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ABSTRACT

1 ABSTRACT

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly. It is
pathologically characterised by extracellular deposition of amyloid-B peptides (AP),
intracellular neurofibrillary tangles primarily composed of hyperphosphorylated tau
protein, and microglial activation in the brain parenchyma. Recent studies have also
shown that the composition of bacteria in the gut of AD patients and animals changes in
correlation with inflammatory status in the blood and the severity of AD pathology in the
brain; however, the molecular mechanisms mediating the pathogenic effects of gut

bacteria in AD remains unclear.

Interleukin-17a (IL-17a) is an important cytokine in the gut, which interacts with gut
bacteria and protects the host from microbial invasion under physiological conditions;
however, dysregulation of IL-17a may also lead to inflammatory disorders in the host by
pathological conditions, for example, multiple sclerosis. Our previous study has indicated
that IL-17a expression increases in CD4-positive spleen cells in APP-transgenic mice.
We hypothesize that IL-17a mediates the effects of gut bacteria on AD pathology in AD

mice.

We crossed APP-transgenic mice with //-/7a-knockout mice to create IL-17a-deficient
and wild-type AD models. Three-month-old APP-transgenic female mice with different
expression of IL-17a were depleted or not of intestinal bacteria by drinking antibiotics-
supplemented or normal water for two months. The gut microbiome was analysed by
sequencing the bacterial 16S DNA V3-V4 regions, the amount of bacterial DNA in the
brain tissue was detected by real-time PCR, and IL-17a-expressing T lymphocytes in the
gut were quantified by flow cytometry and in the spleen by quantitative RT-PCR. AD-
associated pathologies, i.e., neuroinflammation, AP pathology, and neurodegeneration,
were investigated by immunohistochemistry, ELISA, Western blot and molecular biology
approaches. To further investigate the pathogenic mechanisms, microglial morphology,
microglial transcription of disease-associated microglia signature genes, microglial

phagocytosis of AP, B- and y-secretase activity, transcription of AB-degrading enzyme
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genes Neprilysin and Insulin-degrading enzyme, and protein levels of AP-transporting

proteins LRP1 and ABCBI in the isolated capillaries, were determined.

We have obtained the following major results:

1) The antibiotic treatment eradicated almost all intestinal bacteria, and led to a
reduction in bacterial DNA in the brain tissues of both IL-17a-deficient and wild-
type APP-transgenic mice;

2) Depletion of gut bacteria reduced IL-17a-expressing CD4-positive T lymphocytes
in the spleen and gut in APP-transgenic mice;

3) Depletion of gut bacteria inhibited inflammatory activation in both brain tissue
and individual microglia, which were reversed by knockout of //-17a gene;

4) Depletion of gut bacteria decreased AP levels in IL-17a wild-type, but not IL-17a-
deficient APP-transgenic mice;

5) Depletion of gut bacteria promoted transcription of Arc gene in the brain of IL-
17a wild-type, but not IL-17a-deficient APP-transgenic mice. Arc expression is

associated with the improvement of cognitive function.

To further identify possible mechanisms, through which depletion of gut bacteria
regulates AP pathology, we have the following findings:

1) Depletion of gut bacteria inhibited the B-secretase activity in the brain of IL-17a
wild-type, but not IL-17a-deficient APP-transgenic mice, which potentially led to
reduced AP production;

2) Depletion of gut bacteria increased the expression of ABCB1 and LRPI in the
brain or at the BBB of IL-17a wild-type, but not IL-17a-deficient APP-transgenic
mice. ABCBI1 and LRP1 are responsible for the AP efflux through the blood-
brain barrier;

3) Interestingly, knockout of //-17a gene already increased ABCBI1 and LRP1
expression at the blood-brain barrier;

4) Depletion of gut bacteria did not increase microglial AP phagocytosis and

extracellular AB degradation in the brain of APP-transgenic mice.

In conclusion, depletion of gut bacteria attenuates inflammatory activation and amyloid

pathology in APP-transgenic mice via IL-17a-involved signalling pathways. Our study
2
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contributes to a better understanding of the gut-brain axis in AD pathophysiology and
highlights the therapeutic potential of IL-17a inhibition or specific depletion of gut

bacteria that stimulate the development of IL-17a-expressing T cells.



ZUSAMMENFASSUNG

2  ZUSAMMENFASSUNG

Die Alzheimer-Krankheit (AD) ist die hdufigste Ursache fiir Demenz bei é&lteren
Menschen. Sie ist pathologisch gekennzeichnet durch extrazelluldre Ablagerungen von
Amyloid-B-Peptiden (Ap), intrazelluldre neurofibrilldre Tangles, die hauptsdchlich aus
hyperphosphoryliertem Tau-Protein bestehen, und mikrogliale Aktivierung im
Gehirnparenchym. Jiingste Studien haben auch gezeigt, dass sich die Zusammensetzung
der Bakterien im Darm von AD-Patienten und Tieren in Korrelation mit dem
Entziindungsstatus im Blut und dem Schweregrad der Alzheimer-Pathologie im Gehirn
verdndert; die molekularen Mechanismen, die die pathogenen Wirkungen der

Darmbakterien bei AD vermitteln, sind jedoch noch unklar.

Interleukin-17a (IL-17a) ist ein wichtiges Zytokin im Darm, das mit Darmbakterien
interagiert und den Host unter physiologischen Bedingungen vor mikrobieller Invasion
schiitzt; eine Dysregulation von IL-17a kann jedoch auch zu entziindlichen Stérungen im
Host unter pathologischen Bedingungen fiihren, z. B. bei Multipler Sklerose. Unsere
frithere Studie hat gezeigt, dass die Expression von IL-17a in CD4-positiven Milzzellen
bei APP-transgenen Mausen zunimmt. Wir stellen die Hypothese auf, dass IL-17a die

Auswirkungen von Darmbakterien auf die AD-Pathologie in AD-Méusen vermittelt.

Wir kreuzten APP-transgene Méuse mit //-/ 7a-Knockout-Méusen, um IL-17a-defiziente
und Wildtyp-AD-Modelle zu schaffen. Drei Monate alten APP-transgenen weiblichen
Darmbakterien in Mausen mit unterschiedlicher Expression von IL-17a wurden zwei
Monate lang durch das Trinken von mit Antibiotika angereichertem oder normalem
Wasser entzogen oder nicht. Das Darmmikrobiom wurde durch Sequenzierung der
bakteriellen 16S-DNA-V3-V4-Regionen analysiert, die Menge der bakteriellen DNA im
Hirngewebe wurde durch Realtime-PCR nachgewiesen, und IL-17a-exprimierende T-
Lymphozyten im Darm wurden durch Durchflusszytometrie und in der Milz durch
quantitative  Realtime-PCR  quantifiziert. ~AD-assoziierte Pathologien, d. h.
Neuroinflammation, = AB-Pathologie und Neurodegeneration, wurden durch
Immunhistochemie, ELISA, Western Blot und molekularbiologische Ansétze untersucht.

Um die pathogenen Mechanismen weiter zu untersuchen, wurden die Mikroglia-
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Morphologie, die mikrogliale Transkription von krankheitsassoziierten Mikroglia-

Signaturgenen, die mikrogliale Phagozytose von AP, die B- und y-Sekretaseaktivitit, die

Transkription der AB-abbauenden Enzymgene Neprilysin und Insulin-abbauendes Enzym

sowie die Proteinkonzentrationen der AB-transportierenden Proteine LRP1 und ABCB1

in den isolierten Kapillaren bestimmt.

Wir haben die folgenden wichtigen Ergebnisse erzielt:

1)

2)

3)

4)

5)

Die Antibiotikabehandlung 16schte fast alle Darmbakterien aus, was zu einer
Verringerung der bakteriellen DNA im Gehirngewebe sowohl von IL-17a-
defizienten als auch von Wildtyp-APP-transgenen Miusen fiihrte;

Die Depletion von Darmbakterien reduzierte die IL-17a-exprimierenden CD4-
positiven T-Lymphozyten in Milz und Darm von APP-transgenen Mausen,;

Die Depletion von Darmbakterien hemmte die entziindliche Aktivierung sowohl
im Hirngewebe als auch in einzelnen Mikroglia, was durch Knockout des //-17a-
Gens umgekehrt wurde;

Die Depletion von Darmbakterien verringerte den AB-Spiegel in IL-17a-Wildtyp-
Mausen, aber nicht in IL-17a-defizienten APP-transgenen Miusen;

Die Depletion von Darmbakterien forderte die Transkription des Arc-Gens im
Gehirn von IL-17a-Wildtyp-, aber nicht von IL-17a-defizienten APP-transgenen
Mausen. Die Arc-Expression wird mit der Verbesserung der kognitiven Funktion

in Verbindung gebracht.

Zur weiteren Identifizierung moglicher Mechanismen, durch die die Depletion von

Darmbakterien die AB-Pathologie reguliert, haben wir die folgenden Ergebnisse:

1)

2)

3)

Die Depletion von Darmbakterien hemmte die B-Sekretase-Aktivitdt im Gehirn
von IL-17a-Wildtyp-, aber nicht von IL-17a-defizienten APP-transgenen Méusen,
was moglicherweise zu einer verringerten AB-Produktion fiihrte;

Die Depletion von Darmbakterien erhohte die Expression von ABCB1 und LRP1
im Gehirn oder an der BHS von IL-17a-Wildtyp-, aber nicht IL-17a-defizienten
APP-transgenen Méusen. ABCB1 und LRP1 sind fiir den AB-Efflux durch die
Blut-Hirn-Schranke verantwortlich;

Interessanterweise erhohte bereits der Knockout des /-1 7a-Gens die ABCB1- und

LRP1-Expression an der Blut-Hirn-Schranke;
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4) Die Depletion von Darmbakterien erhohte nicht die mikrogliale AB-Phagozytose

und den extrazelluldren AB-Abbau im Gehirn von APP-transgenen Méausen.

Zusammenfassend ldsst sich sagen, dass die Depletion von Darmbakterien die
entziindliche Aktivierung und die Amyloid-Pathologie in APP-transgenen Mausen iiber
IL-17a-beteiligte Signalwege abschwidcht. Unsere Studie trdgt zu einem besseren
Verstindnis der Darm-Hirn-Achse in der Pathophysiologie der Alzheimer-Krankheit bei
und unterstreicht das therapeutische Potenzial einer IL-17a-Hemmung oder einer
spezifischen Depletion von Darmbakterien, die die Entwicklung von IL-17a-

exprimierenden T-Zellen stimulieren.
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3 INTRODUCTION

3.1 Alzheimer’s Disease
3.1.1 Epidemiology of Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent dementia described by short-term
memory loss, language and orientation confusion, mood alteration, motivation loss, and
self-care and behavioral issues (Fabi 2024). AD affects more than 27 million people and
accounts for 60—70% of all dementia cases (Silva, Loures et al. 2019). The 2024 report
from the Alzheimer's Association estimated that 6.9 million adults > 65 years in the US
are currently living with AD. Modeling studies predict that this number will double by
2050 (Parums 2024). In a European, memory clinic-based cohort, median survival time
was 6 years after a diagnosis of AD dementia (median 6.2 years [range 6-0—6-5])
(Scheltens, De Strooper et al. 2021). The strongest risk factors for AD are advanced age
(older than 65 years, although this is not a fixed definition) and carrying at least one
APOE €4 allele. Moreover, women are more likely to develop AD than are men,

especially after the age of 80 years (Scheltens, De Strooper et al. 2021).

3.1.2 Pathophysiology of AD

The pathology of canonical AD dementia involves AB-containing extracellular senile
plaques that are found in a widespread distribution throughout the cerebral cortex and
tau-containing neurofibrillary tangles that occur initially in the medial temporal lobe,
followed by the isocortical regions of the temporal, parietal and frontal lobes (Knopman,

Amieva et al. 2021).

AP is a 40-42 amino acid peptide (~4 kDa) derived from the sequential proteolytic
cleavage of the amyloid precursor protein (APP) (Haass and Selkoe 2007). APP is
available in a variety of sizes ranging from 677 to 770 amino acids, with APP695 being
the most abundant in the brain und mainly generated by neurons. APP family members
have important physiological functions in the peripheral and central nervous systems
(Muller, Deller et al. 2017). There are two major processing pathways of APP

degradation: nonamyloidogenic und amyloidogenic pathways. In the nonamyloidogenic
7
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pathway a-secretase cleaves APP at the cell surface, releasing soluble ectodomain of APP
(sAPP-a) and a membrane-retained C-terminal fragment (CTF-a). The resulting CTF-a
is also cleaved by y-secretase to produce a truncated version of AP called p3 (Haass and
Willem 2019). These fragments do not form oligomers and appear to be benign. Some of
them may even have neuropretective effects (Haass and Willem 2019). In contrast,
through the amyloidogenic processing APP is first cleaved by B-secretase within its
ectodomain. This releases sAPP-f and generates CTF-B. CTF- is then cleaved by y-
secretase, which finally releases AP into the extracellular space as a monomer
(Thinakaran and Koo 2008). Owing to its sequence, AP (particularly AP 42) has a high
propensity to aggregate, which occurs in a concentration-dependent manner (Knopman,
Amieva et al. 2021). Only aggregated or oligomeric AP, but not the monomeric AP, is
neurotoxic and causes neuronal hyperactivity within the neighborhood of amyloid
plaques (Busche, Eichhoff et al. 2008). Following reports of weak associations between
senile plaque counts and cognitive impairment in AD patients and the finding that AP
oligomers rather than fibrillar Af may be the most neurotoxic AP conformation, the
hypothesis was revised to suggest that AP oligomers may initiate AD pathology (Loeffler
2024).

Synaptic loss is strongly correlated with cognition in patients with AD (DeKosky and
Scheff 1990). AP plaques are surrounded by a ring of soluble oligomeric AP and
decreased synaptic content that extends for ~50 um, marked by both a loss of presynaptic
and postsynaptic markers; given the large number of cortical plaques in patients with AD,
this amounts to a substantial number of lost synapses. Moreover, in animal models of
plaque deposition in which there is little neuronal loss, an additional 25% loss of synaptic
content in the neuropil between plaques can be observed; it is likely that a similar
phenomenon occurs in humans. These data suggest a strong interaction between the
oligomeric AP species thought to surround plaques and the neuropil and synaptic toxicity
(Spires, Meyer-Luehmann et al. 2005, Spires-Jones and Hyman 2014, Arbel-Ornath,
Hudry et al. 2017).
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3.1.3 AP clearance mechanisms

AP concentrations are increased in the brain in both early onset and late onset AD. In
early onset AD (EOAD), cerebral AP production is increased and its clearance is
decreased (Loeffler 2024). In late-onset AD (LOAD), which accounts for 90— 95% of AD
cases, the increase in cerebral AP has been attributed to impaired removal of AP (Loeffler
2024). AB is cleared from the brain by extracellular enzyme-mediated degradation and
the intracellular degredation through the endosomal-lysosomal system, the ubiquitin-
proteasome system, and autophagy (Ji, Cheng et al. 2018). Additional mechanisms
through which soluble AB can leave the brain include its efflux across the blood brain
barrier (BBB) and blood cerebrospinal fluid (CSF) barrier (BCSFB), glymphatic
drainage, and intramural periarterial drainage (IPAD) (Loeffler 2024).

3.1.3.1 Extracellular enzyme-mediated degradation

AP is degredated extracellular by secreted or membrane-bound proteases. More than 20
enzymes possessing AB-degrading ability have been reported (Nalivaeva, Belyaev et al.
2014). Among the amyloid-degrading enzymes (ADEs), neprilysin (NEP) and insulin-
degrading enzyme (IDE) are the most studied proteases.

One of the first ADEs in the brain to be identified was a cell-surface, zinc
metallopeptidase now known as NEP. The major activity of the enzyme degrading both
AP40 and AP42 in the brain was shown by examining AP degradation in NEP-deficient
mice and through the use of potent NEP inhibitors such as thiorphan (Iwata, Tsubuki et
al. 2001, Shirotani, Tsubuki et al. 2001). Viral gene delivery of NEP to the brain of AD
transgenic mice also was shown to reduce amyloid pathology (Marr, Rockenstein et al.
2003). Functional profiling of several ADEs in elderly and AD patients’ brains has
provided additional support for NEP as the major protease involved in A degradation
(Wang, Wang et al. 2010). NEP expression are altered in mild cognitive impairment
(MCI) subjects relative to non-impaired subjects in AD-susceptible regions (Huang,
Hafez et al. 2012). Reduced NEP mRNA levels were reported in the hippocampus and
temporal gyrus of AD patients suggesting a relationship between NEP activity and
deficient degradation of AP peptide leading to high number of senile plaques in these

brain areas (Yasojima, Akiyama et al. 2001). Studies on rat brain demonstrated that NEP
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mRNA and protein levels in the cortex and hippocampus significantly declined with age
and was being the highest in the first month of animal life when development of the
nervous system and its neuronal networks was the most active. On the contrary, in the
striatum, which is less affected by plaque pathology, NEP expression remained at a
relatively high level during advanced age (Nalivaevaa, Fisk et al. 2004, Nalivaeva,

Belyaev et al. 2012).

Another zinc metallopeptidase, insulin- degrading enzyme (IDE), also plays a significant
role in AP degradation in the brain. The secreted IDE is functional in extracellular A3
degradation and it appears to be routed via detergent-resistant membrane complexes into
exosomes for secretion, along with AP (Bulloj, Leal et al. 2010). Similarly to NEP,
reduced IDE levels were reported in the hippocampus of AD patients bearing the APOE-
¢4 allele (Cook, Leverenz et al. 2003). It was also shown that IDE declined with age in
human cortex and hippocampus and was more oxidized in the hippocampus of AD
patients compared to the cerebellum (Caccamo, Oddo et al. 2005). The McGill-Thyl-APP
transgenic mouse model of AD demonstrated significant down-regulation of IDE at the
preclinical early stage of AD pathology (Ferretti et al., 2011). Partial loss-of-function
mutation of the IDE gene in vivo impaired neuronal regulation of AP and increased Af
levels (Farris, Mansourian et al. 2004). Overexpression of IDE in neurons significnatly
reduced brain AP levels and retarded amyloid plaque accumulations in APP transgenic

mice (Leissring, Farris et al. 2003).

3.1.3.2 Intracellular degradation

Cells utilize different degradation strategies, including the ubiquitin—proteasome system
(UPS), autophagy, and the endosomal-lysosomal system (ELS), to prevent the
accumulation of misfolded or abnormal proteins, and to create a dynamic balance
between protein clearance and renewal or production. Dysfunction in these degradation
systems results in the accumulation of protein aggregates, which cause cellular
dysfunction, cognitive impairments, and cell death in the brain. Studies have suggested
that accumulation of AP in the AD brain results from a dysfunction in these cellular

clearance systems (Ji, Cheng et al. 2018).
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The ubiquitin- proteasome system (UPS) degrades unwanted or damaged proteins in the
cytoplasm. Ubiquitination first acts as a signal for protein degradation, mediated by three
different enzymes: the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating
enzyme (E2), and the ubiquitin-ligase enzyme (E3). Then ubiquitin-tagged proteins are
directed to the 26S proteasome for degradation (Zhang, Li et al. 2023). In the AD brain
the activity of the proteasome was significantly decreased in hippocampal gyrus, superior
and middel temporal gyri, and interior parietal lobe (Keller, Hanni et al. 2000, Zhang,
Chen et al. 2017). Several studies have also shown that A oligomers impair proteasome

activity and impede the function of the UPS (Tseng, Green et al. 2008).

Autophagy is essential for the removel of larger proteins and aggregates, and typically
proteins with long half-lives (>10h) (Chung, Hernandez et al. 2019). One prominent
feature of AD is neuronal loss accompanied by the presence of autophagic vacuoles (AVs)
within neuronal processes, including in synaptic regions. AVs have been observed in
human AD brains and in transgenic mice expressing mutant P301L Tau and are
considered as late-stage autophagic remnants, suggesting an impaired autophagic
pathway at the lysosomal degradation stage. Further, the expression of crucial autophagy
protein Beclin-1 declines in the brain of AD patients (Caponio, Veverova et al. 2022).
Genetic ablation of mTOR in Tg2576 mice promoted autophagy and rescued memory

deficits (Caccamo, De Pinto et al. 2014).

The endosomal-lysosomal network (ELN) is involved in memory and cognition in the
context of normal brain health. AP and the CTF-B peptide arising from the -secretase
cleavage of APP are generated mainly within endosomes, which are the first neuronal
organelles known to exhibit AD-specific neuropathology. Lysosomes are the principal
sites for the clearance of intracellular Ap and CTF-B. In AD, AP and CTF-$ accumulate
abnormally in ELN compartments. Furthermore, APOE €4 carriage has allele-specific
effects at every ELN level, from accelerating and accentuating endosome dysfunction and
impeding exosome release131 to causing lysosomal expansion and lysosomal membrane

permeabilization (Knopman, Amieva et al. 2021).
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3.1.3.3 AP efflux through BBB, BCSFB, glymphatic drainage, and IPAD

The BBB consists of capillary endothelial cells separated by tight junctions, adherens
junctions, and gap junctions (Stamatovic, Johnson et al. 2016). The BBB is supported by
astrocytes, pericytes, and extracellular matrix components (Loeffler 2024). The
percentage of AP cleared by the BBB was estimated by Qosa et al. to be 62% (Qosa,
Abuasal et al. 2014) and by Goulay et al. to be 85% (Goulay, Mena Romo et al. 2020). In
AD, BBB clearance of A is decreased by approximately 30% (Krohn, Lange et al. 2011).
The length and conformation of A influence its BBB clearance. AP 42 is cleared via the
BBB more slowly than AP 40 (Bell, Sagare et al. 2007) and BBB clearance of aggregated
AP has been suggested to be less effective than clearance of monomeric AP (Ito, Ohtsuki
et al. 2007). Low-density lipoprotein receptor-related protein 1 (LRP1) and ATP-binding
cassette sub-family B member 1 (ABCBI, also known as P-glycoprotein 1) have been
suggested to be key transporters in BBB clearance of cerebral AP (Storck, Hartz et al.
2018). LRP1 is expressed on the abluminal surface of the BBB while ABCB1 is expressed
on its luminal surface. The expression of these transporters on the BBB decreases during
normal aging (Osgood, Miller et al. 2017) and AD (Kang, Pietrzik et al. 2000, Wijesuriya,
Bullock et al. 2010).

The term BCSFB (blood-CSF-barrier) refers to the barrier posed by the tight junctions
between choroid epithelial cells to passage of solutes between CSF and blood (Loeffler
2024). The choroid plexus is a major component of the BCSFB (Redzic, Preston et al.
2005). The choroid plexus has an extensive capacity for taking up AP from CSF
(Crossgrove, Li et al. 2005). Active transfer of AP between CSF and peripheral blood
occurs in both directions across the choroid plexus, although movement of AP from CSF
to peripheral blood predominates (Crossgrove, Li et al. 2005). Impaired functioning of
the choroid plexus was suggested to be an early pathogenic event in late onset AD,
possibly preceding deposition of cerebral AP (Krzyzanowska and Carro 2012). The age-
related structural changes in the BCSFB are exacerbated in AD (Serot, Bene et al. 2000).
Functional changes in the BCSFB also occur in AD, e.g. increases of pro-inflammatory
gene expression (Kant, Stopa et al. 2018) and decreases of CSF production (Fishman

2002). CSF turnover is also reduced to about 40% (Silverberg, Mayo et al. 2003), which
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may contribute to the development of AD due to slower clearance of cerebral waste

products (Damkier, Brown et al. 2013).

The glymphatic System, in reference to glial-associated lymphatic drainage, was first in
2012 from Iliff et al. described als a pathway for cerebral clearance of AP and other
solutes via the paravascular space (Iliff, Wang et al. 2012). In the glymphatic system,
CSF enters the brain through para-arterial spaces (Rennels, Gregory et al. 1985). After
mixing with the brain interstitial fluid (ISF) CSF leaves the brain through paravenous
spaces (Iliff, Wang et al. 2012). Movement of CSF from the subarachnoid space into the
brain, as well as efflux of ISF from the brain, has been suggested to be driven by bulk
flow rather than diffusion (Loeffler 2024). Iliff et al. observed that cerebral clearance of
radiolabeled AP 40, after its intrastrial injection, was decreased by 55% in mice lacking
the water channel protein aquaporin-4 (AQP4) compared to its clearance in wildtype mice
(Iliff, Wang et al. 2012). This finding suggested that drainage via the paravascular space
may play an important role in AP clearance from the brain. Altered AQP4 expression and
localization in reactive astrocytes under neuropathological conditions may contribute to
deranged interstitial bulk flow and a resulting failure in the clearance of neurotoxic solutes
such as AB (Hamby and Sofroniew 2010, Iliff, Wang et al. 2012). Notably, reduction in
glymphatic drainage of AP in APP/PS1 mouse model of AD was detected in 3-4-month
old mice, prior to the development of extensive AP pathology (Loeffler 2024).

Through the IPAD the drainage of solutes from brain parenchyma occurrs along basement
membranes of capillaries and arteries und in the opposite direction to the flow of blood
(Carare, Bernardes-Silva et al. 2008). The solutes draining from the brain is emptied into
cervical lymph nodes via dural lymphatic vessels (Aspelund, Antila et al. 2015). Studies
in mice with intracerebrally injected AP have shown that its drainage follows the same
pattern as tracer dyes (Morris, Carare et al. 2014). A similar pattern of deposition of AP
along cerebral arteries and capillaries is found in cerebral amyloid angiopathy (CAA),
reflecting failure of AP to be cleared from these vessels (Preston, Steart et al. 2003,
Morris, Carare et al. 2014). Blockage of lymphatic drainage of ISF and solutes from the
brain by CAA may result in loss of homeostasis of the neuronal environment that may

contribute to neuronal malfunction and dementia (Weller, Djuanda et al. 2009).
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3.2 Microglia

Microglia are innate immune cells in the central nervous system (CNS) und are essential
in maintainung neural health and homeostasis. They play an important role in the early

brain development, synaptic prunning and responding to injury or disease.

3.2.1 Microgia physiology

Microglia are derived from the yolk sac myeloid precursors, which are then transported
to the embryonic head with blood flow and later migrate to the developing brain using
specific matrix metalloproteinases (Kierdorf, Erny et al. 2013). Maintenance of the
microglial population following this migration is mostly independent of bone marrow-
produced circulating monocytes and relies on the self-renewal of microglia. Similarly to
other tissue-resident macrophages, microglial populations are replenished exclusively
from brain-resident cells through an IL-1a-dependent pathway (Bruttger, Karram et al.

2015).

Microglial activity is believed to synchronize with the development, maturation and
senescence of the CNS throughout life via the adoption of different regulatory networks
and has important roles in developmental synaptic pruning, neuronal apoptosis,
maintenance of synaptic plasticity and immune surveillance (Salter and Stevens 2017,

Leng and Edison 2021).

Microglia have highly dynamic processes and continually survey their local environment.
It is estimated that resident microglia scan the entire volume of the brain over the course
of a few hours, suggesting that they have homeostatic functions in the healthy brain. The
fine processes of microglia continuously contact neurons, axons, and dendritic spines.
Moreover, process motility can change dramatically in response to extracellular stimuli,
including neuronal activity and neurotransmitters (Salter and Stevens 2017). In the
presence of an endogenous or exogenous pathological insult, classes of microglial surface
receptors, termed damage-associated molecular patterns and pathogen-associated
molecular patterns, can recognize pathogens, cell debris or abnormal proteins (including
AP species) and induce a microglial response (Leng and Edison 2021). Activated

microglia internalize the pathogenic species via pinocytosis, phagocytosis or receptor-
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mediated endocytosis and try to degrade them through various endocytic pathways as
well as by activating the expression of relevant gene modules, including chemokine
receptors and interferons, which are major components of the neuroinflammatory process

(Leng and Edison 2021).

Numerous studies suggest that microglia are crucial regulators of activity-triggered
synaptic plasticity, adult neurogenesis, and learning and memory. Changes in microglial
number or function during development, for example, through the deletion of
transforming growth factor (TGF)-§ in the CNS or by knocking out CX3CR1, results in
aberrations in neuroplasticity in adulthood. But more importantly, eliminating microglia
in the adult or blocking the cells' ability to make brain-derived neurotrophic factor
(BDNF) leads to impaired synaptic plasticity, and learning and memory (Salter and
Stevens 2017).

3.2.2 Microglia in the pathology of AD

A prominante pathological feature of AD brain is the activation und recruitment of
microglial cells to amyloid plaques. Systems-level analyses of gene regulatory networks
in postmortem human LOAD brain specimens have identified the immune/microglial
molecular network as most highly associated with pathophysiology in LOAD (Zhang,
Gaiteri et al. 2013). A detailed morphological analysis of microglial activation state in
brain specimens from two cohorts of cognitive aging found that the proportion of
activated microglia strongly correlated with presence of pathologic AD (Long and

Holtzman 2019).

Due to their close association with AP plaques, microglia have been suggested to be
causally involved in various steps of AP plaque formation, including plaque seeding,
plaque compaction, and plaque isolation (Fruhwurth, Zetterberg et al. 2024). In 5xFAD
mice, efficient depletion of microglia using colony stimulating factor 1 receptor (CSFI1R)
inhibitors before AD onset reduced AP plaque seeding, in particular the formation of
dense-core plaques within cortical regions (Spangenberg, Severson et al. 2019). Another
study has found that microglia depletion before plaque deposition enhanced neuritic
dystrophy and increased diffuse-like plaques while fewer compact-like plaques was
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observed (Casali, MacPherson et al. 2020). Microglial repopulation led to subsequent
plaque remodeling, resulting in more compact plaques predominating microglia-
repopulated regions (Casali, MacPherson et al. 2020). The clustering of microglia around
plaques has been suggested to exert a barrier function that increases plaque compaction
while decreasing neuritic dystrophy (Condello, Yuan et al. 2015, Fruhwurth, Zetterberg
et al. 2024). Inhibition of microglial proliferation in APP/PS1 mice resulted in an
improved performance in memory and behavioural tasks and a prevention of synaptic
degeneration, although these changes were not correlated with a change in the number of
AP plaques (Olmos-Alonso, Schetters et al. 2016). These studies suggest that microglia
might be involved in the different steps of AP accumulation in mice, and that the exact

role of microglia might depend on the disease stage.

