cells accumulate A in
APP-transgenic mouse brain (Storck et al, 2016). LRP1 expressicn
decreases in brain capillaries with aging and in AD (Shibata et al,, 2000).
Pro-inflammatory cytokines, such as IL-1p, IL-6, and TNF-g, down-
regulate LRP1 in cultured microvascular endothelial cells (Hsu,
Rodriguez-Ortiz, Zumkehr, & Kitazawa, 2021). Our experiments showed
that LRP1 expression is decreased by IL-1f treatments in cultured peri-
cytes. In APP/PS1-transgenic mice, MyD&8-haploinsufficient microglia
elevates LRP1 protein level in cerebral capillaries, which might be due to
the inflammatory inhibition. It was supported by ancther cbservation
that inflammatory activation in the brain by systemic administration of
lipopolysaccharide decreases Ap efflux at BBB (Ericksen, Hansen, &
Banks, 2012). PDGFRp and CD13 are two receptors on pericytes and
essential for the survival and integration of pericytes in blood vessels
(Lindahl, Johansson, Leveen, & Betsholtz, 1997; Rangel et al, 2007). The
expression of PDGFRE and CD13 appeared to be resistant to inflamma-
tory regulation, as haploinsufficiency of MyD88 did not change their
protein levels in AD mice. Their expression in cultured pericytes was not
altered, either, by IL-15 at the concentrations sufficient for the down-
regulation of LRP1 expression. There was a recent study showing that
the density of pericytes is reserved during AD pathogenesis (Fernandez-
Klett et al., 2020).

Ap is produced after serial digestions of APP by p-(BACE1) and
y-secretases (Haass, Kaether, Thinakaran, & Sisodia, 2012). The
expression of BACEL in neurcns is up-regulated by inflammatory acti-
vation (He et al,, 2007; Sastre et al., 2006). Our studies showed that
p38a-MAPK deficiency promotes BACE1 degradation in neurons
(Schnéder et al, 2016). Recently, inflammatery cytokines, such as
interferon-y and « were shown to induce the expression of
interferon-induced transmembrane protein 3 in neurons and astro-
cytes, which binds to y-secretase and increases its activity (Hur
et al., 2020). Thus, haploinsufficient expression of MyD88 in microglia
in our APP/PS1-transgenic mice decreases neurcinflammation, and
inhibits B- and y-secretase activity in the brain, which might serve as
ancther mechanism decreasing A level in AD mice.

In summary, hapleinsufficient expression of MyD&8 in microglia
at a late disease stage slows down the cognitive decline of
APP/PS1-transgenic  mice. MyD88  deficiency

inflammatory activation of micreglia, but enhances microglial response

inhibits  pro-

to AB, which subsequently attenuates AR locad 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 effects of microglia on the structure and
function of micro-vessels in AD are far from being understood. To

answer these questions will be a focus of our following studies.
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Figure 6.1

GPR109a-positive microglia are recruited to Ap deposits.
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Figure 6.2

Deficiency of GPR109a tends to improve cognitive function of APP-knock-in AD mice.
Behaviour test and data analysis: Qinghua Luo

Figure 6.3.1

Synaptic proteins decrease in APP-KI mice.
Western blot and data analysis: Qinghua Luo

Figure 6.3.2

Deletion of GPR109a attenuates AD-associated loss of synaptic proteins and axonal
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Western blot, immunohistochemistry and data analysis: Qinghua Luo

Figure 6.4.1

Deficiency of GPR109a decreases AP load in APP’Xi mouse brain
Immunohistochemistry and data analysis: Qinghua Luo

Figure 6.4.2

Deficiency of GPR109a reduces Ap monomers and oligomers in the brain of APP-
knock-in mice.
Western blot: Inge Tomic; Data analysis: Qinghua Luo

Figure 6.4.3

Deficiency of GPR109a reduces Ap42 and Ap40 amounts in the brain of APP-knock-in
mice.
ELISA and data analysis: Qinghua Luo

Figure 6.5

Deficiency of GPR109a does not significantly change microglia-mediated inflammatory
activation in APP-KI mouse brain.
Real time PCR: Alex Liu; Immunohistochemistry: Qinghua Luo

Figure 6.6

Morphometric analysis of plaque-associated microglia.
Immunohistochemistry and microglial morphology analysis: Qinghua Luo

Figure 6.7

Deletion of GPR109a shifts microglial activation to homeostatic profile in 9-month-old
APP-knock-in mouse brain.
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Figure 6.8

GPR109a deficiency increases microglial recruitment around the plaques and promotes
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Immunohistochemistry, flow cytometry and data analysis: Qinghua Luo

Figure 6.9.1

Niacin inhibits inflammatory response and facilitates the expression of CX3CRI1 in
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Figure 6.9.2

Niacin promotes Ap phagocytosis by GPR109a-deficient macrophages and is associated
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Figure 6.10.1

Deficiency of GPR109a increases the expression of LPR1 in the APP'X mouse brain.
Western blot and data analysis: Qinghua Luo

Figure 6.10.2

Upregulation of LRP1 in neurons and astrocytes of GPR109a-deficient APPY mice.

131



LIST OF FIGURES AND COOPERATIONS

Immunohistochemistry and data analysis: Qinghua Luo

Figure 6.11.1

Deficiency of GPR109a decreases genetic transcription of IL-17a in CD4-positive spleen
cells.
Real time PCR and data analysis: Alex Liu

Figure 6.11.2

Deficiency of GPR109a decreases il-17a gene transcription in CD4-positive lymphocytes
in the gut.
Real time PCR: Qinghua Luo; Data analysis: Alex Liu

Figure 6.11.3

Representative flow cytometry histograms of IL-17a fluorescence intensity from CD4*
lymphocytes in the intestinal epithelium.
Flow cytometry and data analysis: Qinghua Luo

Figure 6.12.1

Knockout of IL-17a eliminated the beneficial effects of GPR109a deficiency in APPY/i
mice.
Western blot: Inge Tomic; Immunohistochemistry and data analysis: Qinghua Luo

Figure 6.12.2

Deletion of GPR109a does not increase protein levels of LRP1 and ABCBI1 in brain
tissue of il-17a gene-deficient APP*/X mice; IL-17a deficiency abolished the effect of
GPR109a deficiency that promotes microglia to cluster around Ap deposits.

Western blot, immunohistochemistry and microglial morphology analysis: Qinghua Luo
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