Microglial AP phagocytosis is a critical mechanism for A clearance but is impaired with
the progression of AD. By using 2-photon intravital imaging in live mice, it was showed
that the formation of AP plaques rapidly recruits microglia that actively participate in
phagocytosis (Wang and Colonna 2019). Larger plaques were associated with larger
microglia, and the size of some plaques increased or decreased over time in parallel with
the volume of associated microglia (Wang and Colonna 2019). In mice, genetic defects
in different receptors or proteins involved in phagocytosis result in neurodegeneration
and may be responsible for increased amyloidosis in mouse models of AD (Lucin,
O'Brien et al. 2013). Conversely, driving microglial activation towards a more phagocytic
phenotype reduces AP pathology in mouse models of AD (Lucin, O'Brien et al. 2013).
The genome-wide association studies suggest that microglial phagocytic receptors may
have a critical role in AD. TREM2 protein is expressed on microglia, promotes microglial
phagocytosis, modulates inflammatory signaling and promotes microglial survival (Long
and Holtzman 2019). Rare variants in TREM2 triple the risk of developing AD and
represent one of the strongest known risk factors (Lucin, O'Brien et al. 2013). Microglia
that express TREM2 have an enhanced ability to bind to and phagocytose AP aggregate;
however, loss of TREM2 function results in reduced phagocytosis of A, exacerbating
plaque accumulation and contributing to increased neuroinflammation and
neurodegeneration (Shi, Gutierrez et al. 2024). TREM?2 also directly interacts with AP,
influencing the trafficking and internalization of AP aggregates into microglia (Shi,

Gutierrez et al. 2024). The autophagy protein beclin 1 is required for efficient
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phagocytosis in vitro and in mouse brains. Beclin 1-mediated impairments in
phagocytosis are associated with impaired recycling of phagocytic receptors CD36 and
TREM2 (Lucin, O'Brien et al. 2013). LC3-associated endocytosis (LANDO) is required
for the recycling of putative A receptors (CD36, TREM2, and TLR4) from internalized
endosomes to the plasma membrane. In 5XFAD AD mouse model microglia-specific
deletion of the LANDO related genes resulted in exacerbated AP deposition and plaque
formation, reactive microgliosis, tau hyperphosphorylation, and neuronal cell death and

dysfunction, leading to significant memory impairment (Heckmann, Teubner et al. 2019).

Microglia are the principal mediators of inflammation in response to A accumulation,
and their contribution to neuroinflammation is highly correlated to the progression of
neurodegeneration (Heckmann, Teubner et al. 2019). Microglia are traditionally believed
to adopt two distinctive microglial phenotypes, namely, the M1 (neurotoxic) and M2
(neuroprotective) subtypes (Xu, Au et al. 2022). M1 microglia express pro-inflammatory
cytokines such as IL-1B, IL-6 and TNF-a, ROS and nitric oxide (NO), whereas M2
microglial phenotype is characterized by the production of anti-inflammatory cytokines
(IL-4, IL-10, IL-13, and TGF-B), neurotrophic factors (IGF-1) and increased expression
of inflammatory mediators that promote phagocytosis of cellular debris and misfolded
proteins, neuronal survival, tissue repair and wound healing processes (Chi313, FIZZ1,
and Arg-1) (Xu, Au et al. 2022). During AD pathogenesis, the phagocytic activity of
microglia seems to decline, while the production of proinflammatory cytokines and
neurotoxic molecules escalates (Wang and Colonna 2019). Quantitative PCR analysis of
freshly isolated microglia revealed that microglia from old APP/PS1 mice, but not from
younger mice, had a 2- to 5-fold decrease in expression of the AB-binding scavenger
receptors A, CD36, and receptor for advanced-glycosylation endproducts, and the AB-
degrading enzymes IDE, neprilysin, and MMP9, compared with their littermate controls.
In contrast, APP/PS1 microglia had a 2.5-fold increase in the proinflammatory cytokines
IL-1B and TNFa (Hickman, Allison et al. 2008). However, recent molecular analyses
suggest that the M1 and M2 states are oversimplified and that microglial activation
mechanisms may produce a variety of microglial subtypes (Shi, Gutierrez et al. 2024).
Transcriptomic analysis at single-cell resolution identified functionally and phenotypic
distinct microglial subtypes that closely associate with the pathogenesis of AD, namely

the disease-associated microglia (DAM). Before the disease onset, homeostatic microglia
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expressed high levels of microglia-specific marker genes including P2ry12, Cx3crl, and
Tmeml19, and the expression was gradually declined when microglia were activated
during the disease progression (Xu, Au et al. 2022). Two sequential but distinct stages in
DAM activation were identified in 5XFAD mice. The first step, which is Trem2-
independent, involves activation of a set of genes, including the Trem?2-signaling adaptor
Tyrobp, Apoe, and B2m, concomitantly with downregulation of microglia homeostatic
factors (e.g., Cx3crl and P2ryl12/P2ryl13). The second phase of DAM activation,
including induction of lipid metabolism and phagocytic pathways (e.g., Lpl, Cst7, and
CD9), was found to be Trem2-dependent (Keren-Shaul, Spinrad et al. 2017).
Immunostaining of DAM-specific genes together with AP plaques identified enhanced
phagocytic activity of DAM cells and their functional conservation in both mice and

human AD brains (Keren-Shaul, Spinrad et al. 2017).

Microglia have been shown to be both beneficial and detrimental during the onset and
progression of AD. It is proposed, that early microglial recruitment promotes Af
clearance and is neuroprotective in AD, as disease progresses, proinflammatory cytokines
produced in response to AP deposition downregulate genes involved in A clearance and

promote AP accumulation (Hickman, Allison et al. 2008, Wang and Colonna 2019).

3.3 Gut microbiota

The intestinal microbiota has significant functions in various aspects, such as the immune
system modulation (development and maturation), the maintenance of the intestinal
barrier integrity, the modulation of neuromuscular functions in the intestine, and the
facilitation of essential metabolic functions for both the microbiota and the host (Fabi
2024). Not only has the gut microbiota been invoked as a contributor to, if not the cause
of, every gastrointestinal ailment but its influence has been extended far afield to impinge
on the lungs, joints, endocrine organs, vascular system, and the nervous system (Quigley

2017).

3.3.1 The origin and composition of the gut microbiota

The human microbiota begins to form in the intrauterine period via the bloodstream. At

birth the type of delivery is an essential factor in the installation of the newborn’s
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microbiota (Fabi 2024). Vaginally delivered infants acquired bacterial communities
resembling their own mother’s vaginal microbiota, dominated by Lactobacillus,
Prevotella, or Sneathia spp., and Cesarean section-delivered infants harbored bacterial
communities similar to those found on the skin surface, dominated by Staphylococcus,
Corynebacterium, and Propionibacterium spp. (Dominguez-Bello, Costello et al. 2010).
Breast milk is the primary modulator of the gut microbiota. Breastfed children have
higher amounts of Lactobacillus and Bifidobacterium in the stool (Fabi 2024). The
maturation of the gut microbiota occurs up to 3 years of age, however, colonization can
be altered by factors such as lifestyle, exposure to medications, environmental factors,

aging, body changes, and comorbidities (Fabi 2024).

It is estimated that 10'* microorganisms reside in the adult gastrointestinal (GI) tract
which amounts to 10 times the number of human cells in the body, the majority of which
are comprised of bacteria from 500 to 1000 different species that vary in stability,
diversity, and number throughout development and across different human populations
(Burokas, Moloney et al. 2015). The most populous bacterial phyla, constituting more
than 90% of the intestinal microbiota, are Bacteriodetes and Firmicutes, with
Bacteroidaceae and Prevotellaceae being the most abundant families of Bacteriodetes and
Ruminococcuceae of Firmicutes (Fabi 2024). Important physiological conditions like pH,
bile content, and transit time vary along the GI tract and contribute to distinct microbial
communities inhabiting the upper and lower GI tract (Ruan, Engevik et al. 2020). The
small intestine is dominated by rapidly dividing facultative anaerobes such
as Proteobacteria and Lactobacillales because of the metabolism, which favors simple
sugar and amino acid metabolism (Ruan, Engevik et al. 2020). The great diversity of
microorganisms is found in the colon due to the fermentation of complex carbohydrates
(Fabi 2024). The predominant colonic bacterial phyla in the healthy human
are Bacteroidetes, Firmicutes, Verrucomicrobia, Proteobacteria, and
Actinobacteria (Ruan, Engevik et al. 2020). Several studies have attempted to define a
human intestinal core microbiota. Longitudinal analysis and cross-sectional comparisons
of fecal 16S rRNA have revealed that a significant fraction of bacterial phylotypes is
continuously present and thus comprises a stable microbial core. These core microbes
include Bacteroides, Eubacterium, Faecalibacterium, Alistipes, Ruminococcus,

Clostridium, Roseburia, and Blautia; with Faecalibacterium prausnitzii, Oscillospira
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guillermondii, and Ruminococcus obeum as the top three taxa shared by all adults (Ruan,

Engevik et al. 2020).

3.3.2 Microbiota-gut-brain axis and the gut microbiota metabolites

The gut-brain axis is a bidirectional channel of communication between the “big brain”
in the cranium and the “little brain” (i.e., the enteric nervous system) in the abdomen
linked by neurons of the sympathetic and parasympathetic nervous systems, as well as by
circulating hormones and other neuromodulatory molecules (Quigley 2017). This axis
has now been extended to include the microbiota (the microbiota-gut-brain axis) and
building on indications suggest that the resident bacteria in the GI tract influence the CNS
(Quigley 2017). The interactions between the gut microbiota, the parasympathetic
nervous system, the immune system and the different cells located in the gut can occur
by direct contact or indirectly through the secretion of a plenty of specific products and
metabolites (Ortega, Alvarez-Mon et al. 2023). The microbiota is suggested to produce
and metabolize neurotransmitters such as GABA, tryptophan, polyamines, and histamine.
The gut microbiota also produce short-chain free fatty acids (SCFAs, i.e., acetate,
butyrate and propionate) that promote the maturation of microglia, innate immune
responses and energy metabolism in a homeostatic state (Erny, Dokalis et al. 2021).
Dietary SCFA supplementations in AD mice reshaped the homeostasis of microbiota and
alleviated the cognitive impairment by reducing AP deposition and tau

hyperphosphorylation (Sun, Zhang et al. 2023).

3.3.3 Gut bacteria in the pathogenesis of AD

The microbial composition in the gut undergoes alterations in both AD patients and
mouse models (Vogt, Kerby et al. 2017, Dunham, McNair et al. 2022, Meyer, Lulla et al.
2022, Zhang, Gao et al. 2023). A prospective study of cognitively healthy individuals
revealed that a decrease in butyrate-producing bacterial species (e.g., Roseburia
inulinivorans and R. faecis) or an increase in pro-inflammatory bacteria (e.g., Veillonella
dispar and V. atypica) correlates with subjective cognitive decline over a follow-up
period of 2 to 4 years (Ma, Li et al. 2023). Transplantation of gut bacteria from AD
patients to gut bacteria-depleted rats results in impaired neurogenesis and cognitive

function (Grabrucker, Marizzoni et al. 2023). Gut bacteria-free APP-transgenic or App™*-
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%F knock-in AD mice also exhibit reduced AP deposition and microgliosis in the brain
(Minter, Zhang et al. 2016, Harach, Marungruang et al. 2017, Minter, Hinterleitner et al.
2017, Dodiya, Kuntz et al. 2019, Kaur, Nookala et al. 2021). Consequently, gut bacteria
play an important role in AD pathogenesis, though the mechanism of how gut bacteria

impact brain pathology in AD remains to be investigated.

However, the specific profile of intestinal bacteria associated with AD has not yet been
defined. There is often a decrease in bacterial abundance in Firmicutes phylum, an
increase in Proteobacteria phylum, and both a decrease and an increase in the proportion
of Bacteroidetes bacteria (Vogt, Kerby et al. 2017, Liu, Wu et al. 2019, Murray, Kemp et
al. 2022, Zhang, Gao et al. 2023). At the family and genus levels, the variability of results
regarding AD-specific bacterial changes is even greater across different studies. For
example, a consistent decrease in bacteria of the genus Butyricicoccus or Coprococcus or
an increase in the genera Escherichia/Shigella (three genera are not changed in the same
study) in AD patients is only found in two out of twenty independent studies (Zhang, Gao
et al. 2023). Butyricicoccus and Coprococcus produce butyrate, which prevents excessive
inflammation in the gut (Cattaneo, Cattane et al. 2017, Vital, Karch et al. 2017), while
Escherichia/Shigella releases toxins and promotes inflammatory activation in the human
body (Cattaneo, Cattane et al. 2017). The variability in research findings also exists in
AD animals (Zhang, Gao et al. 2023). It is a challenge to investigate the precise role of
different bacterial taxa in AD pathogenesis. Germ-free or broad-spectrum antibiotic-
treated mice are still often used to study the molecular mechanisms by which gut bacteria

influence brain pathology in AD.

An important mechanism mediating the gut-brain axis is that gut bacteria produce SCFAs.
Administration of SCFAs to germ-free or antibiotic-treated AD mice restores microglial
proliferation and inflammatory activation; however, the effects on AP phagocytosis and
AP accumulation in the brain are inconsistent between different studies (Colombo, Sadler
et al. 2021, Erny, Dokalis et al. 2021, Xie, Bruggeman et al. 2023). Whether SCFAs act
directly on microglia also remains unclear. We found that SCFA receptors, G protein-
coupled receptor (Gpr) 41 and Gpr43 are absent in murine microglia (Quan, Luo et al.
2021); however, deficiency of Gpr4l and Gpr43 likely inhibits microglial maturation

under physiological conditions (Erny, Hrabe de Angelis et al. 2015) and increases
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microglial density and AP deposits in the brain of APP-transgenic mice (Zhou, Xie et al.
2023). Deficiency of the butyrate receptor Gprl09a, which is highly expressed in
microglia (Quan, Luo et al. 2021), has limited effects on microglial activation (Zhou, Xie
et al. 2023). Since the SCFAs produced by intestinal bacteria activate Gpr41, Gpr43 and
Gprl09a, promote anti-inflammatory properties and regulate the development of
interleukin (I1)-17a or I1-10 producing T cells in the gut (Singh, Gurav et al. 2014, Dupraz,
Magniez et al. 2021, Zhou, Xie et al. 2023) we hypothesized that gut bacteria alter
microglial activation (Erny, Hrabe de Angelis et al. 2015) and brain pathology through
circulating T lymphocytes.

Intestinal bacteria may also release structural components into the blood and bacteria
themselves may even spread in the brain, both of which can directly activate microglia.
Blood concentrations of lipopolysaccharide (LPS) together with inflammatory cytokines,
e.g., IL-1pB and tumor necrosis factor (TNF)-a, are increased in AD patients compared to
non-AD individuals with and without cognitive impairment (Marizzoni, Mirabelli et al.
2023). Components of Porphyromonas gingivalis, a bacterium often existing in chronic
periodontitis, were found in the brains of AD patients (Dominy, Lynch et al. 2019). We
have observed that bacterial receptors CD14 and Toll-like receptor (TLR)-2 are receptors
for aggregated AP (Fassbender, Walter et al. 2004, Liu, Walter et al. 2005, Liu, Liu et al.
2012), implying that AP and bacterial components share receptors on microglia in the
brain. MyD88 is an adaptor protein that is down-stream of most TLRs (O'Neill,
Golenbock et al. 2013). Our previous studies showed that deficiency of CD14, TLR2,
TLR4, or MyD&8 inhibits inflammatory activation of microglia, reduces cerebral A and
improves cognitive function in APP-transgenic mice (Liu, Walter et al. 2005, Walter,
Letiembre et al. 2007, Hao, Liu et al. 2011, Liu, Liu et al. 2012, Quan, Luo et al. 2021).
Antibiotic therapy for AD patients has attracted interest (Panza, Lozupone et al. 2019). A
large cohort study suggests that sporadic use of antibiotics in older adults may decrease

the risk of dementia (Rakusa, Fink et al. 2023).

3.4 Interleukin-17

Interleukin-17 (IL-17) cytokine family members have diverse biological functions,

promoting protective immunity against many pathogens but also driving inflammatory
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pathology during infection and autoimmunity (Mills 2023). IL-17 has also been revealed
to have a strong association with neuroinflammation and the microbiota—gut—brain axis
(Lu, Zhang et al. 2023). Therefore IL-17 may be important in the pathogenesis of AD.

The precise correlations require further explorations.

3.4.1 Physiological functions of IL-17

The IL-17 family comprises six members (IL-17A to IL-17F) that mediate their biological
functions through the IL-17 receptors (IL-17RA to IL-17RE) (Mills 2023). The most
studied IL-17 family member, IL-17A, was firstly identified in 1993 from a T cell
hybridoma and was initially named cytotoxic T lymphocyte-associated antigen 8
(CTLAS) (Rouvier, Luciani et al. 1993). Its encoding protein was 57% homologous to
the putative protein encoded by the ORF13 gene of herpesvirus Saimiri, a T lymphotropic
virus (Rouvier, Luciani et al. 1993). IL-17B to IL-17F were identified based on homology
with IL-17A (Mills 2023).

IL-17 is mainly derived from CD4" T helper 17 (Th17) cells and is the main effector
cytokine of Th17 cells. However, studies indicated that other lymphocytes involved in
innate or adaptive immunity can also secrete IL-17A, such as y5-T cells, af-T cells,
invariant natural killer T (iNKT) cells, CD8+ T cells [cytotoxic T cells 17 (Tc17)], and
type 3 innate lymphocytes (ILC3) (Lu, Zhang et al. 2023). Additionally, astrocytes and
microglia of the CNS also express IL-17 (Amatya, Garg et al. 2017).

IL-17-mediated inflammation is crucial for microbial clearance by rapidly mediating the
chemokine recruitment of neutrophil and promoting antimicrobial peptide (AMP)
production in acute inflammation (Lu, Zhang et al. 2023). IL-17-secreting cells play a
central role in protective immunity to Candida and other fungal pathogens (Mills 2023).
Individuals with inborn defects in IL-17 immunity display severe and chronic skin and
mucosal candidiasis (Puel, Cypowyj et al. 2011). Patients treated with anti-IL-17
monoantibodies have an increased risk of developing oropharyngeal, oesophageal and
cutaneous candidiasis (Davidson, van den Reek et al. 2022). Studies in mouse models
showed enhanced fungal burden post challenge in mice lacking IL-17 or its receptor.

Dramatically increaced fungal burden in the kidney und substantially reduced survival
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after systemic challenge with Candida albicansin in IL-17AR knockout mice was
associated with impaired mobilization of peripheral neutrophils and their influx to
infected organs (Huang, Na et al. 2004). Studies in mouse models with bacterial
infektions showed that IL-17 can not only promote indirect recruitment of neutrophils by
inducing chemokine production, but also directly activate bacterial killing by neutrophils
and macrophages (Mills 2023). The role of IL-17 in immunity to viruses is still unclear.
IL-17 secreting cells may be protective in influenza A infection bei promoting neutrophil
influx into the lung. The blocking antibody to IL-17 increases weight loss and reduces

survival (Hamada, Garcia-Hernandez Mde et al. 2009).

In addition to its protective role, IL-17 can also promote detrimental inflammation in
response to infection. In a mouse model of Infection with Cryptococcus deneoformans,
an opportunistic intracellular growth fungal pathogen, IL-17A was quickly produced by
vOT cells at an innate immune phase in infected lung and suppressed the protective Th1
cell responses required for fungal clearance (Sato, Yamamoto et al. 2020). In sepsis
models, IL-17 was associated with abscess formation following Bacteroides fragilis
challenge in Tu2-impaired Stat6” mice and treatment with anti-IL-17 mAbs prevented
abscess formation after bacterial challege (Chung, Kasper et al. 2003). IL-17 can also
promote inflammatory pathology during viral infection. In patients with different chronic
hepatitis B virus (HBV)-related diseases the expression of IL-17 is significantly
increased, and the level of IL-17 is strongly correlated with the degree of liver fibrosis
(Wang, Chen et al. 2011). In COVID-19 patients with pulmonary sequelae Th17 cells are
expanded und activated even if one year after discharge (Wu, Tang et al. 2021).

By dysregulation IL-17 responses can drive the pathology in autoimmune und
inflammatory diseases. IL-17 has a well-established role in the pathology of psoriasis,
psoriatic arthritis and ankylosing spondylitis. A range of highly effective therapeutics that
target the IL-23—-IL-17 pathway are in widespread clinical use (Mills 2023). IL-17
expression is increased in the mucosa und serum in patients with active ulcerative colitis
or Crohn’s disease but is not detected in samples from normal colonic mucosa, infectious
colitis, or ischaemic colitis (Fujino, Andoh et al. 2003). Studies in the experimental
autoimmune encephalomyelitis (EAE) mouse model of multiple sclerosis (MS) have

provided convincing evidence that IL-17 is a key pathogenic cytokine (Mills 2023).
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3.4.2 1L-17 and microbiota-gut-brain axis

IL-17 has been shown to transduce inflammatory signals through the microbiota—gut—
brain axis (Lu, Zhang et al. 2023). Growing evidences have demonstrated that gut
microbiota modulate immune responses to gastrointestinal resident bacteria in IL-17A-
dependent manner and gut microbiota-induced IL-17A play positive roles on the normal
immune cell maintenance and homeostasis in intestinal mucosal immunity (Douzandeh-
Mobarrez and Kariminik 2019). Segmented filamentous bacteria (SFB), a relatively low-
abundance microbial population in the ileum, can induce the generation of RORyt"Th17
cells in the tissue-associated lymph nodes in the gut, although the excessive activation of
RORyt'Th17 cells might lead to autoimmune diseases (Wang, Yuan et al. 2024). Studies
in mice lacking IL-17R, particularly on intestinal epithelial cells, demonstrated a delicate
balance between IL-17 and the microbiota: IL-17 routinely regulates bacterial growth,
potentially leading to intestinal ecological dysregulation, which in turn drives the
activation of Th17 cells, resulting in increased IL-17 secretion (Lu, Zhang et al. 2023).
IL-17A and IL-17F are considered to be the modulators of the intestinal microbiota. In
mice deficient for IL-17A and IL-17F alterations of the intestinal microbiota were
correlated with EAE resistance. Moreover, through experimental manipulation of the IL-
17—sensitive microbiota, the EAE susceptibility in IL-17—-deficient mice could be
reestablisched (Regen, Isaac et al. 2021). Although no epidemiological data linking
intestinal microbiota to stroke risk or stroke outcome are yet available, inflammatory
bowel disease and Crohn’s disease, which have been linked to altered gut flora and
increased intestinal IL-17 production, have been identified as risk factors for stroke
(Benakis, Brea et al. 2016). IL-17 and IL-17 inucing gut microbiota contribute to degree
of lesion severity following ischemic stroke (Majumder and McGeachy 2021).
Conversely, by regulating gut microbiota, IL.-17 can alter systemic microbial products
that are increasingly thought to affect mental health, and Th17 cells were increased and

promoted depression-like symptoms in mouse models (Majumder and McGeachy 2021).

In addition, some neurotransmitters in the microbiota-gut-brain axis can interact with IL-
17. Gamma-aminobutyric acid (GABA) is the most abundant inhibitory neurotransmitter
and is widely distributed in the mammalian brain. It has already been stated the production

of GABA by some bacteria present in the gut microbiota, thus demonstrating gut
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microbiota modulation can influence the levels of circulating GABA (Fabi 2024).
Enterotoxigenic Escherichia coli (ETEC) infection induced expression of intestinal IL-
17 and dysbiosis of intestinal microbiota, increasing abundance of GABA-producing
Lactococcus lactis subsp. lactis. Antibiotics treatment in mice lowered the expression of
intestinal IL-17 during ETEC infection, while GABA or L. lactis subsp. lactis

administration restored the expression of intestinal IL-17 (Ren, Yin et al. 2016).

3.43 IL-17in AD

Several emerging studies have suggested a pivotal role for the IL-17 cytokine family in
the neurodegenerative diseases such as AD. However the precise effect of IL-17 in
ameliorating or exacerbating the neuropathogenesis of AD remains unclear. Current
understandings have highlighted that IL-17 may contribute in the progression and
worsening of pathophysiology of AD by activating glial cells. An increased population
of circulating Th17 cells and its enhanced infiltration into brain is reported in patients
with mild cognitive impairment and in AD models (Gautam, Pulivarthi et al. 2023). In an
animal study, Injection of APi.4 bilaterally into hippocampus of rats resulted in
disruption of BBB und infiltration of Th17 cells into brain parenchyma. The expression
of IL-17 and IL-22 was increased in the hippocampus, and concentrations of the two
cytokines were elevated in both the CSF and the serum in AD occurence and development
(Zhang, Ke et al. 2013). In contrast, overexpression of IL-17A in an AD mouse model
did not exacerbate neuroinflammation, but decreased the level of soluble AP in the CSF
and hippocampus as well as improved the metabolism of glucose (Yang, Zeng et al.
2019). In several reports, serum levels of IL-17 in AD patients was elevated and
significant higher concentration of IL-17 was observed in females (Doecke, Laws et al.
2012, Chen, Jiang et al. 2014). However, two distinct human cohort studies reported that
the IL-17A level was decreased in AD patients compared to healthy controls (Chen, Liu
et al. 2020).

In recent years, the microbiota—gut—brain axis has received expanding interest in the
pathogenesis of AD, and patients with AD can exhibit alterations in both the gut
microbiota and blood proinflammatory cytokine profiles (Lu, Zhang et al. 2023). It has
been reported that microbiota-derived SCFAs, particularly propionate, reduce IL-17 and
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IL-22 production by intestinal yo6 T cells in mice; moreover, the production of IL-17 by
human IL-17-producing yd T cells from patients with inflammatory bowel disease is
regulated by propionate (Dupraz, Magniez et al. 2021). In AD mice treatment with 27-
hydroxycholesterol resulted in further excerbation of cognitive deficits, which was
associated with elevated levels of IL-17 in serum and intestinal plasma, and decreased
levels of SCFAs such as propionate and butyrate (Wang, An et al. 2020). Long-term
antibiotic exposure reduces Th17 cells in the gut (Drummond, Desai et al. 2022). The
question arises as to whether inhibition of IL-17a signaling mediates the efficacy of

potential antibiotic therapy in AD.

Germ-free mice generate fewer I1-17a-producing CD4(+) T help (Th17) lymphocytes but
more CD4(+)CD25(+)Foxp3(+) regulatory T (Treg) cells in the gut and spinal cord,
which is associated with resistance to EAE in mice (Lee, Menezes et al. 2011). Depletion
of intestinal bacteria by antibiotics reduces the accumulation of II-17a-producing yo T
cells in the leptomeninges and ameliorates brain injury in a stroke mouse model (Benakis,
Brea et al. 2016). In APP-transgenic mice, reductions in cerebral AP deposition and
microglia after gut antibiotic treatments correlate with increased levels of Foxp3+ Treg
cells in blood and brain (Minter, Hinterleitner et al. 2017). However, transient depletion
of Treg cells was shown to regulate microglia or/and infiltrated macrophages with
differential effects on AP clearance and cognitive protection in two studies (Baruch,
Rosenzweig et al. 2015, Dansokho, Ait Ahmed et al. 2016). Our recent study showed that
deficiency of p38a-MAPK in peripheral myeloid cells decreases Th17 cells, which
possibly increases microglial activation and AP clearance in AD mice (Luo, Schnoder et

al. 2022).

Taken together, recent findings have highlighted the involvement of IL-17 in the AD
pathophysiology both in AD patient and in animal model. However, the role of IL-17 in
regulation of the AD pathogenesis is controversal discussed. Changes of IL-17 level or
Th17 cells have been shown in animal models treated with microbiota-derived component
or antibiotics. Therefore, we asked whether Il-17a-expressing cells mediate the effects of
gut bacteria on AD pathology. This may contribute to a better understanding of IL-17 and
its related signaling pathways in the AD pathogenesis and may be helpful in exploring

therapeutic approaches targeting 1L-17.
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AIM OF THIS WORK

4 AIM OF THIS WORK

As we described in the introduction, gut bacteria change in AD patients and in animal
models and influence AD pathology. However, it remains unclear how gut bacteria alter
AD pathology in the brain. There is growing evidence that gut bacteria impact the brain
GABA via the vagus nerve and indirectly through the release of bacterial metabolites and
the retraining of immune cells, i.e. T lymphocytes. However, it is largely unknown which

molecules link the gut and brain and mediate the development of AD.

In this project, we aimed to answer the following questions:

1) How does depletion of gut bacteria (establishment of germ-free status) regulate brain
pathology in APP-transgenic mice, in particular, what changes are there in
inflammatory signature of microglia and in Ap pathology?

2) Which mechanisms mediate the changes in AP pathology, in particular with a focus
on B- and y-secretases-mediated AP production, microglial internalization of AP,
extracellular degradation of AP and AP efflux from the brain to the circulation across
the blood-brain barrier?

3) How does depletion of gut bacteria regulate the development of T lymphocytes, in
particular IL-17a-expressing Th17 cells, in APP-transgenic mice?

4) Do gut bacteria translocate from the gut to the brain in APP-transgenic mice?

5) Do IL-17a-expressing cells mediate the effects of gut bacteria on AD-associated

pathology in APP-transgenic mice?
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S 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)

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 IT Flow Cytometer

BD Biosciences (Heidelberg, Germany)

Freezer Premium no frost

Liebherr (Lindau, Germany)

Freezer UF75-110 T

Colora (Frankfurt, Germany)

General Rotator STR4

Stuart Scientific (Staffordshire, UK)

HERAcell CO; Incubators

Heraeus (Hanau, Germany)

HERAcell 1501 CO; Incubators

Thermo Scientific (Langenselbold, Germany)

HERAsafe HS 12 biological safety cabinet

Heraeus (Hanau, Germany)

Ice Machine

Eurfrigor Ice Makers Srl (Lainate, Italy)

Incubations hood TH-30

Edmund Biihler GmbH (Hechingen, Germany)

InoLab pH 720 pH-meter

WTW (Weilheim, Germany)

Jouan B4i Centrifuge

Thermo Scientific (Langenselbold, Germany)

Laboshaker

Gerhardt Analytical Systems (Konigswinter, Germany)

Liquid Nitrogen Container

KGW-Isotherm (Karlsruhe, Germany)

Microwelle HF 26521

Siemens (Miinchen, Germany)

Mini-PROTEAN 3 Electrophoresis system

Bio-Rad Laboratories (Miinchen, Germany)

Mini Trans-Blot Cell

Bio-Rad Laboratories (Miinchen, Germany)

Multipette Plus

Eppendorf (Hamburg, Germany)

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 4K10

Sigma Laborzentrifugen (Osterode am Harz, Germany)

Tabletop Centrifuge 4K15C

Sigma Laborzentrifugen (Osterode am Harz, Germany)

Tecan Infinite M200 microplate reader

Minnedorf, Switzerland

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)

X Cell SureLock Mini-Cell Electrophoreses
system

Invitrogen (Darmstadt, Germany)

5.1.2 General experimental materials und consumables

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

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

Sarstedt (Niimbrecht, Germany)

Blotting Paper Grade GB003

'Whatman (Dassel, Germany)

Cell Scrapers

TPP (Trasadingen, Schweiz)

Centrifugentubes (15 ml, 50 ml)

Sarstedt (Niimbrecht, Germany)

Combitips Plus (5 ml, 10 ml)

Eppendorf (Hamburg, Germany)

CryoPure tubes 1.8 ml

Sarstedt (Niimbrecht, Germany)

Cuvettes

Sarstedt (Niimbrecht, Germany)

Erlenmeyer Flasks

Schott (Mainz, Germany)
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Falcon Multiwell Cell Culture Plates

BD Biosciences (Heidelberg, Germany)

Falcon Round bottom test tubes 5 ml

BD Biosciences (Heidelberg, Germany)

Filtropur Cell Strainer

Sarstedt (Niimbrecht, Germany)

Filtropur Syringe Filter

Sarstedt (Niimbrecht, Germany)

Glass Bottles

Fisher Scientific (Schwerte, Germany)

Gloves, Latex

VWR (Darmstadt, Germany)

Gloves, Nitril

VWR (Darmstadt, Germany)

Hemocytometer

Brand (Wertheim, Germany)

LS Columns

Miltenyi Biotec (Bergisch Gladbach, Germany)

MicroAmp Optical 96-Well Reaction Plate

Applied Biosystems (Darmstadt, Germany)

MicroAmp Optical Adhesive Film

Applied Biosystems (Darmstadt, Germany)

Microlance™ needles

BD Biosciences (Heidelberg, Germany)

Microlon 600 96-Well Microplate

Greiner Bio-One (Frickenhausen, Germany)

Microscopic cover glasses 12x12 mm

R. Langenbrinck (Emmendingen, Germany)

Microtestplate 96-Well

Sarstedt (Niimbrecht, Germany)

Mini-PROTEAN 3 Short Plates

Bio-Rad Laboratories (Miinchen, Germany)

Mini-PROTEAN 3 Spacer Plates 1,5 mm

Bio-Rad Laboratories (Miinchen, Germany)

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

Bio-Rad Laboratories (Miinchen, Germany)

Myelin Removal Beads 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 (Grof3-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)
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5.1.3 Chemicals, reagents, Kits, Antibodies

5.1.3.1 General chemicals und reagents

Chemicals and Reagents

Company

0.05% Trypsin/EDTA (1x)

Invitrogen (Darmstadt, Germany)

(3-Aminopropyl) triethoxysilane

Sigma Aldrich (Taufkirchen, Germany)

B-Mercaptoethanol

Sigma Aldrich (Taufkirchen, Germany)

B-Secretase Substrate IV, Fluorogenic

Merck (Darmstadt, Germany)

v-Secretase Substrate, Fluorogenic

Merck (Darmstadt, Germany)

Agarose

Biozym (Oldendorf, Germany)

Ammoniumpersulfat (APS)

Sigma Aldrich (Taufkirchen, Germany)

Antibiotic-Antimycotic 100x

Invitrogen (Darmstadt, Germany)

Bovine Serum Albumin (BSA)

Sigma Aldrich (Taufkirchen, Germany)

Borat

VWR (Darmstadt, Germany)

Bromphenol blue

Sigma Aldrich (Taufkirchen, Germany)

Casein

Fluka (Buchs, Switzerland)

Chloroform

Applichem (Darmstadt, Germany)

Citrate acid

Serva (Heidelberg, Germany)

Congo red

Sigma Aldrich (Taufkirchen, Germany)

Collagen Coating Solution

Sigma-Aldrich (Taufkirchen, Germany)

Cx3Crl 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,O,

Otto Fishar (Saarbrueken, Germany)

H,SO,4

Fluka (Buchs, Switzerland)
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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 A342

AnaSpec(Fremont, USA)

Isoflurane

Baxter (UnterschleiBheim, Germany)

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

KCl1 Merck (Darmstadt, Germany)
Lipopolysaccharide (LPS) Axxora (Lorrach, Germany)

MgCl, Fluka (Buchs, Switzerland)

MgSOg4 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)
NazVO4 Sigma Aldrich (Taufkirchen, Germany)
NH4CI 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-18

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)
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Tween 20

Sigma Aldrich (Taufkirchen, Germany)

Western Lightning ECL Substrate

Perkin Elmer (Rodgau, Germany)

Xylene

Otto Fischar (Saarbriicken, Germany)

Xylene cyanol

Molekula (Miinchen, Germany)

5.1.3.2 Kits

Products

Company

Bio-Rad Protein Assay

Bio-Rad Laboratories (Feldkirchen, Germany)

QIAamp Fast DNA Stool Mini Kit

Qiagen (Hilden, Germany)

DyNAmo™ Flash probe qPCR Kit

Thermo Scientific (Bonn, Germany)

DyNAmo™ Flash SYBR Green qPCR Kit

Thermo Scientific (Bonn, Germany)

Human AP40 ELISA Kit

Invitrogen (Darmstadt, Germany)

Human AB42 ELISA Kit

Invitrogen (Darmstadt, Germany)

Mouse TNF-alpha DuoSet® ELISA

R&D Systems (Wiesbaden, Germany)

Mouse IL-18 DuoSet® ELISA

R&D Systems (Wiesbaden, Germany)

Spleen Dissociation Kit (mouse)

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

Maxima Reverse Transcriptase

Thermo Scientific (Bonn, Germany)

'VectaStain Elite ABC-HRP kit

Vector Laboratorie (Burlingame, USA)

5.1.3.3 Antibodies

Antibody

Company

rabbit polyclonal anti a-tubulin, Cat.No. 2144

Cell Signaling Technology (Europe)

rabbit monoclonall anti p-actin, clone: 13E5

Cell Signaling Technology (Europe)

rabbit monoclonal anti Amyloid f3, clone: D12B2

Cell Signaling Technology (Europe)

rat monoclonal anti CD16/CD32, clone:2.4G2

BioXCell (West Lebanon, NH)

Microbeads-conjugated CD11b, clone: M1/70

Miltenyi Biotec

Dynabeads™ Mouse CD4 (L3T4)

Thermo Scientific (Bonn, Germany)

PE-Cy5-conjugated CD11b, clone: M1/70

Thermo Scientific (Bonn, Germany)

APC-conjugated rat monoclonal anti-CD4, clone:
GK1.5

Thermo Scientific (Bonn, Germany)

rabbit polyclonal anti Ibal

Wako (Neuss, Germany)

rabbit monoclonal anti ABCB1, clone: E1Y7S

Cell Signaling Technology (Europe)

rabbit polyclonal anti LRP-1

Cell Signaling Technology (Europe)

rabbit polyclonal anti claudin-5, Cat. No. GTX 49370

GeneTex, Hsinchu, China
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rabbit anti CD68, clone:E307V

Cell Signaling Technology (Europe)

Cy3-conjugated goat anti-rabbit IgG

Jackson ImmunoResearch Ltd. (Europe)

5.1.4 Buffer

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

10x PBS NaCl 400 g 1.37M
KCI 10g 27 mM
Na,HPO, 71g 100 mM
NaH,PO4 x H,O 69 g 100 mM
dest. H,O Up to5 Liter
Adjust to pH 7.4

10x TBS Tris 302.5¢ 500 mM
NaCl 425 ¢ 1.45M
dest. H,O Up to 5 Liter
Adjust to pH 7.4

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

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

iifoZS'PAGE Loading |\ 1 Tris/HCI [pH 6.8] 1875 ul 187.5 mM
20% SDS 300 pl 6%
Glycerol 300 pl 30%
B-Mercaptoethanol 150 pl 15%
3% Bromphenol blue (w/v) 10 ul 0.03%
dest. H,O Up to 1 ml

L(:lxniﬂ?g'z:fsf;flycme Tris 151.5¢ 250 mM
Glycine 7205 ¢ 1.92 M
SDS 50 g 1% (w/v)
dest. H,O Up to 5 Liter

10x SDS-Tris-Tricine .

running buffer Tris 121g M
Tricine 171 g M
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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

:;:zm blot Blocking |\ fatty milk 5¢ 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 ) |Sm 1%

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

RPMI media* RPMI 1640 Medium 445 ml 89%
Fetal bovine serum 50 ml 10%
Antibiotic-antimycotic(100x ) |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,04 1 ml 5mM
1 M NazVOq4 100 pl 100 uM
1 MDTT 50 pl 1 mM
1 M NaF 2.5 ml 50 mM
20% SDS S ml 2%
dest. H,O Up to 50 ml

5.2 Animal models and cross-breeding

APP/PS1-transgenic mice (APP'®) over-expressing human mutated APP
(KM670/671NL) and PS1 (L166P) under Thy-1 promoters (Radde, Bolmont et al. 2006)
were gifts from M. Jucker, Hertie Institute for Clinical Brain Research, Tiibingen,
Germany. /I-17a knockout (I117a”") mice were kindly provided by Y. Iwakura, Tokyo
University of Science, Japan (Nakae, Komiyama et al. 2002). IL-17a-deficient AD mice
were created by cross-breeding APP/PS1-transgenic mice and I117a”" mice to obtain

APP'®/I117a”" genotype in our previous study (Luo, Schnoder et al. 2022). APP/PS1-
GFP/GFP.
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kindly provided by R. Flavell, Yale University, USA) to get APP®/I117a%"™"" of
genotype, in which eGFP is expressed under the control of endogenous //-17a gene
promoter (Esplugues, Huber et al. 2011). All mice used in this project were on C57BL/6
genetic background. Because of the difference in the prevalence of AD between women

and men we used only female mice in this study.

5.3 Methods
5.3.1 Depletion of intestinal bacteria with antibiotics in drinking water

Sisters of IL-17a-deficient or wildtype APP-transgenic mice from each litter (= 2 mice
per genotype) were randomly separated. IL-17a-deficient and wild-type female mice were
cohoused and treated with and without vancomycin (500mg/L), ampicillin (1g/L),
neomycin sulfate (1g/L), streptomycin (1g/L), and metronidazole (1g/L) (all antibiotics
were purchased from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in drinking
water from 3 months of age for 2 months to remove gut bacteria according to a published
protocol (Liu, da Cunha et al. 2016). As controls, 3 or 22-month-old C57BL/6J female
mice were treated in the same way. The water with antibiotics was changed every 7 days.
In order to examine the off-target effects of oral antibiotics on neuroinflammation, we
injected 5-month-old APP-transgenic mice via the peritoneal cavity daily for 7 days with
1.5 mg/kg/day vancomycin, 3 mg/kg/day ampicillin, neomycin and streptomycin
according to the published protocol (Bercik, Denou et al. 2011) and 30 mg/kg/day
metronidazole, as it has a high oral bioavailability (Jensen and Gugler 1983). Animal
experiments were conducted in accordance with national rules and ARRIVE guidelines,
and authorized by Landesamt fiir Verbraucherschutz, Saarland, Germany (registration

numbers: 56/2015, 46/2017 and 34/2019) and Nanchang University, China.

5.3.2 Tissue collection

Animals were euthanized at 5 months of age by inhalation of overdose isoflurane or by
i.p. injection of ketamine (100 mg/kg) / xylazine (10 mg/kg). After intracardial perfusion
with ice-cold PBS, the brain was removed and divided along the anterior-posterior axis.
The left hemisphere was immediately fixed in 4% paraformaldehyde (Sigma-Aldrich) in

PBS and embedded in paraffin for immunohistochemistry. The olfactory bulb was first
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removed from the right hemisphere, and the cortex and hippocampus were carefully
separated from the brainstem, thalamus and striatum under microscope. A roughly 0.5-
mm thick sagittal section of tissue was cut from the medial side of the tissue and
homogenized in TRIzol (Thermo Fisher Scientific, Darmstadt, Germany) for RNA and
DNA isolation. The remainder of the right hemisphere was snap-frozen in liquid nitrogen
and stored at -80°C until biochemical analysis. The appendix together with a 0.5-cm-long
segment of the neighboring colon was also collected, snap-frozen and stored at -80°C for

isolation of intestinal bacteria.
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Modified from J Neurosci 2001, 21(14):509-100

Fig. 5.3.2, 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.

5.3.3 Isolation of blood vessels

To isolate brain blood vessels, the cortex and hippocampus from 5-month-old APP-
transgenic mice were carefully dissected and brain vessel fragments were isolated
according to our published protocol (Quan, Luo et al. 2021). Briefly, brain tissues were
homogenized in HEPES-contained Hanks' balanced salt solution (HBSS) and centrifuged
at 4,400g in HEPES-HBSS buffer supplemented with dextran from Leuconostoc spp.

(molecular weight ~70,000; Sigma-Aldrich) to delete myelin. The vessel pellet was re-
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suspended in HEPES-HBSS buffer supplemented with 1% bovine serum albumin

(Sigma-Aldrich) and filtered with 20 pm-mesh. The blood vessel fragments were

collected on the top of filter and stored at -80°C for biochemical analysis.

The steps are as follows:

a)

b)

c)

d)

g)

h)

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.

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 B1 solution using ophthalmic shears, followed by
obtaining small pieces of approximately 2 mm.

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 und down to aboud the production of air bubbles.If
more than on 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 white 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.

Centrifuge again at 4,400 g for 15 minutes at 4 °C. The myelin will now form a dence
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 brain vessel 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.
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j) Suspend the pellet in 1 ml of ice-cold B3 soultion 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 the vessels are dispersed as much as possible and do not form aggeregates.

k) Assembling the filter set, then place a 20 pm-mesh filter on the filter set on the top of
a becker flask and equilibrate by applying 10 ml of ice-cold B3 solution.

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

m) Rinse the membrane repeatly 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 minutes at
4 °C.

n) Add 1 ml of B3 solution to the tube to resuspend the precipitate, transfer to a 1.5 ml
tube, centrifuge again at 2,00 g for 5 minutes 4 °C.

0) 50 pl of RIPA solution is added to the vessel precipitates and treated with an ultrasonic
cracker for 1 minute. Protein levels of ABCBI1, LRP1 and claudin-5 are detected by
Westen blot.

5.3.4 Intestinal bacterial collection and 16S rRNA sequencing

Bacterial DNA was extracted from intestinal bacteria (100 mg) in the frozen cecum and
colon with QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany). The amount
of bacteria was evaluated by quantifying 16S rRNA with SYBR Green-based real-time
PCR using the wuniversal bacterial rl6S gene primers (16S-V2-101F: 5-
AGYGGCGIACGGGTGAGTAA-3, and 16S-V2-361R: 5-
CYIACTGCTGCCTCCCGTAG-3) as it was conducted in a published study (Benakis,
Brea et al. 2016). The V3 -V4 region of the 16S rRNA-encoding gene was then amplified
with the barcode fusion primers (338F: 5-ACTCCTACGGGAGGCAGCAG-3, and
806R: 5-GGACTACHVGGGTWTCTAAT-3). After purification, PCR products were
used for constructing libraries and sequenced on the Illumina MiSeq platform at Majorbio

Co. Ltd. (Shanghai, China). The raw data was processed on Qiime2 (https:/qiime2.org/),

reducing sequencing and PCR errors, and denoising to get the operational taxonomic unit
(OTU) consensus sequences, which were mapped to the 16S Mothur-Silva SEED r119

database (http://www.mothur.org/). Alpha diversity including Sobs, Shannon, Ace, Chao

and Simpson indexes were used for the analysis of bacterial richness and diversity in a
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single mouse. Principal coordinate analysis (PCoA) and analysis of similarity (ANOSIM)
were used for B-diversity analysis to compare bacterial compositions on genus level
between APP-transgenic mice with and without antibiotic treatments. The difference of
bacterial compositions on genus level between these two groups were also compared with
Wilcoxon rink sum test. All the analysis was performed using cloud-based tools with

default analysis parameters (https://cloud.majorbio.com/page/tools.html).

5.3.5 Quantification of bacterial DNA in the brain tissue

DNA was extracted from the brain tissue using TRIzol (Thermo Fisher Scientific)
according to the protocol provided by the company. To assess the presence and extent of
bacterial dissemination into the brain, real-time PCR was conducted using universal
bacterial 16S rRNA gene primers (16S-V2-101F and 16S-V2-361R), and primers targeted
mouse Gapdh gene (sense, 5’-ACAACTTTGGCATTGTGGAA-3’ and antisense, 5’-
GATGCAGGGATGATGTTCTG-3") as an internal control.

The steps to isolate total DNA from brain tissue are as follows, according to the protocol

provided by the company:

(1) 0.5-mm-thick tissue slide sagittally excised from the right hemisphere (see above in
Tissue Preparation section 5.3.2) was homogenized in 1 ml of TRIzol in a 2-ml tube.

(2) For complete dissociation of the nucleoprotein complex, the homogenized sample
was first incubated for 5 minutes ar toom temperature. Chloroform, 0.2 ml per ml
TRIzol used, was added into the tube, which was the closed tightly and shaked
vigorously ba hand for 15 seconds. The sample was then incubated at room
temperature for 3 minutes. The resulting mixture was centrifuged at 12,000 g for 15
minutes at 4 °C. The sample mixture was separated into 3 phases: a lower red oraganic
phase (containing protein), an interphase (containing DNA), and a upper colourless
aqueous phase (containing RNA).

(3) The colourless aqueous phase was totally discharged. 300 pl of 100% ethanol was
added per 1 ml TRIzol Reagent used before. The mixture was allowed to stand at
room temperature for 2-3 minutes and centrifuged at 2,000 g for 5 minutes at 4 °C.

The DNA was precipitated to a gel-like pellet on the bottom of the tube.
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(4) The supernatant was thoroughly removed and the DNA pellet was resuspended in 1
ml of 0.1 M sodium citrate in 10% ethanol, pH 8.5 and incubated for 30 minutes at
room temperature. The mixture centrifuged at 2,000 g for 5 minutes at 4 °C. The
supernatant was removed and this step was repeated once.

(5) The DNA pellet was washed by adding 1 ml 75% ethanol and incubating for 15
minutes. After that the mixture was centrifuged at 2,000 g for 5 minutes at 4 °C.

(6) The supernatant was agein thoroughly removed. The DNA pellet was air dryed, and
then resuspended in 0.3 ml of 8 mM NaOH by pipetting up and down. The mixture
was centrifuged at 12,000 g for 10 minutes at 4 °C.

(7) The supernatant was collected in a new tube und pH was adjusted with HEPES to 7-
8. The DNA was ready to use in realtime-PCR.

5.3.6 Positive selection of CD11b-positive and CD4-positive cells from the brain

and spleen, respectively

The brain tissue (hippocampus and cortex) and spleen of 5-month-old APP-transgenic
mice with and without treatments with antibiotics were prepared for single-cell
suspensions using Neural Tissue Dissociation Kit (papain-based) and Spleen Dissociation
Kit (mouse), respectively (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). After
blocking with 50 ug/ml CD16/CD32 antibody (clone 2.4G2; BioXCell, Lebanon, USA),
CD11b-positive brain cells were selected from the brain with microbeads-conjugated
CD11b antibody (clone M1/70.15.11.5; Miltenyi Biotec) and CD4-positive spleen cells
from the spleen with Dynabeads® magnetic beads-conjugated mouse CD4 antibody
(clone L3T4; Thermo Fisher Scientific). Lysis buffer was immediately added to selected
cells and total RNA was isolated using RNeasy Plus Mini Kit (Qiagen).

The steps for isolation CD11b-positive cells from the brain are as follows:
(1) Enzymatic Neural Tissue Dissociation
a) Enzyme mix 1 and 2 were prepared for one brain tissue (upto 400 mg) as follows:
i. Enzyme mixture 1 (for digestion): Enzyme P 50 pl + Buffer X 1900 ul
ii. Enzyme mixture 2 (for dissolution of DNA)): Enzyme A 10 ul + Buffer Y 20 ul
b) Enzyme mixture 1 was prewarmed in a 37 °C water bath for 10 minutes before

use.
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)

h)

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

The meninges were removed. The brain tissue was minced into small pieces on a
petri disch to facilitate enzyme dissociation.

The brain tissue pieces were transferred to a 15 ml tube containing 1950 ul
prewarmed enzyme mixture 1 and incubated in a 37 °C water bath for 10 minutes
under continuous rotation.

30 pul enzyme mixture 2 was added to the sample, which was gently inverted und
incubated at 37 °C water bath for another 10 minutes under slow, continuous
rotation.

The digested tissue was filtered through a 70 um strainer into a 50 ml tube and the
filter was rinsed with 10 ml of HBSS. Ther filtered solution was then centrifuged
at 700 g for 10 minutes at 4 °C.

The supernatant was removed and the pellet was resuspended in HBSS to obtain

a concentration of 107 nucleated cells/ 80 pl for later use.

(2) Magnetic isolation of CD11b-positive cells

a)

b)

To reduce Fc receptor-mediated binding by antibody of CDI11b, the cell
suspension was incubated with 50 pg/ml CD16/CD32 antibody at 4 °C for 30
minutes, 10% fetal bovine serum (FBS) was added to prevent non-specific
binding.

Microbeads-conjugated CD11b antibody was added to the cell suspension to
obtain a final dilution volume accommodating 1:5. The mixture was then
incubated at 4 °C for 15 minutes.

The cell suspension was washed 3 times with HBSS and finally resuspended up
to 108 cells in 500 pl HBSS.

The tube containing the cell suspension was placed in the magnetic field of the
MACS separater for 2 minutes. The unlabeled cells were discharged and the
attached cells were rinsed 3 times.

The tube was removed from the MACS separater. Lysis buffer was immediately

added to selected cells and total RNA was isolated using RNeasy Plus Mini Kit
(Qiagen).
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The steps for isolation CD4-positive cells from the spleen are as follows:

(1) Spleen Dissociation

a)

b)

c)

d)

Enzyme mixture was prepared by adding 50 uL of Enzyme D, and 15 pL of
Enzyme A to 2.4 mL of 1x Buffer S.

Enzyme mixture 1 was prewarmed in a 37 °C water bath for 10 minutes before
use.

The spleen was minced into small pieces on a petri disch to facilitate enzyme
dissociation.

The spleen pieces were transferred to a tube containing the enzyme mixture and
incubated in a 37 °C water bath for 30 minutes under continuous rotation.

The digested tissue was filtered through a 30 um strainer into a 15 ml tube and the
filter was rinsed with 2,5 ml of Buffer S. The filtered solution was then
centrifuged at 300 g for 10 minutes at 4 °C.

The supernatant was removed and the pellet was resuspended in HBSS to obtain

a concentration of 107 nucleated cells/ ml for later use.

(2) Magnetic isolation of CD4-positive cells

a)

b)

To reduce Fc receptor-mediated binding by antibody of CD4, the cell suspension
was incubated with 50 pg/ml CD16/CD32 antibody at 4 °C for 30 minutes, 10%
fetal bovine serum (FBS) was added to prevent non-specific binding.
Dynabeads® mouse CD4 antibody was added to the cell suspension to obtain a
final dilution volume accommodating 1:40. The mixture was then incubated at 4
°C for 15 minutes.

The cell suspension was washed 3 times with HBSS and finally resuspended up
to 108 cells in 500 ul HBSS.

The tube containing the cell suspension was placed in the magnetic field of the
MACS separater for 2 minutes. The unlabeled cells were discharged and the
attached cells were rinsed 3 times.

The tube was removed from the MACS separater. Lysis buffer was immediately

added to selected cells and total RNA was isolated using RNeasy Plus Mini Kit
(Qiagen).
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5.3.7 Microglial Ap phagocytosis assay

Methoxy-X04 (Bio-Techne GmbH, Wiesbaden-Nordenstadt, Germany) can penetrate
the blood-brain barrier and binds to B-sheet secondary structure of AP aggregates. If
microglia engulf amyloid plaques actively, MeX04 will be internalized along with Ap.
Five-month-old APP-transgenic mice received an intraperitoneal injection after treatment
with and without antibiotics according to a published protocol (Lau, Wu et al. 2021).
Three hours later, a single cell suspension from the hippocampus and cortex was prepared
using Neural Tissue Dissociation Kit (papain-based) (Miltenyi Biotec GmbH). After
blocking with CD16/CD32 antibody (clone 2.4G2; BioXCell) and subsequent staining
with PE-Cy5-conjugated CD11b antibody (clone M1/70; Thermo Fisher Scientific),
fibrillar AB-containing CD11b-positive brain cells were detected by BD FACSVerse™
flow cytometry (BD Biosciences; Heidelberg, Germany).

The steps are as follows:

(1) In vivo labelling of amyloid plaques
Methoxy-X04 solution (2 mg/ml in a 1:1 mixture of DMSO and 0.9% NaCl [pH 12]
(v/v)) was intraperitoneal injected at a weight adapted dose of 10 mg/kg.

(2) Brain dissociation and microglia staining

a) Brain dissociation war performed as described in section 5.3.6

b) To reduce Fc receptor-mediated binding by antibody of CDI11b, the cell
suspension was incubated with 50 pg/ml CD16/CD32 antibody at 4 °C for 30
minutes, 10% fetal bovine serum (FBS) was added to prevent non-specific
binding.

c) PE-Cy5-conjugated CD11b antibody was added to the cell suspension to obtain a
concentration of 1.25 pg/ml. The mixture was then incubated at 4 °C for 60
minutes under gentle rotation.

d) AD transgenic mice was used as unstained controls. Non-transgenic wild-type
mice were used as flurescence-minus-one controls.

(3) Flow cytometry protocol according to our previous study (Luo, Schnoder et al. 2022)

a) The following diagram were created in the template:

i.  Side-scatter (SSC) versus forward-scatter (FCS) to identify cell

populations
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ii.  Pulse width trigger versus FSC to identify singlets
iii.  PB660 versus FSC-A to identify CD11b signal
iv.  PB450 versus PB660 to identify Methoxy-XO4 signal

b) A negative signal was set for Methoxy-X0O4 using a non-transgenic mouse brain
sample and a negative signal for CD11b using an unstained control sample.

c) Each sample was sequentially performed and Methoxy-XO4 signals were
recorded for 10,000 microglia using BD Trucount absolute counting tubes (BD
Biosciences).

d) Using FlowJo to analyze the data, the following information was obtained:

i.  Proportion of Methoxy-XO4 positive microglia= proportion of Af
phagaocytotic microglia

il.  Mean fluorescence intensity of Methoxy-XO4= AP phagocytic capacity

5.3.8 Flow cytometric detection of IL-17a-eGFP reporter in intestinal cells

A published protocol (Couter and Surana 2016) was used to prepare single cell

suspensions from both lamina propria and Peyer's patches of the small intestine of 5-

month-old APP®/1117a%""" mice with and without two months of antibiotic treatment.

After staining with APC-conjugated rat anti-CD4 monoclonal antibody (clone: GK1.5;

Thermo Fisher Scientific), eGFP-expressing CD4-positive cells were detected by BD

FACSCanto™ II flow cytometry (BD Biosciences).

The steps for isolation the intestinal cells are as follows:

(1) Preparation of Solutions

a) Extraction media (per small intestine): 30 ml RPMI + 93 pul 5% (w/v) dithiothreitol
(DTT) + 60 ul 0.5 M EDTA + 500 ul FBS. Add the DTT immediately before use.

b) Digestion media (per small intestine): 25 ml RPMI + 12.5 mg dispase + 37.5 mg
collagenase II + 300 ul FBS. Add the dispase and collagenase immediately before
use.

c) For all incubations performed at 37 °C, prewarm solutions to 37 °C.

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

a) Mice were euthanized by inhalation of isoflurane followed by cervical dislocation.
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b)

g)

h)

)

k)

D

The abdominal cavity was exposed by an incision along the midline of the
abdomen with scissors and the small intestine and stomach were separated 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 moistended 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 a 18g
needle to remove the intestinal contents.

Peyer's patches were excised with scissors and collected in cold RPMI containing
5% FBS. 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 corved forceps into the intestinal fragment, grasp the distal end of the
tissue and turn the tissue inside out.

Tissue pieces were incubated in a 50 ml tube containing 30 mil of extractions
medium und stirred at 500 rpm for 15 minutes at 37 °C on a shaker.

After incubation, the tissue pieces were collected with a steel strainer. Then the
tissue pieces were placed on a dry paper towel und turned 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 the 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 100 pm strainer into a 50 ml tube and
the filter was rinsed with 20 ml of RPMI containing 10% FBS. Ther filtered

solution was centrifuged at 700 g for 10 minutes at 4 °C.

m) The supernatant was removed and the pellet was resuspended in 1 ml of RPMI

n)

containing 10% FBS.
The suspended cells were filtered into a 50 ml tube through a 40 um cell strainer
and the filter was rinsed with 20 ml of RPMI containing 10% FBS. Ther filtered

solution was centrifuged at 700 g for 10 minutes at 4 °C.
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0) The supernatant was carefully decanted and the pellet was resuspended in 1 ml of

RPMI containing 2% FBS for later use.
(3) Preparing a single cell suspension from Peyer's patches

a) Peyer's patches were transferred to a 15 ml tube containing 2 ml of digestion
medium and stirred at 500 rpm for 10 minutes at 37 °C on a shaker.

b) The digested Peyer’s patches were then filtered into a 50 ml tube using a 40 um
cell strainer and the filter was rinsed with 10 ml of RPMI containing 10% FBS.
Ther filtered solution was centrifuged at 700 g for 10 minutes at 4 °C.

c) The supernatant was carefully decanted and the pellet was resuspended in 1 ml of

RPMI containing 2% FBS for later use.

5.3.9 Histological analysis

Serial 50-um-thick sagittal sections were cut from the paraffin-embedded hemisphere.
Four neighboring sections with 300 um of interval were deparaffinized, labeled with
rabbit anti-ionized calcium-binding adapter molecule (Iba)-1 antibody (Wako Chemicals,
Neuss, Germany) and VectaStain Elite ABC-HRP kit (Cat.-No.: PK-6100, Vector
Laboratories, Burlingame, USA), and visualized with diaminobenzidine (Sigma-
Aldrich). Iba-1-positive microglia/brain macrophages were counted with Optical
Fractionator in the hippocampus on a Zeiss Axiolmager.Z2 microscope (Carl Zeiss
Microscopy GmbH, Géttingen, Germany) equipped with a Stereo Investigator system

(MBF Bioscience, Williston), as we did previously (Liu, Liu et al. 2014).

To evaluate the cerebral AP level, after deparaffinization, 4 serial brain sections from
each animal were stained with rabbit anti-human AP antibody (clone D12B2; Cell
Signaling Technology Europe, Frankfurt am Main, Germany) and Cy3-conjuagted goat
anti-rabbit IgG (Jackson ImmunoResearch Europe Ltd. Cambridge, UK), or with
methoxy-X04 (Bio-Techne GmbH). After mounting, the whole section including
hippocampus and cortex was imaged with Microlucida (MBF Bioscience) and merged.

The positive staining and brain region analyzed were measured for the area with Image J

tool “Analyse Particles” (https:/imagej.nih.gov/ij/). The threshold for all compared
samples was manually set and kept constantly. The percentage of AP coverage in the

brain was calculated.
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To determine the density of CD68-positive microglia, serial brain sections were stained
with rabbit anti-CD68 antibody (clone E307V; Cell Signaling Technology Europe) and
Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Europe Ltd.). Since the
single CD68-positive cell could not be clearly recognized (see Fig. 6.7) and reliably

counted, the percentage of CD68 coverage in the brain was calculated as for Af.

The steps for immunostaining are as follows:
(1) Paraffin-embedded slides deparaffinazation and rehydration
Paraffin-embedded brain tissue blocks were cut into 50 pm sentions. The slides were
dryed at 37 °C overnight und 60 °C for 60 minutes before use. The slides were
deparaftinised sequentially in the solutions: 2x 10 minutes xylene, 2x10 minutes
100% ethanol, 5 minutes 96% ethanol, 5 minutes 70% ethanol and 5 minutes 50%
ethanol. Then the slides were re-hydrated by rinsing in distilled water for 30 seconds,
repeated 3 times.
(2) Antigen retrieval
The slides were put in citrate buffer (10mM Sodium Citrate, pH=6,0) und cooked in
a steamer for 30 minutes.
(3) Blocking of endogenous peroxidase by using the HRP conjugate for detection
After cooling to roome temperature the slides were rinsed 3 times with distilled water
und incubated for 30 minutes in a mixture of H>O; and methanol with the final
concentration of 0.3% H>0O> and 17% methanol. The slides were then rinsed 3 times
with distilled water.
(4) Immunostaining
a) To minimize the cross-react with endogeneous immunglobuline in the tissue, the
slides were incubated in the blocking buffer (0.2% casein (w/v) + 0.1% Tween 20
+ 0.1% Triton X in PBS) at room temperature for 60 minutes.
b) The slides were then incubated sequentially in the primary antibody at 4 °C
overnight und und secondary antibody at room temperature for 60 minutes, diluted
as following in diluting buffer (0.02% casein (w/v) + 0.01% Tween 20 + 0.01%
Triton X in PBS), respectively. The slides were rinsed in PBST 10 minutes x 3

times after each incubation.
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Primary antibody Secondary antibody
Rabbit anti Iba Cy3-conjuagted goat anti-rabbit IgG
(Wako Chemicals, Neuss, Germany) (Jackson ImmunoResearch Europe Ltd.
Dilution v/v: 1:500 Cambridge, UK)

Dilution v/v: 1:200
Rabbit anti-human AP antibody Cy3-conjuagted goat anti-rabbit IgG
(clone D12B2; Cell Signaling Technology | (Jackson ImmunoResearch FEurope Ltd.
Europe, Frankfurt am Main, Germany) Cambridge, UK)
Dilution v/v: 1:1600 Dilution v/v: 1:200
Rabbit anti-CD68 antibody Cy3-conjugated goat anti-rabbit IgG
(clone E307V; Cell Signaling Technology | (Jackson ImmunoResearch Europe Ltd.
Europe) Cambridge, UK)
Dilution v/v: 1:200 Dilution v/v: 1:200

c) The slides incubated with Iba-Antibody were visualized with the VectaStain Elite
ABC-HRP kit (Cat.-No.: PK-6100, Vector Laboratories, Burlingame, USA),
using the protocol provides by the company. The slides were counter-staine with
hematoxylin. Then they were de-hydrated by passing a sery of 50% ethanol, 70%
ethanol, 95% ethanol, 100% ethano x 2 times and 100% xylene x 2times. Finaly
they were mounted in Entlan, covered with coverslip and ready to be analysized.

d) The slides incubated with anti-human A antibody or anti-CD68 antibody were
mounted with Moviol with DAPI, covered with coverslip and ready to be

analysized.

The steps for Methoxy-X40 staining are as follows:

(1) The stock solution of Methoxy-X40 was prepared by dissolve Methoxy-X40 powder
in DMSO at a concentration of 10 mM and stored at -20 °C. The working solution
was prepared before use by diluting the stock solution 1:1000 (v/v) with a 1:1 (v/v)
mixture of DMSO and 0,9% NaCl solution.

(2) The slides were de-paraffinized und re-hydrated as described. The antigen retrieval
was processed by cooking the slides in citrate buffer (10mM Sodium Citrate, pH=6.0)
in a steamer for 60 minutes.

(3) The slides were incubated in the Methoxy-X40 working solution for 20 minutes.
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(4) After rinsing in PBST for 10 minutes x 3 times the slides were mounted with Moviol

with DAPI, covered with coverslip and ready to be analysized.

5.3.10 Analysis of microglial morphology

For the analysis of microglial morphology, our established protocol and Fiji Image J were
used (Luo, Schnoder et al. 2022). Paraffin-embedded 50-pm sagittal brain sections were
used as described above. After fluorescent co-staining with Iba-1 and A antibodies, total
10 AP plaques/mouse were randomly selected from the cortex dorsal to hippocampus and
imaged under 40% objective with Z-stack scanning with 1 um of interval. 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. The
cells with complete nucleus and branches and without overlapping with neighboring cells
were chosen for analysis. The single-pixel background noise was eliminated and the gaps
along processes were filled 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.

5.3.11 B- and y-secretase activity assays

(1) Purification of membrane components
Membrane components were purified from mouse brains according to our previous
studies (Hao, Liu et al. 2011, Xie, Liu et al. 2013). Briefly, brain tissue was
homogenized in sucrose buffer (10 mM Tris/HCI, pH 7.4, ] mM EDTA, 200 mM
sucrose) by 10 subsequent passages through 24- and 27-gauge needles. Cell nuclei
were removed by centrifugation at 1000g at 4 °C for 10 minutes. The supernatant was
transferred to a new tube and centrifuged again at 10,000g at 4 °C for 10 minutes.
Finally, the resulting supernatant was centrifuged at 187,000g at 4 °C for 75 minutes
in an Optima MAX Ultracentrifuge (Beckman Coulter, Krefeld, Germany). The
supernatant was discharged and the pellet containing the crude membrane fraction

was stored at —80 °C until use.
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(2) B- and y-secretase activity assays
B- and y-Secretase activities were measured by incubating the crude membrane
fraction with secretase-specific substrates based on fluorescence resonance energy
transfer according to our previous study (Xie, Liu et al. 2013). At 37 °C and in buffers
with different pH values, both secretases cleaved the fluorogenic substrates resulting
in continuous accumulation of fluorescence signals that were quantified by
measurements obtained using a Tecan Infinite M200 microplate reader (Ménnedorf,

Switzerland).

For measurement of p-secretase activity, the crude membrane fraction was
resuspended in 500-uL B-secretase assay buffer (0.1 M sodium acetate, pH 4.5). The
protein concentration of each sample was determined using the Bio-Rad Protein
Assay (Bio-Rad Laboratories). The final concentrations for the B-secretase assay
were: 0.1 mg/mL membrane protein (125 pg protein per well in 96-well plates), 10%
dimethyl sulfoxide, and 8 uM [B-secretase substrate IV (Calbiochem, Darmstadt,
Germany). Excitation wavelength was set at 350 nm (9 nm of bandwidth) and

emission wavelength at 490 nm (bandwidth 20 nm).

For measurement of vy-secretase activity, the crude membrane fraction was
resuspended in 500 pL y-secretase assay buffer (50 mM Tris/HCI, pH 6.8, 2 mM
EDTA). Protein concentration was determined as already described herein. Final
concentrations for the y-secretase assay were: 1 mg/mL membrane protein (1250 pg
protein per well in 96-well plates) and 8 uM y-secretase substrate (Calbiochem).
Excitation wavelength was set at 355 nm (9 nm of bandwidth) and emission

wavelength at 440 nm (bandwidth 20 nm).
For both secretase assays, kinetics were performed at 37 °C and fluorescence intensity

in each well was measured for 73 cycles with intervals of 5 minutes. Fluorescence

intensity of the first cycle was considered as background and subtracted for each well.
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5.3.12 Western blot analysis

Frozen brain tissues and blood vessel isolates were homogenized on ice in
radioimmunoprecipitation assay buffer (RIPA buffer consistend of 50mM Tris [pH 8.0],
150 mM NaCl, 0.1% SDS, 0.5% sodiumdeoxy-cholate, 1% NP-40, and 5SmM EDTA)
supplemented with protease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). The proteins were separated by 10% or 12% Tris-glycine SDS/PAGE. Before
loading on PAGE gel, vessel preparations were sonicated. Western blots were performed
using rabbit monoclonal antibody against ABCB1 (clone E1Y7S) and rabbit polyclonal
antibody against LRP1 (Cat.-No.: 64099) (both antibodies were bought from Cell
Signaling Technology), as well as rabbit polyclonal antibody against claudin-5 (Cat.-No.:
GTX49370; GeneTex, Hsinchu, China). The detected proteins were visualized via the
Plus-ECL method (PerkinElmer, Waltham, USA). To quantify proteins of interest, rabbit
monoclonal antibody against -actin (clone 13ES) or rabbit polyclonal antibody against
a-tubulin (Cat.-No.: 2144) (both antibodies were from Cell Signaling Technology) was
used as a protein loading control. Densitometric analysis of band densities was performed
with Image-Pro Plus software version 6.0.0.260 (Media Cybernetics, Rockville, MD). For
each sample, the protein level was calculated as a ratio of target protein/loading control

per sample.

The detailed steps are as follows, according to our previous study (Luo, Schnoder et al.

2022):

(1) Sample preparation
Frozen brain tissues were homogenized on ice in radioimmunoprecipitation assay
buffer (RIPA buffer consistend of 50mM Tris [pH 8.0], 150 mM NaCl, 0.1% SDS,
0.5% sodiumdeoxy-cholate, 1% NP-40, and 5mM EDTA) supplemented with
protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany), and then
centrifuged ar 16,000 g for 30 minutes at 4°C to collect the supernatant ccontaining
the protein mixture. Isolated blood vessels were directly lysed in 2x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer
dontaining 4% SDS and ultrasonically lysed on ice for 1 minutes before loading. The
protein concentrations were messured using the Bio-Rad assay, ensuring consistent

concentrations between samples and adding about 30 pg of total protein to each well.
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Samples were diluted at 1:2 (v/v) in 3x SDS-PAGE loading buffer and heated at 96°C

for 5 minutes.

(2) Electrophoretic separation of proteins bei SDS-PAGE

a)

b)

Gel preparation

The electrophoretic separation of proteins is mot generally carried out in
polyacrylamide gels. These gels are cast between glass plates by polymerizing the
acrylamide monomer solution into polyacrylamide chains and simultaneously
cross-linking the chains into a semisolid 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.
10% or 12% separating gel and 5% stacking gel were used in our study.
Electrophoresis

The SDS-PAGE system used in our study was the Mini-PROTEAN®3 Cell
electrophoresis system (Bio-Rad). The first step was to place the prepared gel into
the electrophoresis spparatus, then to pour the electrophoresis buffer intro the
electrophorator, and to make sure the buffer completely covered the gel. After
carefully removing the comb the marker (5 pl) or sample (20 pl) were loaded into
each well separately. The electrophoresis was firstly run at 80 V for 30 minutes,
then at 120 V until the bromophenol blue flew away from the gel.
Electrotransfer

The gel was first equilibrated in transfer buffer, cushioned by a pad and then
compacted together by a support grid in a ‘transfer sandwich’ (filter paper-gel-
membrane-filter paper). In our study, we used polyvinylidene fluoride (PVDF)
membrane (soaked in methanol for 1 minutes before use) with 0.2 um or 0.4 pm
pore size depending on the size of the target protein. The sandwich was placed
vertically in the transfer apparatus in a transfer chamber, filled with transfer buffer

(pre-cooled at 4°C). The transfer was performed at 250 mA for 90 to 120 minutes.

(3) Western blot

a)

b)

The membrane with immobilized proteins was blocked the 10% skimmed milk
powder (w/v) in PBS for 60 minutes at room temperature to seal the non-specific
bindung sites.

The membrane was incubated with the primary antibody diluted in 1% skimmed

mikl powder (w/v) overnight at 4°C on a shaker. The primary antibodies were
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rabbit monoclonal antibody against ABCBI1 (clone E1Y7S, Cell Signaling
Technology) and rabbit polyclonal antibody against LRP1 (Cat.-No.: 64099, Cell
Signaling Technology), as well as rabbit polyclonal antibody against claudin-5
(Cat.-No.: GTX49370; GeneTex, Hsinchu, China). Rabbit monoclonal antibody
against B-actin (clone 13ES5, Cell Signaling Technology) or rabbit polyclonal
antibody against a-tubulin (Cat.-No.: 2144, Cell Signaling Technology) was used
as a protein loading control.

c) On the following day, the membrane was washed with 3x 10 minutes in TBS +
0.05% Tween 20 to remove the residual primary antibody.

d) The membrane was the incubated with a secondary antibody diluted in PBS + 1%
skimmed milk powder (w/v) at room temperature for 2 hours.

e) The membrane was washed with 3x 10 minutes in TBS + 0.05% Tween 20 to
remove the residual secondary antibody.

f) The membrane was then developed by using the Plus-ECL method (PerkinElmer,
Waltham, USA), according to the instructions provided by the company.

5.3.13 Brain homogenates and ELISA assays of Ap and I1-1p and Tnf-a

The frozen brain hemispheres were homogenized and extracted serially in Tris-buffered
saline (TBS), TBS plus 1% Triton X-100 (TBS-T), guanidine buffer (5 M guanidine
HC1/50 mM Tris, pH 8.0) as described in our previous study (Liu, Liu et al. 2014). AB
concentrations in three separate fractions of brain homogenates were determined by
Invitrogen™ Amyloid B 42 and 40 Human ELISA kits (Cat.-No.: KHB3441 and
KHB3481, respectively; both from Thermo Fisher Scientific). Results were normalized

on the basis of the sample’s protein concentration.

We measured concentrations of Il-1B and Tnf-a in TBS-soluble brain homogenates with
ELISA kits (Cat.-No.: DY401 and DY410, respectively, from R&D systems,
Minneapolis, USA). The results were also adjusted by the protein concentration in the

same sample.

The detailed steps for extraction of A into TBS-soluble, TBS-T-soluble and guanidine-

soluble fractions are as follows:
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(1) TBS-soluble fraction
a) The TBS extraction buffer was prepared by adding one tab of protease inhibitor
cocktail to 10 ml steril 1x TBS.
b) The frozen brain tissue was weight and kept on ice until homogenization.
c) Ice-cold TBS extraction buffer was added as four brain volumes (4 pl/mg brain
tissue) into a 2 ml Porter Elvehjem (PE) homogenizer containing the brain tissue.
d) The brain tissue was bounce-homogenized in the TBS extraction buffer and then
centrifuged at 16,000 g for 30 minutes at 4 °C.
e) The supernatant was collected as the TBS-soluble fraction and stored at -80 °C
for the ELISA assays.
(2) TBS-T-soluble fraction
a) The pellet was re-suspended with four volumes (based on the initial weight) ice-
cold TBS-T.
b) The remaining residue was lysed by sonication for 5 minutes in a 4 °C water bath.
c¢) The mixture was centrifuged at 16,000 g for 30 minutes at 4 °C.
d) The supernatant was collected as the TBS-T-soluble fraction and stored at -80 °C
for the ELISA assays.
(3) Guanidine-soluble fraction
a) The guanidine buffer was prepared by dissolving guanidine hydrochloride in 50
mM Tris-solution to obtain a final concentration of 0.5 M and the pH was adjusted
to 8.0.
b) The pellet was extracted using four volumes of ice-cold guanidine buffer und
lysing bei continuous rotating at 4 °C overnight.
¢) The mixture was centrifuged at 16,000 g for 30 minutes at 4 °C.
d) The supernatant was collected as the guanidine-soluble fraction and stored at -80

°C for the ELISA assays.

The detailed steps for ELISA assay of AP are as follows, according to the protocol
provided by the company:
(1) Preparation of solutions
a) The AP40 standard reconstitution buffer was prepared by dissolving 2.31 g
sodium bicarbonate in 500 ml deionized water and adjusting the pH to 9.0 to

obtain a final cencentration of 55 mM NaHCOj3 buffer.
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b) The wash buffer (1x) was prepared bei diluting the wash buffer concentrate (25x),
provided in the kit, with deionized water.
(2) Dilution of standards
a) The human AB40 standard was reconstitued by serially diluting the human AB40
in reconstitution buffer at the following concentrations: 500, 250, 125, 62.5,
31.25, 15.63, 7.81, and 0 pg/ml.
b) The human AB42 standard was reconstitued by serially diluting the human A42
in deionized water at the following concentrations: 1000, 500, 250, 125, 62.5,
31.25,15.63, and 0 pg/ml.
(3) Sample preparation
a) The sample concentration was adjusted within the standard curve range by using
standard diluting buffer provided in the kit.
b) In our study, we diluted the TBS-soluble fraction 1:1 (v/v), the TBS-T-soluble
fraction 1:4 (v/v), and the guanidine-soluble fraction 1:100 (v/v).
(4) Binding antigen and adding detector
a) 50 ul of standards, controls or samples was added to the plate wells. The wells for
chromogenic blanks were kept empty.
b) 50 pl of human AB40 or AP42 detection antibody solution was added in to each
well, except the chromogenic blanks.
c) The solutions were mixed by taping the side of the plate, which was then covered
with a plate cover and incubated at 4 °C overnight with shaking.
d) On the following day, the solution was thoroughly aspirated. The wells was
washed 4 times with 1x wash buffer.
(5) Adding Anti-rabbit IgG HRP solution
a) The anti-rabbit IgG HRP solution was prepared by diluting the anti-rabbit IgG
HRP concentrate (100x) with the HRP diluent provided in the kit to obtain a 1x
solution. The solution was prepared 15 minutes before use.
b) 100 pl of anti-rabbit IgG HRP solution (1x) was added to each well, except the
chromogenic blanks.
c) The plate was then covered with a plate cover and incubated at room temperature
for 30 minutes.
d) The solution was thoroughly aspirated. The wells was washed 4 times with 1x

wash buffer.
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(6) Adding substrate solution
a) 100 puL stabilized Chromogen was added to each well. The substrate solution
began to turn blue.
b) The plate was incubated for 30 minutes at room temperature in the dark.
(7) Adding stop solution
a) 100 pL Stop Solution was added to each well. The solution were mixed by taping
the side of the plate.
b) The solution in the well changed from blue to yellow.
(8) Reading the plate and generating the standard curve
a) The plate was read the absorbance at 450 nm within 2 hours after adding the Stop
Solution.
b) The curve-fitting software was used to generate the standard curve.
¢) The concentrations for unknown samples and controls were read from the
standard curve. Value(s) obtained for sample(s) was multiplied by the appropriate

factor to correct for the sample dilution.

The detailed steps for ELISA assay of II-1p or Tnf-a are as follows, according to the
protocol provided by the company:
(1) Plate Preparation
a) The Capture Antibody was diluted to the working concentration in PBS without
carrier protein. The 96-well microplate was immediately coated with 100 puL per
well of the diluted Capture Antibody. The plate was sealed and incubated
overnight at room temperature.
b) Each well was aspirated and washed with Wash Buffer, 3 times.
c) The plate was blocked by adding 300 uL of Reagent Diluent to each well and
incubated at room temperature for a minimum of 1 hour.
d) Each well was aspirated and washed with Wash Buffer, 3 times. The plate was
then ready for sample addition.
(2) Assay Procedure
a) 100 pL of sample or standards was added per well. The plate was covered with an
adhesive strip and incubated 2 hours at room temperature.

b) Each well was aspirated and washed with Wash Buffer, 3 times.
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c) 100 pL of the Detection Antibody, diluted to working dilution by Reagent Diluent
was added to each well. The plate was covered with a new adhesive strip and
incubated 2 hours at room temperature.

d) Each well was aspirated and washed with Wash Buffer, 3 times.

e) 100 pL of the working dilution of Streptavidin-HRP was added to each

f) well. The plate was covered and incubated for 20 minutes at room temperature in
dark

g) Each well was aspirated and washed with Wash Buffer, 3 times.

h) 100 pL of Substrate Solution was added to each well. The plate was incubated for
20 minutes at room temperature in dark.

1) 50 uL of Stop Solution was added to each well. The solutions were mixed by
gently taping the plate.

j) The optical density of each well was determined immediately, using a microplate

reader set to 450 nm.

5.3.14 Quantitative PCR for analysis of gene transcripts

Total RNA was isolated from mouse brains with TRIzol (Invitrogen) or from selected
CDI11b or CD4-positive cells with RNeasy Plus Mini Kit (Qiagen) and reverse-
transcribed. Gene transcripts were quantified with established protocols (Liu, Liu et al.
2014, Hao, Decker et al. 2016) and Tagman gene expression assays of mouse Tnf-a, /-
1B, Chemokine (C—C motif) ligand 2 (Ccl-2), Il-10, Chitinase-like 3 (Chi3l3), Mannose
receptor C type 1 (Mrcl), Apoe, Trem2, P2ryl2, Cx3crl, Lpl, Clec7a, Itgax, 1l-17a, Ifn-
v, Il-4, Neprilysin and Insulin-degrading enzyme (Ide), Activity-regulated cytoskeleton-
associated protein (Arc), Glutamate ionotropic receptor NMDA type subunit 1 (Grinl),
Brain derived neurotrophic factor (Bdnf), and Gapdh (Thermo Fisher Scientific).

The steps to isolate total RNA from brain tissue are as follows, according to the protocol

provided by the company:

(1) 0.5-mm-thick tissue slide sagittally excised from the right hemisphere (see above in
Tissue Preparation section 5.3.2) was homogenized in 1 ml of TRIzol in a 2-ml tube.

(2) For complete dissociation of the nucleoprotein complex, the homogenized sample

was frist incubated for 5 minutes ar toom temperature. Chloroform, 0.2 ml per ml
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TRIzol used, was added into the tube, which was the closed tightly and shaked
vigorously ba hand for 15 seconds. The sample was then incubated at room
temperature for 3 minutes. The resulting mixture was centrifuged at 12,000 g for 15
minutes at 4 °C. The sample mixture was separated into 3 phases: a lower red oraganic
phase (containing protein), an interphase (containing DNA), and a upper colourless
aqueous phase (containing RNA).

(3) The colourless aqueous phase was transferred to a fresh tube and mixed with 0.5 ml
isopropyl alcohol per ml TRIzol used before. The mixture was allowed to stand at
room temperature for 10 minutes andcentrifuged at 12,000 g for 10 minutes at 4 °C.
The RNA was precipitated to a gel-like pellet on the bottom of the tube.

(4) The supernatant was thoroughly removed and the RNA pellet was washed by adding
I ml 75% ethanol. After votexing the mixture was centrifuged at 12,000 g for 5
minutes at 4 °C.

(5) The supernatant was agein thoroughly removed. The RNA precipitante was dryed
briefly, and then dissolved in an appropriate volume of RNase-free water. For one

sample of brain tissue 100 ul was typically needed.

The steps to isolate total RNA from selected cells are as follows, according to the protocol

provided by the company:

(1) The selected cells were lysed in 700 ul Buffer RLT Plus and vortexed for 30 seconds.
(2) The homogenized lysate was tranfered to a gDNA eliminator spin column placed in a
2 ml collection tube. The lysate was centrifuged at 8,000 g for 30 seconds at 4 °C.

(3) The column was discharged. To the flow-through, 700 ul of 70% ethanol was added.
The solution was mixing thoroughly by pipetting.

(4) The mixture, including any precipitate, was transferred to a RNeasy spin column
placed in a 2 ml collection tube and centrifuged at 8,000 g for 30 seconds at 4 °C. The
flow-through was discharged.

(5) 700 pl Buffer RPE was added to the RNeasy spin column in the 2 ml collection tube.
The whole system was centrifuged at 8,000 g for 30 senconds at 4 °C. The flow-
through was discharged.

(6) 500 pul Buffer RW1 was added to the RNeasy spin column in the 2 ml collection tube.
The whole system was centrifuged at 8,000 g for 30 senconds at 4 °C. The flow-

through was discharged. The step was repeated once to wash the spin column. After
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discharge the flow-through for the second time, the whole system was centrifuged at
12,000 g for 1 minute at 4 °C to further dry the membrane.

(7) The RNeasy spin column was placed in anew 1.5 ml collection tube. 30 ul RNase-
free water was directly added to the spin column membrane. The whole system was

centrifuged at 8,000 g for 1 minutes at 4 °C to elute the RNA.

Genomic DNA was degradated prior to the RT-PCR by using the RQ1 Rnase-free Dnase
(Promega, Mannheim Germany).

(1) The reaction was set up as follows:

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

RQ 1 Rnase-free DNase 10x Reaction Buffer 1 ul

RQ 1 Rnase-free DNase 1 U/ ng RNA
Nuclease-free water To a final volume of 10 pl

(2) The mixure was incubated at 37 °C for 30 minutes. The reaction was then terminated
by adding 1 pl of RQ1 DNase Stop solution. DNase was inactived by heating at 65

°C for 10 minutes.

First-strand cDNA was synthesized by priming total RNA with hexamer random primers
(Invitrogen) and using Maxima Reverse Transcriptase (ThermoFisher Scientific).

(1) The reaction was set up as follows:

Components Volume/ 20l reaction
Total RNA 3ug

Random primer (250 ng/ul) 1 ul

dNTP mix (10 mM each) 1l

Nuclease-free water To a final volume of 15 pl

(2) The mixure was incubated at 65 °C for 5 minutes and then cooled down on ice for 2

minutes.

61



MATERIALS AND METHODS

(3) The reaction was further performed by adding 4 pul of 5x RT buffer und 1 pl (200U)
Maxima H Minus reverse Transcriptase. The mixure was incubated at 25 °C for 10
minutes, followed by 30 minutes at 50 °C.

(4) The reaction was then terminated by heating at 85 °C for 5 minutes. The cDNA was

then ready for use.

To quantify the gene transcription, real-time quantitative PCR with the Tagman® gene
expression assay was performed using the 7500 Fast real-time PCR system (Applied
Biosystems) with a DyNAmo™Flash Probe q PCR kit (Roche Applied Science).

(1) The reaction was set up as follows:

Components Volume

2x DyNAmo™Flash Probe Master Mix 10 pl

Primer Mix (10 uM) I ul

50x ROX reference dye 0.06 ul

cDNA 1 ul

dd H,O To a final volume of 20 pl

(2) The reaction was performed as follows:

Steps Temperature Time Cycles
Initial denaturation 95 °C 10 minutes 1
Denaturation 95 °C 10 seconds 45
Annealing and extension 60 °C 30 seconds

(3) By detecting the free FAM dye cleaved from the Tagman® probe, the amount of
double-strand PCR product generated in each cycle may be determined. The threshold
dycle (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).
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5.3.15 Statistical analysis

Data were presented as mean = SEM and displayed using a scatter plot with a bar overlay
in the figure, with the scatter plot representing individual data points. Means for two
groups of cases were compared with two independent-samples Students ¢-test. The
comparison of cerebral DNA levels of bacterial 16S rRNA gene between IL-17a-deficient
and wild-type APP-transgenic mice with and without antibiotic treatment were conducted
by Mann-Whitney-U-test, because the variables were apparently non-normally
distributed. For multiple comparisons, we used one-way or two-way ANOVA followed
by Bonferroni, Tukey, or Dunnett T3 post hoc test (dependent on the result of Levene’s
test to determine the equality of variances). All statistical analyses were performed with
GraphPad Prism 8 version 8.0.2. for Windows (GraphPad Software, San Diego, USA) or
SPSS software for Windows (Version 26.0, IBM, Armonk, USA). Other statistical
methods in microbiome analysis offered by external companies have been described

above. Statistical significance was set at p < 0.05.
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6 RESULTS

6.1 Oral treatment with an antibiotic cocktail depletes almost all bacteria in the

gut of APP-transgenic mice

To investigate the relationship between gut and brain, we treated 3-month-old APP-
transgenic female littermate mice with and without an antibiotic cocktail in drinking water
for 2 months. By quantifying gut bacterial /6S »rRNA gene with real-time PCR, we found
that antibiotic treatment depleted almost all bacteria in the gut, as the number of remaining
bacteria was only 0.08% of that of normal drinking water control mice (Fig. 6.1, A; ACt
value: 10.34 in real-time PCR; ¢ test, p < 0.0001), which was consistent with previous
studies that have demonstrated the depletion of gut bacteria by anaerobic and aerobic
culture of gut contents (Benjamin, Sumpter et al. 2013, Liu, da Cunha et al. 2016). Not
surprisingly, the richness and diversity of the remaining bacteria in the gut of antibiotics-
treated AD mice were dramatically reduced, as indicated by decreased Sobs, Ace, Chao,
and Shannon indices and increased Simpson index in the a-diversity analysis (Fig. 6.1, B
- F; ¢t test, p < 0.05). Similarly, the B-diversity-based PCoA analysis clearly showed the
difference in intestinal bacterial architecture between APP-transgenic mice with and
without antibiotic treatment (Fig. 6.1, G; ANOSIM, R = 1.0000, p = 0.008). We further
observed that the remaining antibiotic-resistant bacteria belonged almost exclusively to
the genera Escherichia-Shigella and Parasutterella (Fig. 6.1, H; Wilcoxon rank-sum test,

2 <0.05).

64



RESULTS

A rrk B -
30 600 5 600 600 08
[
.

IS
.

06

8

04

Sobs index
Shannon index
Chao index

<)
8
Simpson index

° 02 .
o

& ] =) i 5]

o T T 0 T T 00— 0 T T 0 T T 0 T T

control +antibictics control +antibiotics control +antibiotics control +antibiotics cantrol +antibiotics control +antibiotics

Ct value of gPCR of 168 rRNA

G H Wilcoxon rank-sum test bar plot on Genus level

trol +antibioti - .
I contro I +antibictics 95% confidence intervals

PCoAon Genus level Escherichia-Shigella £ e - 0018
. 0018

04
norank_f__Muribaculaceae =8
@ control

E"W e
0.2 © +antibiotics
I Lachnospiraceae_NK4A136_group

Parasutterella Poe - 0.020
+ 0.019
- 0.019

¢

$..0.0.0.0.80._ 98 0.9 . 8 °

(n=4) | ANOSIM analysis: Alloprevaotella
: * 0,019

« 0.019

PC2 (8%)
o

p=0008

‘4 R =1.0000 norank_f__Desulfovibrionaceae
" Helicobacter
|
|

unclassified_f__Lachnospiraceae + 0018
= 0,019
« 0.018
+ 0019
+ 0.019
« 0.015
- 0.018

- I

anjea d

norank_f__Lachnospiraceae

04 Prevotellaceae_NK3B31_group

-06 -04 -02 0 0.2 0.4 Prevotellaceae_UCG-001
PC1(86.35%) Alistipes

unclassified_f__Ruminococcaceae
Ruminiclostridium_9

Muribaculum * 0015

0 20 40 60 80 -40-20 0 20 40 60 80
Proportions (%) Difference between proportions (%)

Fig.6.1, Antibiotic treatment successfully depletes the bacteria in the gut of APP-transgenic mice.
Three-month-old APP-transgenic female mice were treated with and without antibiotics in drinking water
for 2 months. Intestinal content (total 100mg) for the isolation of bacterial DNA was harvested from the
appendix and neighboring colon. Bacterial DNA was first measured for the amount with real-time PCR (A;
t test; n = 20 and 6 for mice receiving normal water and antibiotic supplement), and then sequenced for the
V3-V4 region of 16S rRNA-encoding gene (n = 5 and 4 for control and antibiotic-treated mice,
respectively). Using Sobs, Shannon, Ace, Chao and Simpson's indices, a-diversity analysis shows that
treatment with an antibiotic cocktail significantly reduces bacterial richness and diversity within each
mouse (B - F; ¢ test). Principal coordinate analysis (PCoA) was used for B-diversity analysis of bacterial
composition at the genus level in APP-transgenic mice with and without antibiotic treatment (G; each
symbol represents the gut bacteria of an individual mouse). As expected, the structure of gut bacterial
community of antibiotics-treated APP-transgenic mice differed significantly from those of APP-transgenic
littermates with normal drinking water (H; ANOSIM analysis between +antibiotics and control mice). Bar
plots depict abundance (% of total) of the indicated genera. Wilcoxon rank-sum tests show that antibiotic
treatment increases the relative abudance of bacteria in the genera Escherichia-Shigella and Parasutterella

(H). ***: p < 0.001 and ****: p < 0.0001.
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6.2 Depletion of gut bacteria reduces IL-17a-expressing CD4-positive

lymphocytes in APP-transgenic mice

Our recent study showed that IL-17a-expressing CD4-positive lymphocytes increase in
the gut and spleen of APP-transgenic mice (Luo, Schnoder et al. 2022). We therefore
selected CD4-positive cells with a magnetic beads-conjugated antibody from the spleen
of antibiotics-treated APP-transgenic mice and quantified the transcripts of characteristic
genes for Th1, Th2, Th17 and Treg lymphocytes. As shown in Fig. 6.2.1, A - D, depletion
of gut bacteria significantly decreased the transcription of /I-17a, but increased the
transcription of Ifn-y and /-4 (¢ test, p < 0.05). We further treated 3-month-old APP-
transgenic mice expressing IL-17a-eGFP reporter (Esplugues, Huber et al. 2011) with and
without antibiotics, and observed that depletion of gut bacteria for 2 months significantly
reduced eGFP-expressing CD4+ lymphocytes in both lamina propria and Peyer's patches
of the gut compared to control AD mice with normal drinking water (Fig. 6.2.1, E - H; ¢
test, p < 0.05). Therefore, depletion of intestinal bacteria leads to a significant reduction
in IL-17a-expressing CD4-positive T lymphocytes in AD mice. We also found some IL-
17a-eGFP-expressing CD4-negative cells in both lamina propria and Peyer's patches (see
upper-left quadrant in Fig. 6.2.1, E and G); however, these cells could not form a clearly
distinguishable population in both the antibiotics-treated and non-treated AD mice, which
made it difficult to reliably quantify cells. Thus, our results do not exclude the possibility
that depletion of gut bacteria also regulates IL-17a expression in other immune cells, such
as lymphoid-tissue inducer-like cells, natural killer cells, and Paneth cells (Cua and Tato
2010). In our APP-transgenic animal models, expression of GFP was not detected in yd

T lymphocytes in the gut (Luo, Schnoder et al. 2022).

In additional experiments, we performed an immunohistochemical analysis of GFP in the
brain of APP-transgenic mice and of EAE mice that were established in our previous
study (Hao, Luo et al. 2021), both of which expressed IL-17a-eGFP. We could not detect
GFP-expressing cells in the brain parenchyma of AD mice, but clearly saw GFP-positive
cells surrounding blood vessels in the EAE model (Fig. 6.2.2). Similarly, we did not detect
1l-17a gene transcripts in the brain tissue from APP-transgenic mice within 40 cycles of
real-time PCR (data not shown). These results suggest that gut bacterial depletion alters

brain pathology by regulating IL-17a-expressing cells outside the brain.
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Fig. 6.2.1, Depletion of gut bacteria reduces IL-17a-expressing CD4-positive lymphocytes.

Three-month-old APP-transgenic female mice, expressing or not IL-17a-eGFP reporter, were treated with
and without antibiotics in drinking water for 2 months. CD4-positive splenocytes were selected and
detected for transcription of T lymphocyte marker genes. The transcription of //-17a gene was significantly
down-regulated by antibiotic treatment, while the transcription of Ifi-y and [I-4 genes was up-regulated in
CD4+ splenocytes compared to APP-transgenic control mice with normal drinking water (A - C; ¢ test, n =
6 - 7 per group). The transcription of 7/-10 gene in spleen cells was not changed by antibiotic treatment (E;
ttest, n = 6 - 7 per group). In addition, single cell suspensions were prepared from both lamina propria and
Peyer's patches of 5-month-old IL-17a-eGFP-expressing APP-transgenic mice and analyzed by flow
cytometry after fluorescent staining of CD4 (E and G). Intestinal cells prepared from APP-transgenic mice
without expressing IL-17a-eGFP reporter were stained with APC-conjugated rat IgG2b as an isotype
control (Isotype w/o GFP). The expression of IL-17a-associated eGFP was decreased in CD4+ lymphocytes
in the intestine of APP-transgenic mice by antibiotic treatments (F and H; ¢ test, n = 7 - 10 per group). *: p

<0.05; **: p<0.01.
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Fig. 6.2.2, IL-17a-eGFP expressing cells are detected in the brain of EAE mice but not in AD mice.
Brain sections from 5-month-old APP-transgenic mice and EAE mice both expressing IL-17a-eGFP were
detected for GFP protein with immunohistochemistry. Rabbit anti-GFP antibody (Cat.-No.: 600-901-215;
Rockland Immunochemicals) was used. The staining was visualized with HRP/3,3’-diaminobenzidine in

brown (DAB; Sigma).

6.3 Depletion of gut bacteria reduces bacterial DNA in the brain of APP-

transgenic mice

Disruptions of the gut microbiome and altered gut permeability are associated with AD.
Intestinal bacteria may release structural components into the blood that circulate to the
brain, or the bacteria translocate via the vagus nerve to the brain but not to other organs
like blood, lung, heart, kidney oder spleen (Dominy, Lynch et al. 2019, Thapa, Kumari et
al. 2023). We then asked whether depletion of gut bacteria alters the potential presence
of bacterial components in the brain. Since we observed that depletion of gut bacteria
reduced the number of IL-17a-expressing lymphocytes, we asked whether IL-17a
affected the amount of bacterial substance in the brain. We treated 1L-17a-deficient and
wild-type APP-transgenic female mice with antibiotics as described above. Both groups
of mice after antibiotic treatment showed enlargement of the caeca and dark-colored cecal
contents as shown in published studies (Erny, Hrabe de Angelis et al. 2015) (data not
shown). Interestingly, antibiotic treatment significantly decreased the DNA level of the
bacterial /6S ¥rRNA gene in the brains of both IL-17a-deficient and wild-type APP-
transgenic mice (Fig. 6.3, A and B; Mann-Whitney-U-Test, p < 0.05). The DNA level of
16S rRNA gene was significantly lower in IL-17a-deficient than in IL-17a-wild-type
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APP-transgenic mice without antibiotic treatment (Fig. 6.3, A and B; 16S ¥yRNA/Gapdh:
2.99 +0.49 x 107 vs. 2.00 + 0.93 x 107}; Mann-Whitney-U-Test, U =4, p = 0.015). After
antibiotic treatment, the DNA level of the /165 rRNA gene did not differ between IL-17a-
deficient and wild-type AD mice (16S rRNA/Gapdh: 1.49 + 0.42 x 107 [I1-17a-deficient
] vs. 4.32 + 1.32 x 107 [Il-17a-wild-type]); Mann-Whitney-U-Test, U = 19, p = 0.102).
Thus, IL-17a deficiency potentially blocked the translocation of bacterial components

from the intestine to the brain.
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Fig. 6.3, Depletion of gut bacteria reduces bacterial DNA in the brains of both IL-17a-deficient and
wild-type APP-transgenic mice.

Three-month-old IL-17a-deficient (ko) and wild-type (wt) APP-transgenic female mice received drinking
water with and without supplement of antibiotics for 2 months. The hippocampus and cortex were collected
and homogenized in Trizol for DNA isolation. The amount of bacterial DNA was evaluated by real-time
PCR using mouse Gapdh gene as an internal control. Depletion of gut bacteria significantly decreased
bacterial DNA in both IL-17a-deficient and wild-type APP-transgenic mice; interestingly, deficiency of IL-
17a also reduced bacterial DNA in the brain compared wth IL-17a wild-type AD mice (A and B; Mann-
Whitney-U-Test, n = 8 - 9 per group for IL-17a-wildtype mice and 6 - 8 per group for IL-17a-deficient
mice). *, p <0.05.
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6.4 Depletion of intestinal bacteria inhibits proinflammatory activation in the

brain of APP-transgenic mice, but not in IL-17a-deficient AD mice

Depletion of intestinal bacteria has been shown to suppress inflammation in the brain of
APP-transgenic mice (Minter, Zhang et al. 2016, Harach, Marungruang et al. 2017). We
did observe that intestinal antibiotic treatment for 2 months significantly reduced the
number of Ibal-positive microglia in both the hippocampus and cortex of female APP-
transgenic mice (Hippocampus: from 17.13 = 1.29 x 10° cells/mm? to 11.85 = 0.73 x 10°
cells/mm?, and Cortex: from 24.31 + 0.84 x 103 cells/mm® to 17.46 + 2.55 x 10°
cells/mm?®; Fig. 6.4.1, A - C; ¢ test, p < 0.05). Interestingly, in IL-17a-deficient APP-
transgenic mice, depletion of gut bacteria did not alter the number of Iba-1-positive cells
in the hippocampus (Fig. 6.4.1, D and E; 16.21 £ 0.57 x 10° cells/mm? vs. 15.85 = 0.83
x 103 cells/mm?; ¢ test, p > 0.05). We measured transcripts of proinflammatory genes
(Tnf-a, 1I-16, and Ccl-2) and anti-inflammatory genes (//-10, Chi3l3, and Mrcl) in brains
of APP-transgenic mice. As shown in Fig. 6.4.1, F, H and J - M, depletion of intestinal
bacteria down-regulated the transcription of /I-1f and Ccl-2, but up-regulated 1/-10
transcription in IL-17a-wildtype APP-transgenic mice (¢ test, p < 0.05). Intestinal
bacterial depletion did not change the transcription of 7nf-a, Chi3/3 and Mrc-1 in APP-
transgenic mice (Fig. 6.4.1, F, L and M; ¢ test, p > 0.05). In IL-17a-deficient AD mice,
depletion of intestinal bacteria did not modulate the transcription of Tnf-a, Il-1f, Ccl-2,
1I-10, and Mrc-1 (Fig. 6.4.1, F, H, and J - M, and K # test, p > 0.05), except decreasing
the transcription of Chi3/3 (Fig. 6.4.1, L; ¢ test, p < 0.05). The results on antibiotics-
induced transcriptional regulations of 7nf-a and /-1 genes were confirmed by ELISA
measurements of their protein levels, which showed that depletion of gut bacteria
significantly decreased the I1-1f protein concentration (Fig. 6.4.1, [; ¢ test, p < 0.05) and
tended to reduce the amount of Tnf-a protein (Fig. 6.4.1, G; ¢ test, p = 0.075) in brains of
IL-17a-wildtype but not IL-17a-deficient mice.

In order to investigate whether the intestinal bacterial depletion-induced inflammatory
inhibition was specific for mice with AD pathology, we treated 3 and 22-month-old
female C57BL/6J mice with and without antibiotics for 2 months. Depletion of intestinal
bacteria did not change transcription of all genes tested in 5-month-old C57BL/6J mice
(Tnf-a, Il-1p, Ccl-2, II-10, Chi3l3, and Mrcl; Fig. 6.4.1, N; t test, p > 0.05). In 24-month-
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old C57BL/6J mice, depletion of intestinal bacteria increased 7nf-a transcription and
decreased Chi3l3 transcription (Fig. 6.4.1, O; ¢ test, p < 0.05). These experiments also
suggested that it was intestinal bacterial depletion instead of antibiotics themselves

modifying the inflammatory activation in the brain of APP-transgenic mice.

In order to examine the off-target effects of oral treatment of antibiotics, we injected 5-
month-old APP-transgenic mice daily for 7 days with the antibiotic cocktail (1.5
mg/kg/day vancomycin, 3 mg/kg/day ampicillin, neomycin and streptomycin) according
to the published protocol (Bercik, Denou et al. 2011). We injected metronidazole at the
maximal dose of 30 mg/kg/day, because it has a high oral bioavailability (Jensen and
Gugler 1983). Intraperitoneal injection of the antibiotic cocktail did not change the
transcription of proinflammatory genes, Tnf-a, Il-15, and Ccl-2 (Fig. 6.4.2, A - C; ¢ test,
p > 0.05); however, significantly decreased the transcription of anti-inflammatory genes,
1I-10, and Mrcl (Fig. 6.4.2, D and F; ¢ test, p < 0.05), and tended to inhibit Chi3/3 gene
transcription (Fig. 6.4.2, E; ¢ test, p = 0.055). The pattern of transcriptional modification
in the brain by intraperitoneal injection of antibiotic cocktail is obviously different from
that in oral antibiotics-treated mice; therefore, the effects of oral antibiotic treatment were

due to the depletion of bacteria in the gut and not the antibiotics themselves.
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Fig. 6.4.1, Depletion of gut bacteria reduces inflammatory activation in the brain of IL-17a-wildtype,
but not I117a-deficient APP-transgenic mice. Three-month-old APP-transgenic female mice with (ko)
and without (wt) knockout of //-17a gene, and 3 or 22-month-old C57B/L6 female mice were treated with
and without antibiotics in drinking water for 2 months. Thereafter, brain tissues were sectioned and
microglia were counted with stereological method, Optical Fractionator, after immunohistochemical
staining of Ibal (in brown color) (A - E), or homogenized for RNA isolation (F, H, and J - M) and
measurement of inflammatory gene transcripts with real-time PCR, as well as for ELISA assays of Tnf-a
and I1I-1P concentrations (G and I; n = 4 - 9 per group). Depletion of gut bacteria significantly decreased
Ibal-positive microglia in both the hippocampus and cortex of IL-17a-wildtype, but not in I117a-deficient
APP-transgenic mice (B, C and E; ¢ test, n = 5 - 9 per group). Similarly, depletion of gut bacteria
significantly reduced the transcripts of //- 1§ and Ccl-2, and increased /-0 transcript in the brain of I1-17a-
wildtype, but not in Il17a-deficient APP-transgenic mice (H, J, and K; ¢ test, n = 6 - 17 per group).
Transcriptional regulation in AD mice deleted of gut bacteria was confirmed by the reduction in protein
levels of I1-1f but not Tnf-a in brain homogenate compared to APP mice receiving normal water (G and I;
ttest, n =4 - 9 per group). However, depletion of gut bacteria significantly reduced the transcript of Chi3I3
in the brain of I117a-deficient APP-transgenic mice (L; ¢ test, n = 6 - 7 per group). Moreover, depletion of
gut bacteria did not change the transcription of various inflammatory genes (7nf-a, Il-1f3, Ccl-2, 1I-10,
Chi3l3, and Mrcl) in in the brain of 5-month-old C57BL/6J female mice (N; ¢ test, n = 3 - 9 per group),
however, significantly increased Tnf-a transcription and decreased Chi3[3 transcription in 24-month-old

C57B/L6 female mice (O; ¢ test, n =5 - 6 per group). *: p < 0.05; **: p <0.01.
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Fig. 6.4.2 Intraperitoneal injection of an antibiotic cocktail inhibits the transcription of anti-
inflammatory but not proinflammatory genes in the brain of APP-transgenic mice. Five-month-old
APP-transgenic mice were injected (i.p.) daily with an antibiotic cocktail (vancomycin, ampicillin,
neomycin sulfate, streptomycin, and metronidazole; all from Sigma) for 7 days. Brain tissues were then
homogenized in Trizol and total RNA was isolated. Transcripts of inflammatory genes (Tnf-a, II-15, Ccl-
2,11-10, Chi3I3 and Mrc1) were measured with quantitative RT-PCR. Intraperitoneal injection of antibiotics
does not alter the transcription of proinflammatory genes 7nf-a, II-1f3, and Ccl-2 (A - C), but decreases the

transcripts of antiinflammatory genes /I-10, Chi3I3 and Mrcl (D - F). t test, n = 6 per group.

6.5 Depletion of intestinal bacteria inhibits microglial activation in the brain of

APP-transgenic mice, which is abolished by knockout of 7/-17a gene

To understand the mechanism, through which intestinal antibiotic treatment modified
neuroinflammation in AD mice, we selected CD11b" brain cells from 5-month-old female
APP-transgenic mice with and without 2-month treatments of antibiotics and detected

transcripts of disease-associated microglia (DAM) signature genes (Keren-Shaul, Spinrad
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et al. 2017). Depletion of intestinal bacteria significantly reduced transcription of /-1
and Ccl-2 genes (Fig. 6.5.1, B and C; ¢ test, p < 0.05), and tended to decrease the
transcription of 7Tnf-a, Il-10 and Iltgax genes (Fig. 6.5.1, A, D and K; ¢ test, 0.05 <p <
0.10) in cells derived from IL-17a-wildtype APP-transgenic mice, but not in cells from
IL-17a-deficient control AD mice. Depletion of intestinal bacteria even increased
transcription of //-10 gene in IL-17a-deficient APP-transgenic mice (Fig. 6.5.1, D; ¢ test,
p < 0.05). Gut bacterial depletion down-regulated transcription of Apoe gene in both
I117a-deficient and wild-type APP-transgenic mice (Fig. 6.5.1, E; ¢ test, p < 0.05).
Antibiotic treatment did not significantly change the transcription of other genes (7rem2,
Cx3crl, P2ry12, Clec7a, and Lpl) tested in both IL-17a-deficient and wild-type mice (Fig.
6.5.1, F - K; ¢ test, p > 0.05).

In further experiments, we labelled microglia with Iba-1 antibodies and analyzed the
morphology of microglia in the vicinity of AP deposits as we had done previously (Luo,
Schnoder et al. 2022). Depletion of intestinal bacteria increased the total number and end
points of branching microglial processes (Fig. 6.5.1, L - N; ¢ test, p < 0.05), and tended to
increase branch length (Fig. 6.5.1, O; ¢ test, p = 0.078) in 5-month-old APP-transgenic
mice, consistent with previous observations (Erny, Dokalis et al. 2021, Xie, Bruggeman
et al. 2023). However, all changes in microglial morphology caused by gut bacteria

depletion were absent in IL-17a-deficient AD mice (Fig. 6.5.1, M - O; ¢ test, p > 0.05).

As we observed bacterial DNA in the brain, we further investigated whether 1L-17a
deficiency alters the response of microglia to bacterial components. We found that 5-
month-old IL-17a-deficient and wild-type APP-transgenic mice without antibiotic
treatment did not differ in the transcription of Myd88, Cdi4, Tirl, Tilr2, Tlr4 and Tir9
(Fig. 6.5.2, A), suggesting that knockout of //-17a gene does not change microglial
reactivity to bacteria. Surprisingly, our additional experiments and a previous study
showed that the lack of IL-17a did not reduce the transcription of inflammatory genes,
Tnf-a, 1lI-16, Ccl-2 and I/-10 in microglia (Fig. 6.5.2, B) and even activate microglia (Luo,
Schnoder et al. 2022).
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Fig. 6.5.1, Depletion of gut bacteria inhibits inflammatory activation in microglia in the brain of IL-
17a-wildtype, but not I117a-deficient APP-transgenic mice. Three-month-old APP-transgenic female
mice with (ko) and without (wt) knockout of /l-17a gene were treated with and without antibiotics in
drinking water for 2 months. CD11b-positive brain cells were selected and quantified for the transcription
of DAM marker genes. Depletion of gut significantly decreased the transcription of //-1§, and Ccl-2 genes,
and tended to down-regulate the transcription of Tnf-a, /I-10, and Iltgax genes in the brain of IL-17a-
wildtype, but not in I117a-deficient APP-transgenic mice (A - D, and K; ¢ test, n = 4 - 7 per group).
Depletion of gut significantly reduced transcription of Apoe gene, but not Trem2, Cx3cri, P2ry12, Clec7a,
and Lpl genes in both IL-17a-wildtype and deficient APP-transgenic mice (E - J; ¢ test, n =4 - § per group).
In the analysis of microglial morphology after immunofluorescent staining of Ibal (L), depletion of gut
bacteria increased the number of branches and endpoints of the processes of microglia in IL-17a-wildtype,
but not in I117a-deficient APP-transgenic mice (M - O; ¢ test, n =5 - 7 per group). The Ibal-positive celles
marked with “*” without showing clear processes were excluded for analysis of microglial morphology

(L). *: p < 0.05; **: p < 0.01; # 0.05 < p <0.10.
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Fig.6.5.2 Deficiency of IL-17a does not change the transcription of innate immune receptors and
inflammatory genes. CD11b-positive cells were selected from single cell preparations from brains of 5-
month-old //-17a gene-knocked out (ko) and wild-type (wt) APP-transgenic mice with magnetic beads-
conjugated antibody (clone M1/70.15.11.5; Miltenyi Biotec) and detected for transcripts of various innate
immune receptor genes (Cd14, Tirl, Tlr2 and Tir4) and Myd§8, as well as inflammatory genes (7nf-a, II-
1P, Ccl-2 and II-10) with quantitative RT-PCR. ¢ test, n =3 - 6 per group, p > 0.05 for all tested genes.
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6.6 Depletion of intestinal bacteria reduces cerebral Ap in IL-17a-wildtype but not

in IL-17a-deficient APP-transgenic mice

Extracellular AP plaques are a pathological hallmark of AD. Depletion of gut bacteria
was reported to attenuate AP deposits in APP-transgenic mice (Minter, Zhang et al. 2016,
Dodiya, Kuntz et al. 2019). We treated 3-month-old female APP-transgenic mice with an
antibiotic cocktail for 2 months. As shown in Fig. 6.6, A - C, 2-month treatments with
antibiotics significantly reduced immunoreactive AP density from 6.02% =+ 0.32% to
4.42% + 0.64% in the cortex and from 5.67 % + 0.34 % to 4.16 % + 0.58% in the
hippocampus (¢ test, p < 0.05) of IL-17a-wildtype AD mice. In Il-17a-deficient APP-
transgenic mice, treatment with antibiotics changed the density of AP in neither
hippocampus nor cortex (Fig. 6.6, D - F; ¢ test, p > 0.05). The brain section was also
stained with methoxy-XO4 that typically binds to the 3 sheet structure of AP aggregates.
Similarly, treatments with antibiotics significantly reduced AP deposits in the cortex (Fig.
6.6, G and H; ¢ test, p < 0.05) and tended to decrease AP in the hippocampus (Fig. 6.6, G
and I; ¢ test, p = 0.060) of IL-17a-wildtype APP-transgenic mice, but did not change
density of methoxy-X0O4-stained AP deposits in IL-17a-deficient AD mice (Fig. 6.6, J -
L; ¢ test, p > 0.05).

We went on measuring AP in the brain homogenate with ELISA. In IL-17a wild-type
APP-transgenic mice, antibiotic treatment significantly decreased the levels of both A42
and AB40 in TBS- and TBS-T fractions (Fig. 6.6, M, N, P and Q; 7 test, p < 0.05), but not
in guanidine-soluble fraction (Fig. 6.6, O and R; ¢ test, p > 0.05). TBS-, TBS-T-, and
guanidine-soluble brain homogenates are enriched with monomeric, oligomeric and high-
molecular-weight aggregated AP, respectively (Liu, Walter et al. 2005). In IL-17a-
deficient APP-transgenic mice, treatment with antibiotics did not reduce AB42 and AB40
in all three fractions of brain homogenates (Fig. 6.6, M - R). On the contrary, antibiotic
treatment even increased the concentration of AB42 in TBS-soluble fraction of brain

homogenate (Fig. 6.6, M; ¢ test, p < 0.05).
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Fig. 6.6, Depletion of gut bacteria reduces A in the brain of IL-17a-wildtype, but not IL-17a-deficient
APP-transgenic mice. Three-month-old APP-transgenic female mice with (ko) and without (wt) knockout
of I-17a gene were treated with and without antibiotics in drinking water for 2 months. Brain tissues were
sectioned and stained with immunofluoresce-conjugated A antibodies (A and D) and methoxy-XO4, a
fluorescent dye for AP aggregates (G and J). Depletion of gut bacteria decreased AP deposits in both the
hippocampus and cortex after staining of AP either with antibody or dye (B, C, Hand I; ¢ test, n =6 - 13
per group). However, in the IL-17a-deficient AD mice, depletion of gut bacteria did not change the cerebral
AP loads (E, F, K and L; ¢ test, n = 4 - 7 per group). Brain tissues were also serially homogenized and
extracted in TBS, TBS plus 1% Triton-100 (TBS-T) and guanidine-HCI, and then measured for AB40 and
AB42 with ELISA (M - R). Depletion of gut bacteria decreased the concentrations of both AB40 and AB42
in TBS- and TBS-T-soluble brain fractions, but not in guanidine-HCl-soluble fraction of IL-17a-wildtype
APP-transgenic mice (M - R; ¢ test, n = 7 - 9 per group). Depletion of gut bacteria did not change the
concentrations of AB40 and AP42 in various fractions of bran homogenates of IL-17a-deficient AD mice
(N - R; t test, n =4 - 5 per group), except that it significantly incrased the concentration of AB42 in TBS-
soluble fraction (M). *: p <0.05; **: p <0.01; ***: p <0.001; #: 0.05 <p <0.10.

6.7 Depletion of intestinal bacteria does not increase microglial Ap phagocytosis

and extracellular AP degradation, but potentially reduces Af production

In following experiments, we asked how depletion of intestinal bacteria attenuated the
amyloid pathology in AD mice. First, we stained brain tissue with an antibody targeting
the lysosomal protein CD68, a suggested marker of phagocytosis. As shown in Fig. 6.7,
A - C, depletion of gut bacteria significantly decreased the density of CD68
immunofluorescence (¢ test, p < 0.05). We then conducted a flow cytometric analysis of
brain cells after AP staining with methoxy-X04, in which depletion of intestinal bacteria
remarkedly decreased both percentage of AB-positive CD11b+ brain cells and the mean
fluorescence intensity (mFI) of CD11b+ cell population in APP-transgenic mice (Fig. 6.7,
D - F; ¢ test, p < 0.05), apparently indicating that microglial internalization of AP did not

contribute to cerebral AP clearance in gut bacteria-depleted AD mice.

In the same APP-transgenic mouse strain as we used in this study, another group has
reported that the absence of gut bacteria increased protein levels of AP-degrading
enzymes neprilysin and Ide (Harach, Marungruang et al. 2017). However, our study
showed that depletion of intestinal bacteria altered neither Neprilysin nor Ide gene

transcription in the brains of IL-17a-deficient and wildtype APP-transgenic mice (Fig.
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6.7, G - J; t test, p > 0.05), which suggested that extracellular degradation of Af} was not

the mechanism mediating AP reduction in our AD mice.

Our previous study has shown that inhibition of neuroinflammation inhibits - and -
secretase activity in the brain of AD mice (Quan, Luo et al. 2021). We found that
depletion of intestinal bacteria slightly but significantly decreased j3-, but not y-secretase
activity (Fig. 6.7, K and L; two-way ANOVA, antibiotic treatment vs. control, p < 0.05),
as observed in a published study (Colombo, Sadler et al. 2021). It was not surprising that
the same inhibitory effects of antibiotic treatment on 3- and y-secretase activity could not
be seen in IL-17a-deficient APP-transgenic mice (Fig. 6.7, M and N; two-way ANOVA,
antibiotic treatment vs. control, p > 0.05), as the antibiotic treatment did not change the

inflammatory activation in the brain of IL-17a-deficient AD mice (see Fig. 6.4.1).
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Fig. 6.7, Depletion of gut bacteria reduces p-secretase activity in the brain of IL-17a-wildtype, but

not Il17a-deficient APP-transgenic mice. Three-month-old IL-17a-deficient (ko) and wild-type (wt)

APP-transgenic female mice were treated with and without antibiotics in drinking water for 2 months. The
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brain tissue was stained with Cy3-conjugated CD68 antibody (A). Antibiotic treatment significantly
reduces the density of CD68-immunofluorescence in both cortex and hippocampus of APP-transgenic mice
compared to AD mice drinking normal water (B and C; ¢ test, n = 6 per group). APP-transgenic mice were
also injected (i.p.) with methoxy-XO4 for the detection of AB-associated fluorescence in CD11b-positive
brain cells by flow cytometry (D). Depletion of gut bacteria significantly decreased both the percentage of
fluorescent cells among CD11b-positive brain cells, and the mean fluorescence intensity (mFI) of CD11b-
positive cell population (E and F; ¢ test, n =4 - 5 per group). Brain tissues were further collected from AD
mice for quantification of Neprilysin and Ide gene transcripts (G - J), and for - and y-secretase assays (K
- N). Depletion of gut bacteria did not change the transcription of Neprilysin and Ide genes (G - J; ¢ test, n
=6 - 8 per group); however, significantly inhibited the activity of B-secretase in the brain of IL-17a-wildtype
but not IL-17a-deficient APP-transgenic mice (K and M; two-way ANOVA, n =6 - 7 per group for IL-17a-
wildtype mice, and n =4 - 5 per group for IL-17a knockout mice). Depletion of gut bacteria did not change
y-secretase activity in AD mice (L and N; two-way ANOVA, n =6 - 7 per group for IL-17a-wildtype mice,
and n =4 - 5 per group for IL-17a knockout mice). *: p <0.05; **: p <0.01.

6.8 Depletion of intestinal bacteria potentially increases AP efflux through blood-

brain-barrier in APP-transgenic mice, which is driven by IL-17a inhibition

The transportation of AP from brain parenchyma to peripheral circulation is an efficient
pathway for the cerebral AP clearance (Roberts, Elbert et al. 2014). LRP1 and ABCB1
are a couple of key transporters at the BBB that are responsible for Ap efflux (Kuhnke,
Jedlitschky et al. 2007, Shinohara, Tachibana et al. 2017). We found that the protein levels
of ABCBI1 and LRP1were significantly increased in 5-month-old APP-transgenic mice,
which had been treated with antibiotics for 2 months (Fig. 6.8, A - C; ¢ test, p < 0.05).
Remarkably, the up-regulation of both LRP1 and ABCBI1 in the brain homogenate by
depletion of intestinal bacteria was again abolished by knockout of //-17a gene (Fig. 6.8,
D - F; t test, p > 0.05).

We also isolated blood vessels from 5-month-old APP-transgenic mice with and without
treatments with antibiotics. We validated the results from the entire brain homogenate
that treatments with antibiotics strongly elevated protein levels of ABCB1 and LRP1 at
the BBB (Fig. 6.8, G - I; ¢ test, p <0.05). Notably, the protein level of claudin-5 in cerebral
blood vessels did not differ between APP-transgenic mice with and without antibiotic
treatment (Fig. 6.8, G and J; ¢ test, p > 0.05). Similarly, we did not detect any mouse IgG

in brain homogenates of antibiotics-treated AD mice with Western blot (data not shown),
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which suggests that depletion of intestinal bacteria increased expression of ABCB1 and

LRP1 at the BBB, but did not significantly impair the BBB.

In further experiments, we detected LRP1 and ABCBI in the brain homogenates from 5-
month-old APP-non-transgenic female mice with different expression of IL-17a. We
observed that deficiency of IL-17a significantly increased the protein level of ABCBI,
but not LRP1, in a gene dose-dependent way (Fig. 6.8, K - M; one-way ANOVA, p <
0.05). Similarly, we isolated blood vessels from IL-17a-deficient and wild-type APP-
transgenic mice and observed that deficiency of IL-17a significantly increased both LRP1
and ABCBI in the tissue lysate of blood vessels (Fig. 6.8, N - P; ¢ test, p < 0.05),
suggesting that depletion of intestinal bacteria potentially increases LRP1/ABCBI1-
mediated AP efflux through inhibiting IL-17a signaling.
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Fig. 6.8, Depletion of gut bacteria increases ABCB1 and LRP1 expression in the blood-brain-barrier
of IL-17a-wildtype, but not IL-17a-deficient APP-transgenic mice. Three-month-old IL-17a-deficient
(ko) and wild-type (wt) APP-transgenic female mice were treated with and without antibiotics in drinking

water for 2 months. Brain homogenates were quantified for protein levels of ABCB1 and LRP1 with
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Western blot (A and D). Depletion of gut bacteria significantly increased expression of ABCB1 and LRP1
in brains of IL-17a-wildtype (B and C), but not in IL-17a-deficient (E and F) APP-transgenic mice ( test,
n=13,and 11 - 12 per group for II-17a wt and ko mice, respectively). Cerebral vessels were also isolated
from I117a-wildtype AD mice and detected for ABCB1 and LRP1 at the BBB (G). Depletion of gut bacteria
significantly increased the expression of ABCB1 and LRP1 in blood vessels of APP-transgenic mice (H
and I; ¢ test, n = 11 - 12 per group); however, it did not change the protein level of claudin-5 (J; ¢ test, n =
4 - 5 per group). In further experiments, ABCB1 and LRP1 were detected with quantitative Western blot
in the brain homogenates from 5-month-old non-APP-transgenic female mice with different expression of
IL-17a (K; wild-type [wt], heterozygote [het] and knockout [ko]), and in the isolated blood vessels from 5-
month-old I117a-wt and ko APP-transgenic female mice (N). Deficiency of IL-17a significantly inceased
ABCBI but not LRP1 in the non-APP-transgenic mouse brain in a gene dose-dependent manner (L and M;
one-way ANOVA followed by Bonferroni post-hoc test, n = 4 - 9 per group), and increased protein levels
of both ABCBI1 and LRP1 in the blood vessels of APP-transgenic mice (O and P; ¢ test, n = 15 - 19 per
group). *: p < 0.05; **: p <0.01; ****: p <0.0001.

6.9 Depletion of intestinal bacteria potentially promotes synaptic plasticity in

APP-transgenic mice, which is abolished by deficiency of IL-17a

After finding that gut bacterial depletion attenuated inflammatory activation and amyloid
pathology in the brains of APP-transgenic mice, we performed a preliminary analysis of
the neuroprotective effect of antibiotic treatment. Our previous study has shown that
upregulated transcription of the immediate early gene Arc and the gene Grinl, which
encodes subunit 1 of the NMDA-type ionotropic glutamate receptor, is associated with
the improvement of cognitive function in APP-transgenic mice (Hao, Liu et al. 2011).
BDNF plays an important role in the maintenance of synaptic plasticity in learning and
memory (Gao, Zhang et al. 2022), the transcript of which is influenced by gut bacteria
(Frohlich, Farzi et al. 2016). Therefore, we measured the transcripts of Arc, Grinl and
Bdnf genes in brains of 5-month-old APP-transgenic mice with and without 2-month
treatment with antibiotics. As shown in Fig. 6.9, A - C, treatment with the antibiotic
cocktail significantly increased the transcription of Arc, but not Grinl and Bdnf genes in
IL-17a-wildtype APP mice (¢ test, p < 0.05). Again, knockout of //-/7a gene abolished
the neuroprotective effect of antibiotic treatment (Fig. 6.9, A - C; ¢ test, p < 0.05).
However, the neuroprotective effects of antibiotic treatment should be further
investigated by other methods, such as behavioral tests and electrophysiological
approaches, in older (e.g., 9-month-old) APP-transgenic mice as we did previously

(Quan, Luo et al. 2021, Luo, Schnoder et al. 2022).
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Fig. 6.9, Depletion of gut bacteria increases Arc transcription in the brain of IL-17a-wildtype, but
not I117a-deficient APP-transgenic mice. Three-month-old IL-17a-deficient (ko) and wild-type (wt)
APP-transgenic female mice were treated with and without antibiotics in drinking water for 2 months.
Thereafter, brain tissues were homogenized and measured for transcripts of Arc, Grinl and Bdnf genes.
Antibiotic treatment significantly increased the transcription of Arc gene in IL-17a-wildtype, but not in IL-
17a-deficient APP-transgenic mice (A; ¢ test, n = 6 and 7 - 8 per group for IL-17a wt and ko mice,
respectively). Antibiotic treatment did not change the transcription of Grinl/ and Bdnf genes (B and C; ¢

test, 7 =6 and 7 - 8 per group for IL-17a wt and ko mice, respectively). *: p <0.05.
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7 DISCUSSION

Gut bacteria contribute to AD development (Chandra, Sisodia et al. 2023), but how gut
bacteria regulate brain pathology remains unclear. By using young female APP-
transgenic mice with rapidly developing AP pathology, we found that depletion of gut
bacteria decreased microglial inflammatory activation and AP levels, particularly soluble
AP, and might promote synaptic plasticity in the brain. These effects were abolished by
knockout of 1/-17a gene. The attenuation of cerebral AP pathology by gut bacterial
depletion may be attributed to the inhibition of B-secretase activity and the upregulation
of AP efflux-related LRP1 and ABCB1 expression in the brain, which was also abrogated
by IL-17a deficiency.

Bacterial phenotypes are potentially transferred between contacting mice (Zhang, Shen
et al. 2023). We co-housed 4-6 IL-17a-deficient and wild-type female AD mice in the
same cage for treatments with and without antibiotics, which reduced the variability
caused by different housing conditions. Depletion of gut bacteria in APP-transgenic mice
inhibited proinflammatory activation in the brain tissue as evidenced by reduction of
microglial number, down-regulation of //-1 and Ccl-2 transcription and up-regulation of
1I-10 transcription, consistent with published studies (Harach, Marungruang et al. 2017,
Minter, Hinterleitner et al. 2017, Colombo, Sadler et al. 2021). In individual microglia,
depletion of gut bacteria decreased transcripts of both pro- (e.g., Tnf-a, Il-15, Ccl-2) and
anti-inflammatory (//-10) genes, which is also in agreement with the published finding
that the absence of gut bacteria leads to global defects in microglial activation (Erny,
Hrabe de Angelis et al. 2015). The opposing regulation of //-10 transcription in microglia
and brain tissue suggests that brain cells other than microglia, such as astrocytes, may
also respond to gut bacteria (Chandra, Di Meco et al. 2023) and produce IL-10 in the

brain.

We noted that intestinal bacterial depletion in 5-month-old C57BL/6J mice did not have
the same effect on the inflammatory modulation as in AD mice, and even promoted

inflammatory activation (e.g., transcriptional up-regulation of 7nf-a, and down-regulation

of Chi3[3) in the brain of 24-month-old C57BL/6J mice. In fact, the mechanism leading
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to inflammatory activation in the brain, and particularly in microglia, is not the same in
AD and healthy ageing. For example, inflammation in ageing microglia may be due to a
reduced ability to clear endogenous metabolites, whereas microglia in AD mice respond
efficiently to exogenous AB. A transcriptomic study (Li, Li et al. 2023) identified 85
ageing-associated genes in female C57BL/6J mice, of which only 21 genes overlapped
with DAM genes that were identified in APP-transgenic mouse model (Keren-Shaul,
Spinrad et al. 2017), with the exception of the DAM-characteristic genes 7Trem2 and Apoe.
Thus, it stands to reason that a significant inflammatory modulation caused by gut
bacterial depletion depends on the preactivated status and pattern of inflammatory brain

cells (e.g., microglia).

Depletion of gut bacteria resulted in a significant reduction of IL-17a-expressing CD4-
positive cells in the gut and spleen as well as bacterial DNA in brain tissue, suggesting
that gut bacteria regulate brain pathology in AD mice via at least two pathways: 1)
regulating peripheral I1L-17a-expressing T lymphocytes and 2) directly modulating cells
in the brain with bacterial components (not necessary living cells). Very interestingly, we
also observed that deficiency of IL-17a reduces bacterial DNA in the brain of APP-
transgenic mice. Due to our limited research resource, we have not yet succeeded in the
microbiome analysis of brain tissues. The recent study detected Streptococcus,
Clostridium, Roseburia and Tyzzerella in the brain of APP/PS1 mice (Thapa, Kumari et
al. 2023). The bacteria from Cutibacterium acnes were found in the brain of AD patient
and linked to AD pathogenesis (Mone, Earl et al. 2023). How the bacteria or their
structural components enter the brain is unclear. It has been reported that deficiency of
IL-17a alters the composition of gut bacteria, i.e., increases the abundance of Barnesiella
genus bacteria, and hinders the development of EAE (Regen, Isaac et al. 2021).
Barnesiella bacteria are the main source of hypoxanthine in the gut. Intestinal epithelial
cells utilize hypoxanthine for energy balance and nucleotide biosynthesis (Lee, Wang et
al. 2021). Thus, IL-17a deficiency may favor intestinal barrier function and lead to the
reduction of bacterial DNA in the brain of APP-transgenic mice. Inhibition of IL-17a
signaling, which can be achieved by administering IL-17a inhibitors or by depleting
specific bacterial taxa in the gut that stimulate the development of IL-17a-producing T
cells, therefore has the potential to avoid bacterial overload in the brain and prevent AD

progression.
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Exactly how the depletion of bacteria in the gut and subsequent IL-17a inhibition, in
particular the reduction of Th17 cells, regulates microglial activity in our antibiotic-
treated AD mice remains unclear. IL-17a inhibition itself does not appear to inhibit
microglial activation. We have recently observed that knockout of 7/-17a gene reduces
microglial branches in APP-transgenic mice (Luo, Schnoder et al. 2022), suggesting
activation of microglial inflammatory response (Madry, Kyrargyri et al. 2018). Our
current study shows that IL-17a deficiency did not reduce the transcription of Tnf-a, /-
1p, Ccl-2 and Il-10 genes in isolated microglia (Fig. 6.5.2, B). The inhibition of
inflammation in both brain tissue and microglia in our antibiotic-treated AD mice may be
due to the depletion of bacteria other than IL-17a-promoting taxa in the gut. In IL-17a-
deficient APP-transgenic mice, antibiotic treatment did not inhibit inflammatory
activation in brain tissue and microglia, for which there are perhaps several reasons.
Deficiency of IL-17a reduced soluble AP (discussed later) and bacterial DNA,
minimizing the inflammatory priming of microglia as in 5-month-old C57B/L6 mice,
limiting the capacity to further inhibit inflammation by depleting gut bacteria. However,
we believe that there are other unknown mechanisms by which IL-17a inhibition
maintains and even enhances microglial activity in the brain, which we will investigate
in the future studies. To answer this question, it is helpful to identify the IL-17a signaling-
promoting bacteria or their metabolites in the gut of AD mice. Unfortunately, the
available relevant results for today are very limited or controversial. For example, the
bacterial product valeric acid was reported to increase the concentrations of IL-17, IL-1J,
and IL-6 in the blood and brain of mice with experimental stroke (Zeng, Li et al. 2023).
However, treatment with valeric acid was also shown to reduce the concentrations of
TNF-a and IL-6 in the blood of mice after irradiation (Li, Dong et al. 2020). In addition,
activation of the valeric acid receptor Gpr43 inhibited neuroinflammation and improved

cognitive function in APP-transgenic mice (Zhou, Xie et al. 2023).

It should be noted that microglial activation is a double-edged sword in AD pathogenesis:
on the one side, it releases cytotoxic cytokines and reactive oxygen species, leading to
neuronal damage; on the other side, it clears neurotoxic AP via microglial internalization,
thereby safeguarding neurons (Heneka, Carson et al. 2015). In our recent study, p38a-
MAPK deficiency in myeloid cells or IL-17a deficiency promotes microglial activation

and AP clearance, which improves cognitive performance in APP-transgenic mice (Luo,
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Schnoder et al. 2022). We and other groups have also shown that stimulation of TLR4
and TLRY by injection of a low dose of LPS or synthetic oligodeoxynucleotides
containing unmethylated CpG dinucleotides, similar to those found in bacterial DNA,
induces mild and long-term microglial activation that facilitates the clearance of AP and
hyperphosphorylated tau protein in human APP or tau-transgenic mice (Scholtzova,
Kascsak et al. 2009, Michaud, Halle et al. 2013, Scholtzova, Chianchiano et al. 2014,
Qin, Liu et al. 2016), and in squirrel monkeys (Patel, Nehete et al. 2021). Our present
study has shown that general depletion of gut bacteria reduces microglial phagocytosis of
AP in APP-transgenic mice, which is consistent with previous observations that gut
bacteria are essential for microglial maturation, activation and AP phagocytosis (Erny,
Hrabe de Angelis et al. 2015, Colombo, Sadler et al. 2021, Erny, Dokalis et al. 2021, Xie,
Bruggeman et al. 2023). We would expect that specific depletion of IL-17a-promoting
gut bacteria could maintain microglial activity and help clear the pathogenic A

molecules from the AD brain.

When studying the gut and brain, how gut bacteria modulate cerebral AP load is always
an important question to answer. Our present study showed that microglia are not
responsible for cerebral AP reduction in APP-transgenic mice after depletion of gut
bacteria. Interestingly, we observed that depletion of gut bacteria increased the expression
of LRP1 and ABCBI1 in the BBB of APP-transgenic mice, which was reversed by
knockout of 1/-17a gene. Knocking out //-17a gene completely mimicked the effects of
gut bacteria depletion on the expression of LRP1 and ABCB1. LRP1 and ABCBI1 are two
important transporters responsible for AP efflux across the BBB (Kuhnke, Jedlitschky et
al. 2007, Shinohara, Tachibana et al. 2017). Depletion or inhibition of endothelial LRP1
and ABCBI leads to AP accumulation in the AD mouse brain (Cirrito, Deane et al. 2005,
Storck, Meister et al. 2016). Since transportation of Af from brain parenchyma to
peripheral plasma might contribute 25% of total clearance of cerebral AP (Roberts, Elbert
et al. 2014), AP efflux represents a major pathway mediating the reduction of Ap in the
brain of AD mice following depletion of gut bacteria. It has been reported that the absence
of ApoE retains less AP in the brain parenchyma and increases soluble AP in the
interstitial fluid, possibly promoting the diffusion of soluble AP from the parenchyma
into the perivascular space (DeMattos, Cirrito et al. 2004), which favors AP efflux.

Notably, depletion of gut bacteria decreased Apoe gene transcription in microglia, as
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observed in our study and by other scientists (Colombo, Sadler et al. 2021), which may

indicate the cooperation between microglia and BBB in the clearance of cerebral Ap.

AP is produced by B- (BACE1) and y-secretases after serial digestions of APP. The
published studies by our group and others have shown that the activity or protein level of
- and y-secretases is regulated by inflammatory activation in the brain (He, Zhong et al.
2007, Hur, Frost et al. 2020, Quan, Luo et al. 2021). Not surprisingly, depletion of gut
bacteria inhibited B-secretase activity in correlation with inflammatory inhibition in our
APP-transgenic mice, which is consistent with the observation in germ-free AD mice
(Colombo, Sadler et al. 2021). We did not detect an increase in the expression of
neprilysin and Ide in our APP-transgenic mice after antibiotic treatment, suggesting that
extracellular degradation of AP is not the key mechanism for AP clearance after gut
bacterial depletion. This result differs from the observation in a study on germ-free AD

mice (Harach, Marungruang et al. 2017).

Antibiotic therapy for AD patients has gained interest (Panza, Lozupone et al. 2019). In
several studies, germ-free APP-transgenic mice show better cognitive function and lower
cerebral AP levels than specific pathogen-free (SPF) AD mice (Mezo, Dokalis et al. 2020,
Colombo, Sadler et al. 2021). Our study supports antibiotic therapy, as gut bacterial
depletion reduced AP burden in AD mice and, in particular, increased AP efflux-
associated ABCBI1 and LRP1 across the BBB. Depletion of gut bacteria also up-regulated
the transcription of Arc gene in the brain, which is associated with synaptic plasticity and
cognitive improvement in APP-transgenic mice (Bramham, Worley et al. 2008, Hao, Liu
et al. 2011). However, as discussed above, the general depletion of gut bacteria inhibits
the activation of microglia, which decreases the efficiency of AP clearance. In addition,
gut bacteria have also been shown to promote the development of cognitive performance
(Cerdo, Ruiz-Rodriguez et al. 2023). Adult germ-free mice transplanted with fecal
microbiota from 2-3-month-old mice perform better cognitively than mice transplanted
with fecal microbiota from 18-20-month-old mice (Lee, Venna et al. 2020). Treatment
with broad-spectrum antibiotics can deplete as well the taxa of gut bacteria that favor
learning and memory. Our study also indicated that bacteria belonging to the genera
Escherichia-Shigella and Parasutterella were more resistant to antibiotic treatment. The

possible expansion of these bacteria, especially Escherichia Shigella bacteria, after long-
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term antibiotic treatment could increase inflammatory activation in the brain and
accelerate the progression of AD. The combination of our results and the literature
indicates that it is important to manipulate a specific bacterial taxon, e.g. by reducing the
bacteria that stimulate immune cells to produce IL-17a. Currently, antibiotic therapy

targeting specific bacterial taxa is still a major challenge for AD patients.

A limitation of our study is that the direct anti-inflammatory effects of antibiotics orally
used to deplete gut bacteria could not be excluded. Although oral vancomycin, neomycin,
streptomycin and ampicillin have low systemic absorption (Frohlich, Farzi et al. 2016),
the oral bioavailability of metronidazole is high (98.9%) (Jensen and Gugler 1983).
Metronidazole must not be omitted from the antibiotic cocktail as it decimates anaerobic
bacteria in the gut. Metronidazole has the potential to suppress the activity of both innate
and acquired immune systems (Shakir, Javeed et al. 2011). We observed that
intraperitoneal injection of the antibiotic cocktail inhibited inflammatory gene
transcription in the brain; however, the affected genes were mainly limited to anti-
inflammatory 7/-10 and Mrcl genes (see Figure 6.4.2), with a pattern different from the
inflammatory regulation caused by oral treatment of antibiotics. We also observed that
oral antibiotic treatment decreased //-17a transcription but increased transcription of /fn-
y and /-4 genes in CD4-positive spleen cells in APP-transgenic mice and promoted
inflammatory activation in the brains of 24-month-old mice. Indeed, oral antibiotic
(amoxicillin/clavulanate) treatment of mice with antibiotic-sensitive and -resistant
bacteria in the gut has shown that depletion of sensitive gut bacteria inhibits the
development of IL-17a-expressing y0 T cells (Benakis, Brea et al. 2016). Therefore, we
have reason to believe that the inhibition of neuroinflammation and Th17 development in
our AD animal models was not due to the direct effects of antibiotics, but was a
consequence of the depletion of gut bacteria. The potential inhibitory effect of antibiotics
on immune cells is a common pitfall in antibiotic-treated mice in many gut and brain
studies (Erny, Hrabe de Angelis et al. 2015, Dodiya, Kuntz et al. 2019, Xie, Bruggeman
et al. 2023).

Over the recent decades, growing evidence has suggest a role of infection in the AD
pathogenesis. Multiple studies on post-mortem AD brain have reported that diverse

pathogens are present, ranging from bacteria to fungi to viruses (Lathe, Schultek et al.
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2023). However, a pathogen contamination might be possible during the sampling and
proceeding. This awaits further confirmation. The most employed techniques to detect
bacteria in AD brain are based on ribosomal RNA (rRNA) or rDNA analysis and
metagenomics. No AD-specific bacteria have been directly detected in the brain.
Furthermore, brain biopsy is unfeasible, with the exception of patients undergoing
neurosurgery for other reasons. A sample from peripheral organ is needed, which may be
representative of the bacteria profile in AD brain (Lathe, Schultek et al. 2023, Mone, Earl
etal. 2023) .

In summary, our results are consistent with published observations that depletion of gut
bacteria attenuates microglial inflammatory activation and A pathology in the brain of
APP-transgenic mice; however, we further elucidated the possible mechanisms mediating
the gut-brain axis in AD pathogenesis: 1) depletion of gut bacteria reduces peripherally
circulating IL-17a-expressing T lymphocytes and translocation of bacterial components
from the gut to the brain. IL-17a deficiency inhibits this bacterial translocation; 2)
inhibition of IL-17a possibly maintains and even enhances microglial activity; 3)
inhibition of IL-17a upregulates the expression of LRP1 and ABCBI1 in the BBB, possibly
promoting AP efflux and AP clearance in the brain; and 4) depletion of gut bacteria has
the potential to improve neuronal plasticity. Our study supports antibiotic therapy for AD
patients; however, precise therapy targeting specific bacterial taxa is still a huge

challenge.

New methods and future work are needed to characterize the AD-specific microbiome
profile in the gut. Particular attention should be paid to how IL-17a-associated intestinal
bacteria can be manipulated. Recent studies have shown, that specific microRNA, a small
non-coding RNA molecule released from intestinal epithelial cells, is associated with the
alteration of the gut bacterial profile in several diseases. We performed the preliminary
experiments und observed that the temporal depletion of microRNA could alter the
component of gut bacteria in AD mice. Our future work will be focused on the identifying
of the AD-specific microRNA, which may provide a method to modify the specific group
of gut bacteria that stimulate IL-17a-expressing T lymphocytes. Detailed preliminary data
are described in the section ‘PERSPECTIVES AND FUTURE RESEARCH PLAN’.
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8 PERSPECTIVES AND FUTURE RESEARCH PLAN

Modification of the gut bacteria through depletion or transplantation of the gut bacteria
in animal models has shown that there is an important link between the gut and the AD
brain. However, the AD-associated profile of gut microbiome has not been defined. At
the family and genus levels, the results about changes in gut bacteria of AD patients are
highly variable between various studies; for example, a consistent decrease in butyrate-
producing bacteria of the genus Butyricicoccus or Coprococcus or an increase in the
genera Escherichia/Shigella (three genera are not changed in the same study) in AD
patients is only found in two out of twenty independent studies (Zhang, Gao et al. 2023).
The variable changes in gut microbiome also exist in APP-transgenic AD mice compared
to their corresponding wild-type controls (Zhang, Gao et al. 2023). A limited number of
reports have investigated which specific bacteria that are related to aging and AD
pathology (Fang, Kazmi et al. 2020, Wasen, Beauchamp et al. 2024). Therefore, a
potential precision therapy for each AD patient that targets potential AD-associated
bacterial taxa in the gut should be considered. Our study suggests that depletion of a
specific group of gut bacteria that stimulate IL-17a-expressing T lymphocytes may be
able to prevent AD progression in APP-transgenic mice. A flexible method to efficiently

and specifically modify the microbiome in AD patients and animal models is desirable.

Intestinal epithelial cells have been shown to release microRNA (miRNA), a small non-
coding RNA molecule, which enters intestinal bacteria, post-transcriptionally modifies
bacterial protein expression and subsequently alters bacterial proliferation and
metabolism (Liu, da Cunha et al. 2016). Intenstinal epithelial-miRNA-deficient mice
exhibit uncontrolled gut microbiota and exacerbated colitis with an increase in IL-17a
expression, and transplantation with fecal miRNA from wild-type mice restores fecal
microbiota and ameliorates colitis (Liu, da Cunha et al. 2016). A recent study has
demonstrated the association between specific miRNA expressions and key gut bacteria
at different stages of Crohn’s diease in pediatric patients (Lv, Zhen et al. 2024). Oral
administration of miR-30d that is enriched in the feces of untreated multiple sclerosis
patients and mice with experimental autoimmune encephalomyelitis (EAE) at the peak

disease was reported to attenuate symptoms of EAE mice by increasing Akkermansia
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muciniphila bacteria and the population of regulatory T cells in the gut (Liu, Rezende et
al. 2019). Therefore, we hypothesize that oral treatment with a specific miRNA in AD
mice could provide a strategy to manipulate the specific group of gut bacteria that

stimulate IL-17a-expressing T lymphocytes.

We have started preliminary experiments for the following studies on gut miRNA and
AD. Intestinal epithelial cells are the major source of miRNA in the intestinal lumen (Liu,
da Cunha et al. 2016). We established 4pp™t-¢F knock-in AD mice (Saito, Matsuba et al.
2014) with and without expression of Dicerl, an essential enzyme in miRNA production,
in epithelial cells of the intestine (App/“Dicer1®! and App*’“Dicerl™) by crossing
App*/% mice with Dicerl-floxed mice (Cobb, Nesterova et al. 2005) and Villin-Cre mice
over-expressing CreERT2 under control of the Villin gene promoter (el Marjou, Janssen
et al. 2004) to obtain the genotypes App*/%/Dicer1?/Cre'¢ and App*/¥/Dicerl¥/Cre™,
followed by feeding littermate AD mice with tamoxifen. Interestingly, 2 months after
tamoxifen induction, the number of bacteria as shown by the level of bacterial 16S rRNA
was significantly reduced in cecum contents of 9-month-old AppDicer1“! mice
compared with App“Dicer1™ littermates (Fig. 8, A; ¢ test, p < 0.05), despite the fact

that gut epithelial cells are known to renew continuously and rapidly (Barker 2014).

In a-diversity analysis of bacterial species, we found that the Sobs, Ace, Chao, and
Shannon indexes were significantly smaller in App“*Dicer1! mice than in
App“MDicer1™ littermates (Fig. 8, B - E; ¢ test, p < 0.05). The Simpson index was not
altered (Fig. 8, F). The Sobs, Chao, Ace were used to describe the bacterial species
richness, i.e., the number of operational taxonomic units (OUT). The Shannon index and
Simpson indexes were used to describe community diversity, including species richness
and species evenness. Therefore, deletion of epithelial Dicerl reduces gut bacterial

richness and diversity in AD mice.

In the B-diversity-based principal coordinate analysis (PCoA), we clearly observed the
difference in the architecture of gut bacteria between AppMDicerl?! and
App**Dicer1™ mice (Fig. 8, G; ANOSIM, R = 0.8850, p = 0.002), which was in line
with the observation in mice with constitutive knockout of Dicerl gene in intestinal

epithelial cells (Liu, da Cunha et al. 2016). At the genus level, the abundance of
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Helicobacter, Parasutterella, Bacteroides and Lachnoclostrium increased, while that of
Prevotellaceas, Muribaculaceae, and Lachnospiraceae decreased in App*/*Dicer]19!
mice compared with App*’“Dicerl™ controls (Fig. 8, H; Wilcoxon rank-sum test, p <

0.01).

To investigate the impact of miRNA deficiency on the brain, we used the PICRUSt2
software (Douglas, Maffei et al. 2020) and annotated the metagenomic reads on the
KEGG database (Kanehisa and Goto 2000) to predict the function of changed microbiota.
Deletion of gut miRNA had the potential to influence various pathophysiological
functions of the host. Notably, deletion of Dicer] in epithelial cells of gut might promote
neurodegenerative disease and adversely affect the nervous system compared with Dicerl
wild-type AD mice (Fig. 8, [; Wilcoxon rank-sum test, p < 0.05), although the underlying

mechanism remains to be investigated.

Our preliminary experiments clearly showed that a temporal (for one month) depletion of
miRNA 1is able to change the components of bacteria in the gut for a long term (the
following two months). In our future work we would compare miRNA expression in feces
from AD mice and healthy controls to identify the specific miRNA for AD. Then we
would investigate the changes of the gut bacteria by oral administration of synthesized
miRNA, which may provide a method to identify the specific group of gut bacteria that
stimulate IL-17a-expressing T lymphocytes. The AD-specific miRNA may also have the
potential to modify the gut bacteria and serve therapeutic effects in AD mice, perhaps

also in AD patients.
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Figure 8. Deletion of dicerl in gut epithelial cells changed the composition of gut bacteria in App-
knock-in mice. Nine-month-old App-knock-in mice with (ko, n = 9) and without (wt, n = 5) deletion of
dicerl in gut epithelial cells were analyzed for the composition of gut bacteria. Intestinal content for the
isolation of bacterial DNA was harvested from the appendix and neighboring colon. Bacterial DNA was
first measured for the amount with real-time PCR (A; ¢ test), and then sequenced for the V3-V4 region of
16S rRNA-encoding gene. Deletion of dicerl significantly decreased Sobs, Ace, Chao and Shannon, but
not Simpson's indices (B - F; ¢ test), indicating the reduction of bacterial richness and diversity. Principal
coordinate analysis (PCoA) was used for -diversity analysis of bacterial composition at the genus level in
App-knock-in mice with and without deletion of dicerl (G; Each symbol represents the gut bacteria of an
individual mouse). As expected, the structure of gut bacterial community differed significantly between
these two mouse groups (G; ANOSIM analysis). Bar plots depict abundance (% of total) of the indicated
genera. Wilcoxon rank-sum tests show that deletion of dicerl in epithelial cells changed the relative
abundance of bacteria in various genera, e.g., Prevotellaceae, Helicobacter and Parasutterella (H). Finally,
the PICRUSt2 software was used to predict the function of gut bacteria, which showed that deletion of
dicer] potentially contributes to neurodegenerative disorders (I; Wilcoxon rank-sum tests).
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ABSTRACT

Gut bacteria regulate brain pathology of Alzheimer’s disease (AD) patients and animal models;
however, the underlying mechanism remains unclear. In this study, 3-month-old APP-transgenic
female mice with and without knock-out of II-17a gene were treated with antibiotics-supplemen-
ted or normal drinking water for 2 months. The antibiotic treatment eradicated almost all intestinal
bacteria, which led to a reduction in Il-17a-expressing CD4-positive T lymphocytes in the spleen
and gut, and to a decrease in bacterial DNA in brain tissue. Depletion of gut bacteria inhibited
inflammatory activation in both brain tissue and microglia, lowered cerebral AR levels, and
promoted transcription of Arc gene in the brain of APP-transgenic mice, all of which effects were
abolished by deficiency of II-17a. As possible mechanisms regulating Ap pathology, depletion of
gut bacteria inhibited B-secretase activity and increased the expression of Abcb1 and Lrp1 in the
brain or at the blood-brain barrier, which were also reversed by the absence of II-17a. Interestingly,
a crossbreeding experiment between APP-transgenic mice and //-17a knockout mice further
showed that deficiency of 1I-17a had already increased Abcb1 and Lrp1 expression at the blood-
brain barrier. Thus, depletion of gut bacteria attenuates inflammatory activation and amyloid
pathology in APP-transgenic mice via Il-17a-involved signaling pathways. Our study contributes
to a better understanding of the gut-brain axis in AD pathophysiology and highlights the ther-
apeutic potential of [I-17a inhibition or specific depletion of gut bacteria that stimulate the
development of II-17a-expressing T cells.
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Introduction

The microbial composition in the gut undergoes
alterations in both Alzheimer’s disease (AD)
patients and mouse models."* A prospective
study of cognitively healthy individuals revealed
that a decrease in butyrate-producing bacterial spe-
cies (e.g., Roseburia inulinivorans and R. faecis) or
an increase in pro-inflammatory bacteria (e.g.,
Veillonella dispar and V. atypica) correlates with
subjective cognitive decline over a follow-up period
of 2 to 4years”). Transplantation of gut bacteria
from AD patients to gut bacteria-depleted rats
results in impaired neurogenesis and cognitive
function.® Gut bacteria-free Alzheimer’s precursor
protein (APP)-transgenic or App™"“* knock-in
AD mice also exhibit reduced amyloid p peptide
(AB) deposition and microgliosis in the brain.” "'

Consequently, gut bacteria play an important role
in AD pathogenesis, though the mechanism of how
gut bacteria impact brain pathology in AD remains
to be investigated.

However, the specific profile of intestinal bac-
teria associated with AD has not yet been defined.
There is often a decrease in bacterial abundance in
Firmicutes phylum, an increase in Proteobacteria
phylum, and both a decrease and an increase in the
proportion of Bacteroidetes bacteria."*'>'* At the
family and genus levels, the variability of results
regarding AD-specific bacterial changes is even
greater across different studies. For example, a
consistent decrease in bacteria of the genus
Butyricicoccus or Coprococcus or an increase in
the genera Escherichia/Shigella (three genera are
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not changed in the same study) in AD patients is
only found in two out of twenty independent
studies.” Butyricicoccus and Coprococcus produce
butyrate, which prevents excessive inflammation
in the gut,'"™'® while Escherichia/Shigella releases
toxins and promotes inflammatory activation in
the human body.'* The variability in research find-
ings also exists in AD animals.* It is a challenge to
investigate the precise role of different bacterial
taxa in AD pathogenesis. Germ-free or broad-spec-
trum antibiotic-treated mice are still often used to
study the molecular mechanisms by which gut
bacteria influence brain pathology in AD.

An important mechanism mediating the brain-
gut axis is that gut bacteria produce short-chain
free fatty acids (SCFAs, i.e., acetate, butyrate and
propionate) that promote the maturation of micro-
glia, innate immune responses and energy metabo-
lism in a homeostatic state.'™'” Administration of
SCFAs to germ-free or antibiotic-treated AD mice
restores microglial proliferation and inflammatory
activation; however, the effects on A phagocytosis
and AP accumulation in the brain are inconsistent
between different studies.'®'®'” Whether SCFAs
act directly on microglia also remains unclear. We
found that SCFA receptors, G protein-coupled
receptor (Gpr) 41 and Gpr43 are absent in murine
microglia®”; however, deficiency of Gpr4l and
Gpr43 likely inhibits microglial maturation under
physiological conditions'” and increases microglial
density and AP deposits in the brain of APP-trans-
genic mice.”! Deficiency of the butyrate receptor
Gpr109a, which is highly expressed in microglia,*
has limited effects on microglial activation.*' Since
the SCFAs produced by intestinal bacteria activate
Gpr4l, Gpr43 and Gprl09a, promote anti-inflam-
matory properties and regulate the development of
interleukin (I1)-17a or 11-10 producing T cells in the
gut,”’ > we hypothesized that gut bacteria alter
microglial activation and brain pathology through
circulating T lymphocytes.

Germ-free mice generate fewer Il-17a-producing
CD4(+) T help (Th17) lymphocytes but more CD4
(+)CD25(+)Foxp3(+) regulatory T (Treg) cells in
the gut and spinal cord, which is associated with
resistance to experimental autoimmune encepha-
lomyelitis (EAE) in mice.** Depletion of intestinal
bacteria by antibiotics reduces the accumulation of
Il-17a-producing y§ T cells in the leptomeninges

and ameliorates brain injury in a stroke mouse
model.?’ In APP-transgenic mice, reductions in
cerebral AB deposition and microglia after gut
antibiotic treatments correlate with increased levels
of Foxp3+ Treg cells in blood and brain.'
However, transient depletion of Treg cells was
shown to regulate microglia or/and infiltrated
macrophages with differential effects on AP clear-
ance and cognitive protection in two studies.***’
Our recent study showed that deficiency of p38a-
MAPK in peripheral myeloid cells decreases Th17
cells, which possibly increases microglial activation
and AP clearance in AD mice.”® Therefore, we
asked whether II-17a-expressing cells mediate the
effects of gut bacteria on AD pathology.

Intestinal bacteria may also release structural
components into the blood and bacteria themselves
may even spread in the brain, both of which can
directly activate microglia. Blood concentrations of
lipopolysaccharide (LPS) together with inflamma-
tory cytokines, e.g., IL-1B and tumor necrosis fac-
tor (TNF)-a, are increased in AD patients
compared to non-AD individuals with and without
cognitive impairment‘29 Components  of
Porphyromonas gingivalis, a bacterium often exist-
ing in chronic periodontitis, were found in the
brains of AD patients.”® We have observed that
bacterial receptors CD14 and Toll-like receptor
(TLR)-2 are receptors for aggregated Ap,*'
implying that Ap and bacterial components share
receptors on microglia in the brain. MyD88 is an
adaptor protein that is down-stream of most
TLRs.** Our previous studies showed that defi-
ciency of CD14, TLR2, TLR4, or MyD88 inhibits
inflammatory activation of microglia, reduces cer-
ebral AP and improves cognitive function in APP-
transgenic mice.*******>% Antibiotic therapy for
AD patients has attracted interest.’” A large cohort
study suggests that sporadic use of antibiotics in
older adults may decrease the risk of dementia.”®
Long-term antibiotic exposure reduces Th17 cells
in the gut.’”” The question arises as to whether
inhibition of Il-17a signaling mediates the efficacy
of potential antibiotic therapy in AD.

AD pathology is more likely to lead to clinical
dementia in women than in men. It is also believed
that the prevalence or incidence of AD is higher in
women than in men. The difference is not only due
to the longer life expectancy of women, but also to
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bovine serum albumin (Sigma-Aldrich) and fil-
tered with 20 pm-mesh. The blood vessel fragments
were collected on the top of filter and stored at —80°
C for biochemical analysis.

Intestinal bacterial collection and 165 rRNA
sequencing

Bacterial DNA was extracted from intestinal bacteria
(100 mg) in the frozen cecum and colon with
QIAamp Fast DNA Stool Mini Kit (Qiagen,
Hilden, Germany). The amount of bacteria was
evaluated by quantifying 16S rRNA with SYBR
Green-based real-time PCR using the universal bac-
terial rl6S gene primers (16S-V2-101F: 5-
AGYGGCGIACGGGTGAGTAA-3, and 16S-V2-
361 R: 5-CYIACTGCTGCCTCCCGTAG-3) as it
was conducted in a published study.” The V3 -V4
region of the 165 rRNA-encoding gene was then
amplified with the barcode fusion primers (338F:
5-ACTCCTACGGGAGGCAGCAG-3, and 806 R:
5-GGACTACHVGGGTWTCTAAT-3). After puri-
fication, PCR products were used for constructing
libraries and sequenced on the Illumina MiSeq plat-
form at Majorbio Co. Ltd. (Shanghai, China). The
raw data was processed on Qiime2 (https://qiime2.
org/.), reducing sequencing and PCR errors, and
denoising to get the operational taxonomic unit
(OTU) consensus sequences, which were mapped
to the 16S Mothur-Silva SEED r119 database
(http://www.mothur.org/). Alpha diversity includ-
ing Sobs, Shannon, Ace, Chao and Simpson indexes
were used for the analysis of bacterial richness and
diversity in a single mouse. Principal coordinate
analysis (PCoA) and analysis of similarity
(ANOSIM) were used for B-diversity analysis to
compare bacterial compositions on genus level
between APP-transgenic mice with and without
antibiotic treatments. The difference of bacterial
compositions on genus level between these two
groups were also compared with Wilcoxon rank
sum test. All the analysis was performed using
cloud-based tools with default analysis parameters
(https://cloud.majorbio.com/page/tools.html).

Quantification of bacterial DNA in the brain tissue

DNA was extracted from the brain tissue using TRIzol
(Thermo Fisher Scientific) according to the protocol

provided by the company. To assess the presence and
extent of bacterial dissemination into the brain, real-
time PCR was conducted using universal bacterial 165
rRNA gene primers (165-V2-101F and 16S-V2-361
R), and primers targeted mouse Gapdh gene (sense,
5-ACAACTTTGGCATTGTGGAA-3" and antisense,
5-GATGCAGGGATGATGTTCTG-3’) as an internal
control.

Positive selection of CD11b-positive and CD4-
positive cells from the brain and spleen, respectively

The brain tissue (hippocampus and cortex) and
spleen of 5-month-old APP-transgenic mice with
and without treatments with antibiotics were pre-
pared for single-cell suspensions using Neural
Tissue Dissociation Kit (papain-based) and Spleen
Dissociation Kit (mouse), respectively (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). After
blocking with 50 pg/ml CD16/CD32 antibody (clone
2.4G2; BioXCell, Lebanon, USA), CD11b-positive
brain cells were selected from the brain with
microbeads-conjugated CDI11b antibody (clone
M1/70.15.11.5; Miltenyi Biotec) and CD4-positive
spleen cells from the spleen with Dynabeads mag-
netic beads-conjugated CD4 antibody (clone L3T4;
Thermo Fisher Scientific). Lysis buffer was immedi-
ately added to selected cells and total RNA was
isolated using RNeasy Plus Mini Kit (Qiagen).

Microglial AB phagocytosis assay

Five-month-old APP-transgenic mice received an
intraperitoneal injection of 10 mg/kg methoxy-
X04 (Bio-Techne GmbH, Wiesbaden-
Nordenstadt, Germany) (2 mg/ml in a 1:1 mixture
of DMSO and 0.9% NaCl [pH 12] (v/v)) after
treatment with and without antibiotics according
to a published protocol.”” Methoxy-XO4 binds to
B-sheet secondary structure of AP aggregates.
Three hours later, a single cell suspension from
the hippocampus and cortex was prepared using
Neural Tissue Dissociation Kit (papain-based)
(Miltenyi Biotec GmbH). After blocking with
CD16/CD32 antibody (clone 2.4G2; BioXCell)
and subsequent staining with PE-Cy5-conjugated
CDI11b antibody (clone M1/70; Thermo Fisher
Scientific), fibrillar AB-containing CD11b-positive
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brain cells were detected by BD FACSVerse™ flow
cytometry (BD Biosciences; Heidelberg, Germany).

Flow cytometric detection of Il17a-eGFP reporter in
intestinal cells

A published protocol®® was used to prepare single
cell suspensions from both lamina propria and
Peyer’s patches of the small intestine of 5-month-
old APP*®/1117a°"*™" mice with and without two
months of antibiotic treatment. After staining with
APC-conjugated rat anti-CD4 monoclonal antibody
(clone: GK1.5; Thermo Fisher Scientific), eGFP-
expressing CD4-positive cells were detected by BD
FACSCanto™ II flow cytometry (BD Biosciences).

Histological analysis

Serial 50-um-thick sagittal sections were cut from
the paraffin-embedded hemisphere. Four neigh-
boring sections with 300 pum of interval were depar-
affinized, labeled with rabbit anti-ionized calcium-
binding adapter molecule (Iba)-1 antibody (Wako
Chemicals, Neuss, Germany) and VectaStain Elite
ABC-HRP kit (Cat.-No.: PK-6100,
Laboratories, Burlingame, USA), and visualized
with diaminobenzidine (Sigma-Aldrich). Iba-1-
positive microglia/brain macrophages were
counted with Optical Fractionator in the hippo-
campus and cortex on a Zeiss Axiolmager.Z2
microscope (Carl Zeiss Microscopy GmbH,
Gottingen, Germany) equipped with a Stereo
Investigator system (MBF Bioscience, Williston),
as we did previously.*

To evaluate the cerebral AP level, after deparaffi-
nization, 4 serial brain sections from each animal
were stained with rabbit anti-human AP antibody
(clone D12B2; Cell Signaling Technology Europe,
Frankfurt am Main, Germany) and Cy3-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch
Europe Ltd. Cambridge, UK), or with methoxy-
XO04 (Bio-Techne GmbH). After mounting, the
whole section including hippocampus and cortex
was imaged with Microlucida (MBF Bioscience)
and merged. The positive staining and brain region
analyzed were measured for the area with Image J
tool “Analyse Particles” (https://imagej.nih.gov/ij/).
The threshold for all compared samples was
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manually set and kept constantly. The percentage
of AP coverage in the brain was calculated.

To determine the density of CD68-positive
microglia, serial brain sections were stained with
rabbit anti-CD68 antibody (clone E307V; Cell
Signaling Technology Europe) and Cy3-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch
Europe Ltd.). Since the single CD68-positive cell
could not be clearly recognized (see Figure 7a) and
reliably counted, the percentage of CD68 coverage
in the brain was calculated as for Ap.

Analysis of microglial morphology

For the analysis of microglial morphology, our
established protocol and Fiji Image J were used.”
Paraffin-embedded 50-um sagittal brain sections
were used as described above. After fluorescent
co-staining with Iba-1 and Ap antibodies, total 10
AP plaques/mouse were randomly selected from
the cortex dorsal to hippocampus and imaged
under 40x objective with Z-stack scanning with 1
pm of interval. The serial images were Z-projected
with maximal intensity, 8-bit grayscale trans-
formed, Unsharp-Mask filter and despeckle-trea-
ted, and binarized to obtain a black and white
image. The cells with complete nucleus and
branches and without overlapping with neighbor-
ing cells were chosen for analysis. The single-pixel
background noise was eliminated and the gaps
along processes were filled 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.

Western blot analysis

Frozen brain tissues and blood vessel isolates were
homogenized in RIPA buffer (50 mM Tris [pH 8.0],
150 mM NaCl, 0.1% SDS, 0.5% sodiumdeoxy-cholate,
1% NP-40, and 5mM EDTA) supplemented with
protease inhibitor cocktail (Roche Applied Science,
Mannheim, Germany) on ice. The proteins were
separated by 10% or 12% Tris-glycine SDS/PAGE.
Before loading on PAGE gel, vessel preparations
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were sonicated. Western blots were performed using
rabbit monoclonal antibody against Abcbl (clone
E1Y7S) and rabbit polyclonal antibody against Lrpl
(Cat.-No.: 64099) (both antibodies were bought from
Cell Signaling Technology), as well as rabbit polyclo-
nal antibody against claudin-5 (Cat.-No.: GTX49370;
GeneTex, Hsinchu, China). The detected proteins
were visualized via the Plus-ECL method
(PerkinElmer, Waltham, USA). To quantify proteins
of interest, rabbit monoclonal antibody against -
actin (clone 13E5) or rabbit polyclonal antibody
against a-tubulin (Cat.-No.: 2144) (both antibodies
were from Cell Signaling Technology) was used as a
protein loading control. Densitometric analysis of
band densities was performed with Image-Pro Plus
software version 6.0.0.260 (Media Cybernetics,
Rockville, MD, USA). For each sample, the protein
level was calculated as a ratio of target protein/loading
control per sample.

Brain homogenates and ELISA assays of Af and II-
18 and Tnf-a

The frozen brain hemispheres were homogenized
and extracted serially in Tris-buffered saline (TBS),
TBS plus 1% Triton X-100 (TBS-T), guanidine
buffer (5M guanidine HCI/50 mM Tris, pH 8.0)
as described in our previous study.*® Ap concen-
trations in three separate fractions of brain homo-
genates were determined by Invitrogen™ Amyloid
42 and 40 Human ELISA kits (Cat.-No.: KHB3441
and KHB3481, respectively; both from Thermo
Fisher Scientific). Results were normalized on the
basis of the sample’s protein concentration.

We measured concentrations of Il-1p and Tnf-a
in TBS-soluble brain homogenates with ELISA kits
(Cat.-No.: DY401 and DY410, respectively, from
R&D systems, Minneapolis, USA). The results
were also adjusted by the protein concentration in
the same sample.

Quantitative PCR for analysis of gene transcripts

Total RNA was isolated from mouse brains with
TRIzol or from selected CD11b or CD4-positive
cells with RNeasy Plus Mini Kit (Qiagen) and
reverse-transcribed. Gene transcripts were quanti-
fied with established protocols***® and TagMan
gene expression assays of mouse Tnf-a, 1I-1f,

Chemokine (C - C motif) ligand 2 (Ccl-2), II-10,
Chitinase-like 3 (Chi313), Mannose receptor C type 1
(Mrcl), Apolipoprotein e (Apoe), Triggering recep-
tor expressed on myeloid cells 2 (Trem2), Purinergic
receptor P2Y, G-protein coupled 12 (P2ryi2), C-X3-
C motif chemokine receptor 1 (Cx3crl), Lipoprotein
lipase (Lpl), C-type lectin domain family 7, member
a (Clec7a), Integrin alpha X (Itgax), II-17a,
Interferon y (Ifn-y), 1l-4, Neprilysin and Insulin-
degrading enzyme (Ide), Activity-regulated cytoske-
leton-associated protein (Arc), Glutamate ionotro-
pic receptor NMDA type subunit 1 (Grinl), Brain
derived neurotrophic factor (Bdnf), and Gapdh
(Thermo Fisher Scientific).

Statistical analysis

Data were presented as mean = SEM and displayed
using a scatter plot with a bar overlay in the figure,
with the scatter plot representing individual data
points. Means for two groups of cases were compared
with two independent-samples Students t-test. The
comparison of cerebral DNA levels of bacterial 16S
rRNA gene between Il-17a-deficient and wild-type
APP-transgenic mice with and without antibiotic
treatment were conducted by Mann-Whitney-U-
test, because the variables were apparently non-nor-
mally distributed. For multiple comparisons, we used
one-way or two-way ANOVA followed by
Bonferroni, Tukey, or Dunnett T3 post hoc test
(dependent on the result of Levene’s test to determine
the equality of variances). All statistical analyses were
performed with GraphPad Prism 8 version 8.0.2. for
Windows (GraphPad Software, San Diego, USA) or
SPSS software for Windows (Version 26.0, IBM,
Armonk, USA). Other statistical methods in micro-
biome analysis offered by external companies have
been described above. Statistical significance was set
at p < 0.05.

Results

Oral treatment with an antibiotic cocktail depletes
almost all bacteria in the gut of APP-transgenic
mice

To investigate the relationship between gut and
brain, we treated 3-month-old APP-transgenic
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female littermate mice with and without an anti-
biotic cocktail in drinking water for 2 months. By
quantifying gut bacterial 16S *RNA gene with
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were dramatically reduced, as indicated by
decreased Sobs, Ace, Chao, and Shannon indices
and increased Simpson index in the a-diversity

real-time PCR, we found that antibiotic treat-
ment depleted almost all bacteria in the gut, as
the number of remaining bacteria was only
0.08% of that of normal drinking water control
mice (Figure la; ACt value: 10.34 in real-time
PCR; t test, p<0.0001), which was consistent
with previous studies that have demonstrated
the depletion of gut bacteria by anaerobic and } )
aerobic culture of gut contents.***' Not surpris- bacteria belonged almost exclusively to the gen-
ingly, the richness and diversity of the remaining ~ €r3  Escherichia-Shigella
bacteria in the gut of antibiotics-treated AD mice (Figure 1h; Wilcoxon rank-sum test, p <0.05).

analysis (Figure 1b-f; t test, p <0.05). Similarly,
the pB-diversity-based PCoA analysis clearly
showed the difference in intestinal bacterial
architecture between APP-transgenic mice with
and without antibiotic treatment (Figure 1g;
ANOSIM, R=1.0000, p=0.008). We further
observed that the remaining antibiotic-resistant
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Figure 1. Antibiotic treatment successfully depletes the bacteria in the gut of APP-transgenic mice. Three-month-old APP-transgenic
female mice were treated with and without antibiotics in drinking water for 2 months. Intestinal content (total 100 mg) for the
isolation of bacterial DNA was harvested from the appendix and neighboring colon. Bacterial DNA was first measured for the amount
with real-time PCR (a; t test; n = 20 and 6 for mice receiving normal water and antibiotic supplement), and then sequenced for the V3-
V4 region of 165 rRNA-encoding gene (n =5 and 4 for control and antibiotic-treated mice, respectively). Using Sobs, Shannon, Ace,
Chao and Simpson's indices, a-diversity analysis shows that treatment with an antibiotic cocktail significantly reduces bacterial
richness and diversity within each mouse (b—f; t test). Principal coordinate analysis (PCoA) was used for B-diversity analysis of bacterial
composition at the genus level in APP-transgenic mice with and without antibiotic treatment (g; Each symbol represents the gut
bacteria of an individual mouse). As expected, the structure of gut bacterial community of antibiotics-treated APP-transgenic mice
differed significantly from those of APP-transgenic littermates with normal drinking water (g; ANOSIM analysis between +antibiotics
and control mice). Bar plots depict abundance (% of total) of the indicated genera. Wilcoxon rank-sum tests show that antibiotic
treatment increases the relative abundance of bacteria in the genera Escherichia-Shigelia and Parasutterella (h). ***: p < 0.001 and ****:
p < 0.0001.
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Figure 2. Depletion of gut bacteria reduces Il-17a-expressing CD4-positive lymphocytes. Three-month-old APP-transgenic female mice,
expressing or not Il-17a-eGFP reporter, were treated with and without antibiotics in drinking water for 2 months. CD4-positive splenocytes
were selected and detected for transcription of T lymphocyte marker genes. The transcription of -17a gene was significantly down-regulated
by antibiotic treatment, while the transcription of /fn-y and /-4 genes was up-regulated in CD4+ splenocytes compared to APP-transgenic
control mice with normal drinking water (a—c; t test, n =6 - 7 per group). The transcription of //-10 gene in spleen cells was not changed by
antibiotic treatment (d; ¢ test, n =6 - 7 per group). In addition, single cell suspensions were prepared from both lamina propria and Peyer's
patches of 5-month-old Il-17a-eGFP-expressing APP-transgenic mice and analyzed by flow cytometry after fluorescent staining of CD4 (e and
g). Intestinal cells prepared from APP-transgenic mice without expressing Il-17a-eGFP reporter were stained with APC-conjugated rat IgG2b as
an isotype control (Isotype w/o GFP). The expression of IL-17a-associated eGFP was decreased in CD4+ lymphocytes in the intestine of APP-
transgenic mice by antibiotic treatments (f and h; t test, n =7 - 10 per group). *p < 0.05; **p < 0.01.

Depletion of gut bacteria reduces IiI-17a-expressing
CD4-positive lymphocytes in APP-transgenic mice

Our recent study showed that Il-17a-expressing
CD4-positive lymphocytes increase in the gut
and spleen of APP-transgenic mice.”® We there-
fore selected CD4-positive cells with a magnetic

beads-conjugated antibody from the spleen of
antibiotics-treated APP-transgenic mice and
quantified the transcripts of characteristic genes
for Thl, Th2, Th17 and Treg lymphocytes. As
shown in Figure 2a-d, depletion of gut bacteria
significantly decreased the transcription of II-

106



APPENDIX

17a, but increased the transcription of Ifn-y and
II-4 (t test, p<0.05). We further treated 3-
month-old APP-transgenic mice expressing Il-
17a-eGFP reporter®® with and without antibio-
tics, and observed that depletion of gut bacteria
for 2 months significantly reduced eGFP-expres-
sing CD4+ lymphocytes in both lamina propria
and Peyer’s patches of the gut compared to
control AD mice with normal drinking water
(Figure 2e-h; t test, p <0.05). Therefore, deple-
tion of intestinal bacteria leads to a significant
reduction in Il-17a-expressing CD4-positive T
lymphocytes in AD mice. We also found some
II-17a-eGFP-expressing CD4-negative cells in
both lamina propria and Peyer’s patches (see
upper-left quadrant in Figure 2e and g); how-
ever, these cells could not form a clearly distin-
guishable population in both the antibiotics-
treated and non-treated AD mice, which made
it difficult to reliably quantify cells. Thus, our
results do not exclude the possibility that deple-
tion of gut bacteria also regulates Il-17a expres-
sion in other immune cells, such as lymphoid-
tissue inducer-like cells, natural killer cells, and
Paneth cells.”® In our APP-transgenic animal
models, expression of GFP was not detected in
y8 T lymphocytes in the gut.*®
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In additional experiments, we performed an
immunohistochemical analysis of GFP in the
brain of APP-transgenic mice and of EAE mice
that were established in our previous study,”
both of which expressed II-17a-eGFP. We could
not detect GFP-expressing cells in the brain par-
enchyma of AD mice, but clearly saw GFP-positive
cells surrounding blood vessels in the EAE model
(Supplementary Fig. S1, A). Similarly, we did not
detect Il-17a gene transcripts in the brain tissue
from APP-transgenic mice within 40 cycles of
real-time PCR (data not shown). These results sug-
gest that gut bacterial depletion alters brain pathol-
ogy by regulating Il-17a-expressing cells outside
the brain.

Depletion of gut bacteria reduces bacterial DNA in
the brain of APP-transgenic mice

Intestinal bacteria may release structural compo-
nents into the blood that circulate to the brain, or
the bacteria spread directly to the brain.**** We
then asked whether depletion of gut bacteria alters
the potential presence of bacterial components in
the brain. Since we observed that depletion of gut
bacteria reduced the number of Il-17a-expressing
lymphocytes, we asked whether I1-17a affected the
amount of bacterial substance in the brain. We
treated Il-17a-deficient and wild-type APP-trans-
genic female mice with antibiotics as described

16S rRNAIGapdh x10-5
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Figure 3. Depletion of gut bacteria reduces bacterial DNA in the brains of both II-17a-deficient and wild-type APP-transgenic mice.
Three-month-old II-17a-deficient (ko) and wild-type (wt) APP-transgenic female mice received drinking water with and without
supplement of antibiotics for 2 months. The hippocampus and cortex were collected and homogenized in Trizol for DNA isolation. The
amount of bacterial DNA was evaluated by real-time PCR using mouse Gapdh gene as an internal control. Depletion of gut bacteria
significantly decreased bacterial DNA in both II-17a-deficient and wild-type APP-transgenic mice; interestingly, deficiency of Il-17a also
reduced bacterial DNA in the brain compared with 1I-17a wild-type AD mice (a and b; Mann-Whitney-U-Test, n =8 - 9 per group for Il-
17a-wildtype mice and 6 - 8 per group for |I-17a-deficient mice). ¥, p< 0.05.
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above. Both groups of mice after antibiotic treat-
ment showed enlargement of the ceca and dark-
colored cecal contents as shown in published
studies'” (data not shown). Interestingly, antibiotic
treatment significantly decreased the DNA level of
the bacterial 16S rRNA gene in the brains of both Il-
17a-deficient and wild-type APP-transgenic mice
(Figure 3a and b; Mann-Whitney-U-Test, p < 0.05).
The DNA level of 165 rRNA gene was significantly
lower in Il-17a-deficient than in Il-17a-wild-type
APP-transgenic mice without antibiotic treatment
(Figure 3a and b; 16S rRNA/Gapdh: 2.99 £ 0.49 x
107° vs. 2.00 £ 0.93 x 10™*; Mann-Whitney-U-Test,
U=4, p=0.015). After antibiotic treatment, the
DNA level of the 165 rRNA gene did not differ
between Il-17a-deficient and wild-type AD mice
(16S rRNA/Gapdh: 1.49 £ 0.42 x 107 [Il-17a-defi-
cient] vs. 4.32+1.32x107° [Il-17a-wild-type]);
Mann-Whitney-U-Test, U=19, p=0.102). Thus,
II-17a deficiency potentially blocked the transloca-
tion of bacterial components from the intestine to
the brain.

Depletion of intestinal bacteria inhibits
proinflammatory activation in the brain of APP-
transgenic mice, but not in Il-17a-deficient AD mice

Depletion of intestinal bacteria has been shown to
suppress inflammation in the brain of APP-trans-
genic mice.*!' We did observe that intestinal anti-
biotic treatment for 2 months significantly reduced
the number of Ibal-positive microglia in both the
hippocampus and cortex of female APP-transgenic
mice (Hippocampus: from 17.13 + 1.29 x 10° cells/
mm”® to 11.85+0.73 x 10” cells/mm®, and Cortex:
from 24.31+0.84x10° cells/mm® to 17.46+
2.55x 10* cells/mm®; Figure 4, a - ¢ t test, p <
0.05). Interestingly, in I1-17a-deficient APP-trans-
genic mice, depletion of gut bacteria did not alter
the number of Iba-1-positive cells in the hippocam-
pus (Figure 4, d and e; 16.21 £ 0.57 x 10* cellsymm?
vs. 15.85+0.83 x 10” cells/fmm?; ¢ test, p>0.05).
We measured transcripts of proinflammatory
genes (Tnf-a, II-16, and Ccl-2) and anti-inflamma-
tory genes (Il-10, Chi3i3, and Mrcl) in brains of
APP-transgenic mice. As shown in Figure 4, f, h
and j - m, depletion of intestinal bacteria down-

regulated the transcription of II-1f and Ccl-2, but
up-regulated II-10 transcription in II-17a-wildtype
APP-transgenic mice (t test, p <0.05). Intestinal
bacterial depletion did not change the transcription
of Tnf-a, Chi3I3 and Mrc-1 in APP-transgenic mice
(Figure 4, f, 1 and m; ¢t test, p>0.05). In II-17a-
deficient AD mice, depletion of intestinal bacteria
did not modulate the transcription of Tnf-a, II-1p,
Ccl-2, II-10, and Mrc-1 (Figure 4, f, h, j, kand m; ¢
test, p>0.05), except decreasing the transcription
of Chi3I3 (Figure 4, I; t test, p < 0.05). The results on
antibiotics-induced transcriptional regulations of
Tnf-o and II-15 genes were confirmed by ELISA
measurements of their protein levels, which
showed that depletion of gut bacteria significantly
decreased the II-1p protein concentration (Figure
4, i; t test, p<0.05) and tended to reduce the
amount of Tnf-a protein (Figure 4, g; t test, p=
0.075) in brains of Il-17a-wildtype but not Il-17a-
deficient mice.

In order to investigate whether the intestinal
bacterial depletion-induced inflammatory inhibi-
tion was specific for mice with AD pathology,
we treated 3 and 22-month-old female C57BL/6]
mice with and without antibiotics for 2 months.
Depletion of intestinal bacteria did not change
transcription of all genes tested in 5-month-old
C57BL/6] mice (Tnf-a, II-18, Ccl-2, 1I-10, Chi3l3,
and Mrcl; Figure 4, n; t test, p>0.05). In 24-
month-old C57BL/6] mice, depletion of intest-
inal bacteria increased Tnf-a transcription and
decreased Chi3l3 transcription (Figure 4, o; t
test, p <0.05). These experiments also suggested
that it was intestinal bacterial depletion instead
of antibiotics themselves modifying the inflam-
matory activation in the brain of APP-transgenic
mice.

In order to examine the off-target effects of oral
treatment of antibiotics, we injected 5-month-old
APP-transgenic mice daily for 7 days with the
antibiotic cocktail (1.5 mg/kg/day vancomycin, 3
mg/kg/day ampicillin, neomycin and streptomy-
cin) according to the published protocol.*> We
injected metronidazole at the maximal dose of
30 mg/kg/day, because it has a high oral

bioavailability.*® Intraperitoneal injection of the
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Figure 4. Depletion of gut bacteria reduces inflammatory activation in the brain of Il-17a-wildtype, but not I117a-deficient APP-
transgenic mice. Three-month-old APP-transgenic female mice with (ko) and without (wt) knockout of //-17a gene, and 3 or 22-month-
old C57BL/6J female mice were treated with and without antibiotics in drinking water for 2 months. Thereafter, brain tissues were
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antibiotic cocktail did not change the transcrip-
tion of proinflammatory genes, Tnf-a, Il-18, and
Ccl-2 (Supplementary Fig. S2, A - C; ¢t test, p>
0.05); however, significantly decreased the tran-
scription of anti-inflammatory genes, II-10, and
Mrcl (Supplementary Fig. S2, D and F;  test, p <
0.05), and tended to inhibit Chi3I3 gene transcrip-
tion (Supplementary Fig. S2, E; ¢ test, p =0.055).
The pattern of transcriptional modification in the
brain by intraperitoneal injection of antibiotic
cocktail is obviously different from that in oral
antibiotics-treated mice; therefore, the effects of
oral antibiotic treatment were due to the depletion
of bacteria in the gut and not the antibiotics
themselves.

Depletion of intestinal bacteria inhibits microglial
activation in the brain of APP-transgenic mice,
which is abolished by knockout of lI-17a gene

To understand the mechanism, through which
intestinal antibiotic treatment modified neuroin-
flammation in AD mice, we selected CD11b"
brain cells from 5-month-old female APP-trans-
genic mice with and without 2-month treatments
of antibiotics and detected transcripts of disease-
associated microglia (DAM) signature genes.”
Depletion of intestinal bacteria significantly
reduced transcription of Il-18 and Ccl-2 genes
(Figure 5, b and ¢; t test, p <0.05), and tended to
decrease the transcription of Tnf-a, II-10 and Itgax
genes (Figure 5, a, d and k; ¢ test, 0.05 < p < 0.10) in
cells derived from Il-17a-wildtype APP-transgenic
mice, but not in cells from Il-17a-deficient AD
mice. Depletion of intestinal bacteria even
increased transcription of II-10 gene in 1l-17a-

deficient APP-transgenic mice (Figure 5, d; ¢ test,
p <0.05). Gut bacterial depletion down-regulated
transcription of Apoe gene in both I117a-deficient
and wild-type APP-transgenic mice (Figure 5, e; ¢
test, p < 0.05). Antibiotic treatment did not signifi-
cantly change the transcription of other genes
(Trem2, Cx3crl, P2ry12, Clec7a, and Lpl) tested in
both II-17a-deficient and wild-type mice (Figure 5,
f -k t test, p>0.05).

In further experiments, we labeled microglia
with Iba-1 antibodies and analyzed the morphol-
ogy of microglia in the vicinity of AP deposits as we
had done previously.”® Depletion of intestinal bac-
teria increased the total number and end points of
branching microglial processes (Figure 5, 1 - n; ¢
test, p < 0.05), and tended to increase branch length
(Figure 5, o; t test, p =0.078) in 5-month-old APP-
transgenic mice, consistent with previous
observations.'®'® However, all changes in micro-
glial morphology caused by gut bacteria depletion
were absent in Il-17a-deficient AD mice (Figure 5,
m - o; t test, p > 0.05).

As we observed bacterial DNA in the brain, we
further investigated whether I1-17a deficiency alters
the response of microglia to bacterial components.
We found that 5-month-old Il-17a-deficient and
wild-type APP-transgenic mice without antibiotic
treatment did not differ in the transcription of
Myd88, Cdl4, TIrl, TIr2, Tir4 and Tir9
(Supplementary Fig. S1, B), suggesting that knock-
out of II-17a gene does not change microglial reac-
tivity to bacteria. Surprisingly, our additional
experiments and a previous study showed that the
lack of Il-17a did not reduce the transcription of
inflammatory genes, Tnf-a, II-1f, Ccl-2 and II-10 in
microglia (Supplementary Fig. S1, C) and even
activate microglia.”®

sectioned and microglia were counted with stereological method, Optical Fractionator, after immunohistochemical staining of Iba1 (in
brown color) (a-e), or homogenized for RNA isolation (f, h, and j-m) and measurement of inflammatory gene transcripts with real-
time PCR, as well as for ELISA assays of Tnf-a and II-1f concentrations (g and i). Depletion of gut bacteria significantly decreased |ba1-
positive microglia in both the hippocampus and cortex of I-17a-wildtype, but not in I117a-deficient APP-transgenic mice (b, c and e; t
test, n=>5 - 9 per group). Similarly, depletion of gut bacteria significantly reduced the transcripts of //-18 and Cc/-2, and increased //-10
transcript in the brain of Il-17a-wildtype, but not in I117a-deficient APP-transgenic mice (h, j, and k; t test, n=6 - 17 per group).
Transcriptional regulation in AD mice deleted of gut bacteria was confirmed by the reduction in protein levels of II-18 but not Tnf-a in
brain homogenate compared to APP mice receiving normal water (g and i; t test, n=4 - 9 per group). However, depletion of gut
bacteria significantly reduced the transcript of Chi3/3 in the brain of Il17a-deficient APP-transgenic mice (I; t test, n = 6 - 7 per group).
Moreover, depletion of gut bacteria did not change the transcription of various inflammatory genes (Tnf-a, Il-18, Ccl-2, lI-10, Chi3I3, and
Mrc1) in in the brain of 5-month-old C57BL/6J female mice (n; t test, n=3 - 9 per group), however, significantly increased Tnf-a
transcription and decreased Chi3/3 transcription in 24-month-old C57BL/6] female mice (O; t test, n =5 - 6 per group). *: p < 0.05; **: p
< 0.01.
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Figure 5. Depletion of gut bacteria inhibits inflammatory activation in microglia in the brain of lI-17a-wildtype, but not II17a-deficient
APP-transgenic mice. Three-month-old APP-transgenic female mice with (ko) and without (wt) knockout of //-17a gene were treated
with and without antibiotics in drinking water for 2 months. CD11b-positive brain cells were selected and quantified for the
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Depletion of intestinal bacteria reduces cerebral A
in IlI-17a-wildtype but not in Il-17a-deficient APP-
transgenic mice

Extracellular AP plaques are a pathological hall-
mark of AD. Depletion of gut bacteria was reported
to attenuate AP deposits in APP-transgenic mice.”
711 'We treated 3-month-old female APP-trans-
genic mice with an antibiotic cocktail for
2 months. As shown in Figure 6, a-c, 2-month
treatments with antibiotics significantly reduced
immunoreactive AP density from 6.02% + 0.32%
to 4.42% + 0.64% in the cortex and from 5.67% +
0.34% to 4.16% =+ 0.58% in the hippocampus (¢ test,
p <0.05) of Il-17a-wildtype AD mice. In II-17a-
deficient APP-transgenic mice, treatment with
antibiotics changed the density of AP in neither
hippocampus nor cortex (Figure 6, d - f; ¢ test, p
>0.05). The brain section was also stained with
methoxy-XO4 that typically binds to the p sheet
structure of AP aggregates. Similarly, treatments
with antibiotics significantly reduced AP deposits
in the cortex (Figure 6, g and h;  test, p < 0.05) and
tended to decrease AP in the hippocampus (Figure
6, g and i; t test, p = 0.060) of II-17a-wildtype APP-
transgenic mice, but did not change density of
methoxy-XO4-stained AP deposits in II-17a-defi-
cient AD mice (Figure 6, j - 1; f test, p > 0.05).

We went on measuring AP in the brain homo-
genate with ELISA. In II-17a wild-type APP-trans-
genic mice, antibiotic treatment significantly
decreased the levels of both AP42 and APB40 in
TBS- and TBS-T fractions (Figure 6, m, n, p and g;
t test, p < 0.05), but not in guanidine-soluble fraction
(Figure 6, 0 and r;  test, p > 0.05). TBS-, TBS-T-, and
guanidine-soluble brain homogenates are enriched
with monomeric, oligomeric and high-molecular-
weight aggregated AP, respectively.” In I1-17a-defi-
cient APP-transgenic mice, treatment with

antibiotics did not reduce AB42 and AP40 in all
three fractions of brain homogenates (Figure 6, m
- 1). On the contrary, antibiotic treatment even
increased the concentration of Ap42 in TBS-soluble
fraction of brain homogenate (Figure 6, m;  test, p
<0.05).

Depletion of intestinal bacteria does not increase
microglial AB phagocytosis and extracellular A
degradation, but potentially reduces A production

In following experiments, we asked how depletion
of intestinal bacteria attenuated the amyloid
pathology in AD mice. First, we stained brain tissue
with an antibody targeting the lysosomal protein
CD68, a suggested marker of phagocytosis. As
shown in Figure 7, a-c, depletion of gut bacteria
significantly decreased the density of CD68 immu-
nofluorescence (t test, p <0.05). We then con-
ducted a flow cytometric analysis of brain cells
after AP staining with methoxy-X04, in which
depletion of intestinal bacteria remarkedly
decreased both percentage of AB-positive CD11b+
brain cells and the mean fluorescence intensity
(mFI) of CD11b+ cell population in APP-trans-
genic mice (Figure 7, d - f; t test, p < 0.05), appar-
ently indicating that microglial internalization of
AP did not contribute to cerebral AP clearance in
gut bacteria-depleted AD mice.

In the same APP-transgenic mouse strain as we
used in this study, another group has reported that
the absence of gut bacteria increased protein levels
of AB-degrading enzymes neprilysin and Ide.”
However, our study showed that depletion of intest-
inal bacteria altered neither Neprilysin nor Ide gene
transcription in the brains of Il-17a-deficient and
wildtype APP-transgenic mice (Figure 7, g—j; f test,
p>0.05), which suggested that extracellular

transcription of DAM marker genes. Depletion of gut significantly decreased the transcription of /I-13, and Ccl-2 genes, and tended to
down-regulate the transcription of Tnf-a, ll-10, and ltgax genes in the brain of Il-17a-wildtype, but not in 1117a-deficient APP-transgenic
mice (a-d, and k; t test, n =4 - 7 per group). Depletion of gut bacteria significantly reduced transcription of Apoe gene, but not Trem2,
Cx3cri, P2ry12, Clec7a, and Lpl genes in both [I-17a-wildtype and deficient APP-transgenic mice (ej; t test, n =4 - 8 per group). In the
analysis of microglial merphology after immunofluorescent staining of Iba1 (I), depletion of gut bacteria increased the number of
branches and endpoints of the processes of microglia in Il-17a-wildtype, but not in 117a-deficient APP-transgenic mice (m - o; t test, n
=5-7 per group). The Iba1-positive cells marked with “** without showing clear processes were excluded for analysis of microglial
morphology (l). *: p < 0.05; **: p < 0.01; #: 0.05 < p < 0.10.
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Figure 6. Depletion of gut bacteria reduces AP in the brain of Il-17a-wildtype, but not I117a-deficient APP-transgenic mice. Three-
month-old APP-transgenic female mice with (ko) and without (wt) knockout of /i-17a gene were treated with and without antibiotics
in drinking water for 2 months. Brain tissues were sectioned and stained with immunofluoresce-conjugated A antibodies (a and d)
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degradation of AB was not the mechanism mediat-
ing AP reduction in our AD mice.

Our previous study has shown that inhibition of
neuroinflammation inhibits - and y-secretase
activity in the brain of AD mice.”® We found that
depletion of intestinal bacteria slightly but signifi-
cantly decreased (-, but not y-secretase activity
(Figure 7, k and 1; two-way ANOVA, antibiotic
treatment vs. control, p <0.05), as observed in a
published study.'® It was not surprising that the
same inhibitory effects of antibiotic treatment on
B- and y-secretase activity could not be seen in Il-
17a-deficient APP-transgenic mice (Figure 7, m
and n; two-way ANOVA, antibiotic treatment vs.
control, p>0.05), as the antibiotic treatment did
not change the inflammatory activation in the
brain of Il-17a-deficient AD mice (see Figure 4).

Depletion of intestinal bacteria potentially
increases A efflux through blood-brain-barrier in
APP-transgenic mice, which is driven by ll-17a
inhibition
The transportation of AP from brain parenchyma
to peripheral circulation is an efficient pathway for
the cerebral AB clearance.’® LRP1 and ABCB1 are a
couple of key transporters at the BBB that are
responsible for AB efflux.””>®* We found that the
protein levels of Abcbl and Lrpl were significantly
increased in 5-month-old APP-transgenic mice,
which had been treated with antibiotics for 2
months (Figure 8, a-c¢; t test, p<0.05).
Remarkably, the up-regulation of both Lrpl and
Abcbl in the brain homogenate by depletion of
intestinal bacteria was again abolished by knockout
of 11-17a gene (Figure 8, d-f; t test, p > 0.05).

We also isolated blood vessels from 5-month-old
APP-transgenic mice with and without treatments
with antibiotics. We validated the results from the

entire brain homogenate that treatments with anti-
biotics strongly elevated protein levels of Abcbl
and Lrpl at the BBB (Figure 8, g—i; ¢ test, p <
0.05). Notably, the protein level of claudin-5 in
cerebral blood vessels did not differ between
APP-transgenic mice with and without antibiotic
treatment (Figure 8, g and j; t test, p>0.05).
Similarly, we did not detect any mouse IgG in
brain homogenates of antibiotics-treated AD mice
with Western blot (data not shown), which sug-
gests that depletion of intestinal bacteria increased
expression of Abcbl and Lrpl at the BBB, but did
not significantly impair the BBB.

In further experiments, we detected Lrpl and
Abcbl in the brain homogenates from 5-month-
old APP-non-transgenic female mice with different
expression of I-17a. We observed that deficiency of
II-17a significantly increased the protein level of
Abcbl, but not Lrpl, in a gene dose-dependent
way (Figure 8, k-m; one-way ANOVA, p<0.05).
Similarly, we isolated blood vessels from Il-17a-
deficient and wild-type APP-transgenic mice and
observed that deficiency of Il-17a significantly
increased both Lrpl and Abcbl in the tissue lysate
of blood vessels (Figure 8, n-p; t test, p<0.05),
suggesting that depletion of intestinal bacteria
potentially increases Lrpl/Abcbl-mediated Ap
efflux through inhibiting I11-17a signaling.

Depletion of intestinal bacteria potentially
promotes synaptic plasticity in APP-transgenic
mice, which is abolished by deficiency of ll-17a

After finding that gut bacterial depletion attenu-
ated inflammatory activation and amyloid pathol-
ogy in the brains of APP-transgenic mice, we
performed a preliminary analysis of the neuropro-
tective effect of antibiotic treatment. Our previous
study has shown that upregulated transcription of

and methoxy-X04, a fluorescent dye for AP aggregates (g and j). Depletion of gut bacteria decreased AB deposits in both the
hippocampus and cortex after staining of Ap either with antibody or dye (b, ¢, h and i; t test, n=6 - 13 per group). However, in the
I17a-deficient AD mice, depletion of gut bacteria did not change the cerebral A loads (e, f, k and I; t test, n =4-7 per group). Brain
tissues were also serially homogenized and extracted in TBS, TBS plus 1% Triton-100 (TBS-T) and guanidine-HCl, and then measured
for AB40 and AP42 with ELISA (m-r). Depletion of gut bacteria decreased the concentrations of both AB40 and AB42 in TBS- and TBS-
T-soluble brain fractions, but not in guanidine-HCl-soluble fraction of Il-17a-wildtype APP-transgenic mice (m-r; t test, n =7-9 per
group). Depletion of gut bacteria did not change the concentrations of AB40 and AB42 in various fractions of brain homogenates of Il-
17a-deficient AD mice (n-r; t test, n =4 - 5 per group), except that it significantly increased the concentration of AB42 in TBS-soluble
fraction (m). *: p < 0.05; **: p < 0.01; ***: p < 0.001; #: 0.05 < p < 0.10.
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Figure 7. Depletion of gut bacteria reduces B-secretase activity in the brain of II-17a-wildtype, but not II17a-deficient APP-transgenic
mice. Three-month-old II-17a-deficient (ko) and wild-type (wt) APP-transgenic female mice were treated with and without antibiotics
in drinking water for 2 months. The brain tissue was stained with Cy3-conjugated CD68 antibody (a). Antibiotic treatment significantly
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the immediate early gene Arc and the gene Grini,
which encodes subunit 1 of the NMDA-type iono-
tropic glutamate receptor, is associated with the
improvement of cognitive function in APP-trans-
genic mice.”® BDNF plays an important role in the
maintenance of synaptic plasticity in learning and
memory,” the transcript of which is influenced by
gut bacteria.’” Therefore, we measured the tran-
scripts of Arc, Grinl and Bdnf genes in brains of 5-
month-old APP-transgenic mice with and without
2-month treatment of antibiotics. As shown in
Figure 9, a—c, treatment with the antibiotic cocktail
significantly increased the transcription of Arc, but
not Grinl and Bdnf genes in II-17a-wildtype APP
mice ( test, p<0.05). Again, knockout of Il-17a
gene abolished the neuroprotective effect of anti-
biotic treatment (Figure 9, a-c; ¢ test, p > 0.05).
However, the neuroprotective effects of antibiotic
treatment should be further investigated by other
methods, such as behavioral tests and electrophy-
siological approaches, in older (e.g., 9-month-old)

APP-transgenic mice as we did previously.>***

Discussion

Gut bacteria contribute to AD development,®' but
how gut bacteria regulate brain pathology remains
unclear. By using young female APP-transgenic
mice with rapidly developing AP pathology, we
found that depletion of gut bacteria decreased
microglial inflammatory activation and A levels,
particularly soluble AP, and might promote synap-
tic plasticity in the brain. These effects were abol-
ished by knockout of II-17a gene. The attenuation
of cerebral AP pathology by gut bacterial depletion
may be attributed to the inhibition of B-secretase
activity and the upregulation of AP efflux-related

Lrpl and Abcb1 expression in the brain, which was
also abrogated by Il-17a deficiency.

Bacterial phenotypes are potentially transferred
between contacting mice.** We co-housed 4-6 II-
17a-deficient and wild-type female AD mice in the
same cage for treatments with and without antibiotics,
which reduced the variability caused by different
housing conditions. Depletion of gut bacteria in
APP-transgenic mice inhibited proinflammatory acti-
vation in the brain tissue as evidenced by reduction of
microglial number, down-regulation of Il-13 and Ccl-
2 transcription and up-regulation of Il-10 transcrip-
tion, consistent with published studies.*'*'® In indi-
vidual microglia, depletion of gut bacteria decreased
transcripts of both pro- (e.g., Tnf-a, II-1f3, Ccl-2) and
anti-inflammatory (II-10) genes, which is also in
agreement with the published finding that the absence
of gut bacteria leads to global defects in microglial
activation."” The opposing regulation of II-10 tran-
scription in microglia and brain tissue suggests that
brain cells other than microglia, such as astrocytes,
may also respond to gut bacteria® and produce 11-10
in the brain.

We noted that intestinal bacterial depletion in 5-
month-old C57BL/6] mice did not have the same
effect on the inflammatory modulation as in AD
mice, and even promoted inflammatory activation
(e.g., transcriptional up-regulation of Tnf-a, and
down-regulation of Chi3I3) in the brain of 24-
month-old C57BL/6] mice. In fact, the mechanism
leading to inflammatory activation in the brain, and
particularly in microglia, is not the same in AD and
healthy aging. For example, inflammation in aging
microglia may be due to a reduced ability to clear
endogenous metabolites, whereas microglia in AD
mice respond efficiently to exogenous AP. A tran-
scriptomic study®® identified 85 aging-associated
genes in female C57BL/6] mice, of which only 21
genes overlapped with DAM genes that were

reduces the density of CD68-immunofluorescence in both cortex and hippocampus of APP-transgenic mice compared to AD mice
drinking normal water (b and ¢; t test, n=6 per group). APP-transgenic mice were also injected (i.p.) with methoxy-X04 for the
detection of AB-associated fluorescence in CD11b-positive brain cells by flow cytometry (d). Depletion of gut bacteria significantly
decreased both the percentage of fluorescent cells among CD11b-positive brain cells, and the mean fluorescence intensity (mFl) of
CD11b-positive cell population (e and f; t test, n =4 - 5 per group). Brain tissues were further collected from AD mice for quantification
of Neprilysin and Ide gene transcripts (g—j), and for B- and y-secretase assays (k — n). Depletion of gut bacteria did not change the
transcription of Neprilysin and Ide genes (g—j; t test, n = 6-8 per group); however, significantly inhibited the activity of B-secretase in
the brain of II-17a-wildtype but not II17a-deficient APP-transgenic mice (k and m; two-way ANOVA, n=6-7 per group for Il-17a-
wildtype mice, and n=4-5 per group for Il-17a knockout mice). Depletion of gut bacteria did not change y-secretase activity in AD
mice (I and n; two-way ANOVA, n = 6-7 per group for II-17a-wildtype mice, and n = 4-5 per group for II-17a knockout mice). *: p < 0.05;

*. p < 0.01.
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Figure 8. Depletion of gut bacteria increases Abcb1 and Lrp1 expression in the blood-brain-barrier of 1l-17a-wildtype, but not 117a-
deficient APP-transgenic mice. Three-month-old II-17a-deficient (ko) and wild-type (wt) APP-transgenic female mice were treated with

and without antibiotics in drinking water for 2 months. Brain homogenates w

ere quantified for protein levels of Abcb1 and Lrp1 with

Western blot (a and d). Depletion of gut bacteria significantly increased expression of Abcb1 and Lrp1 in brains of II-17a-wildtype (b

and ), but not in Il-17a-deficient (e and f) APP-transgenic mice (t test, n=

13, and 11 - 12 per group for Il-17a wt and ko mice,

respectively). Cerebral vessels were also isolated from Il17a-wildtype AD mice and detected for Abcb1 and Lrp1 at the BBB (g).
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identified in APP-transgenic mouse model,> with the
exception of the DAM-characteristic genes Trem2
and Apoe. Thus, it stands to reason that a significant
inflammatory modulation caused by gut bacterial
depletion depends on the preactivated status and pat-
tern of inflammatory brain cells (e.g,, microglia).
Depletion of gut bacteria resulted in a signifi-
cant reduction of Il-17a-expressing CD4-positive
cells in the gut and spleen as well as bacterial DNA
in brain tissue, suggesting that gut bacteria regu-
late brain pathology in AD mice via at least two
pathways: 1) regulating peripheral 1l-17a-expres-
sing T lymphocytes and 2) directly modulating
cells in the brain with bacterial components (not
necessary living cells). Very interestingly, we also
observed that deficiency of 11-17a reduces bacter-
ial DNA in the brain of APP-transgenic mice. Due
to our limited research resource, we have not yet
succeeded in the microbiome analysis of brain
tissues. The recent study detected Streptococcus,
Clostridium, Roseburia and Tyzzerella in the brain
of APP/PSI mice.* The from
Cutibacterium acnes were found in the brain of
AD patient and linked to AD pathogenesis.”* How
the bacteria or their structural components enter
the brain is unclear. It has been reported that
deficiency of Il-17a alters the composition of gut
bacteria, i.e., increases the abundance of
Barnesiella genus bacteria, and hinders the devel-
opment of EAE.*® Barnesiella bacteria are the
main source of hypoxanthine in the gut.
Intestinal epithelial cells utilize hypoxanthine for
energy balance and nucleotide biosynthesis.®®
Thus, Il-17a deficiency may favor intestinal bar-
rier function and lead to the reduction of bacterial
DNA in the brain of APP-transgenic mice.
Inhibition of Il-17a signaling, which can be
achieved by administering Il-17a inhibitors or by
depleting specific bacterial taxa in the gut that
stimulate the development of Il-17a-producing T

bacteria

cells, therefore has the potential to avoid bacterial
overload in the brain and prevent AD progression.

Exactly how the depletion of bacteria in the gut
and subsequent Il-17a inhibition, in particular the
reduction of Th17 cells, regulates microglial activ-
ity in our antibiotic-treated AD mice remains
unclear. II-17a inhibition itself does not appear to
inhibit microglial activation. We have recently
observed that knockout of Il-17a gene reduces
microglial branches in APP-transgenic mice,” sug-
gesting activation of microglial inflammatory
response.”” Our current study shows that 1l-17a
deficiency did not reduce the transcription of Tnf-
«, II-1B, Ccl-2 and II-10 genes in isolated microglia
(Supplementary Fig. S1, C). The inhibition of
inflammation in both brain tissue and microglia
in our antibiotic-treated AD mice may be due to
the depletion of bacteria other than Il-17a-promot-
ing taxa in the gut. In Il-17a-deficient APP-trans-
genic mice, antibiotic treatment did not inhibit
inflammatory activation in brain tissue and micro-
glia, for which there are perhaps several reasons.
Deficiency of Il-17a reduced soluble A (discussed
later) and bacterial DNA, minimizing the inflam-
matory priming of microglia as in 5-month-old
C57BL/6] mice, limiting the capacity to further
inhibit inflammation by depleting gut bacteria.
However, we believe that there are other unknown
mechanisms by which Il-17a inhibition maintains
and even enhances microglial activity in the brain,
which we will investigate in the future studies. To
answer this question, it is helpful to identify the Il-
17a signaling-promoting bacteria or their metabo-
lites in the gut of AD mice. Unfortunately, the
available relevant results for today are very limited
or controversial. For example, the bacterial product
valeric acid was reported to increase the concentra-
tions of 11-17, II-1P, and 11-6 in the blood and brain
of mice with experimental stroke.®® However, treat-
ment with valeric acid was also shown to reduce the

Depletion of gut bacteria significantly increased the expression of Abcb1 and Lrp1 in blood vessels of APP-transgenic mice (h and |; t
test, n = 11-12 per group); however, it did not change the protein level of claudin-5 (j; t test, n = 4-5 per group). In further experiments,
Abcb1 and Lrp1 were detected with quantitative Western blot in the brain homogenates from 5-month-old non-APP-transgenic female
mice with different expression of Il-17a (k; wild-type [wt], heterozygote [het] and knockout [ko]), and in the isolated blood vessels from
5-month-old I117a-wt and ko APP-transgenic female mice (n). Deficiency of II-17a significantly increased Abcb1 but not Lrp1 in the non-
APP-transgenic mouse brain in a gene dose-dependent manner (I and m; one-way ANOVA followed by Bonferroni post-hoc test, n = 4-9
per group), and increased protein levels of both Abcb1 and Lrp1 in the blood vessels of APP-transgenic mice (o and p; t test, n=15-19

per group). *: p < 0.05; **: p < 0.01; ****: p < 0.0001.
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Figure 9. Depletion of gut bacteria increases Arc transcription in the brain of II-17a-wildtype, but not 1117a-deficient APP-transgenic
mice. Three-month-old II-17a-deficient (ko) and wild-type (wt) APP-transgenic female mice were treated with and without antibiotics in
drinking water for 2 months. Thereafter, brain tissues were homogenized and measured for transcripts of Arc, Grin1 and Bdnf genes.
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mice (a; t test, n = 6 and 7 - 8 per group for II-17a wt and ko mice, respectively). Antibiotic treatment did not change the transcription of
GrinT and Bdnf genes (b and ¢; t test, n =6 and 7 - 8 per group for Il-17a wt and ko mice, respectively). *: p < 0.05.

concentrations of Tnf-a and 1l-6 in the blood of
mice after irradiation.®® In addition, activation of
the valeric acid receptor Gpr43 inhibited neuroin-
flammation and improved cognitive function in
APP-transgenic mice.”!

It should be noted that microglial activation is a
double-edged sword in AD pathogenesis: on the
one side, it releases cytotoxic cytokines and reactive
oxygen species, leading to neuronal damage; on the
other side, it clears neurotoxic AP via microglial
internalization, thereby safeguarding neurons.”” In
our recent study, p38a-MAPK deficiency in mye-
loid cells or 1l-17a deficiency promotes microglial
activation and AP clearance, which improves cog-
nitive performance in APP-transgenic mice.”® We
and other groups have also shown that stimulation
of TLR4 and TLR9 by injection of a low dose of LPS
or synthetic oligodeoxynucleotides containing
unmethylated CpG dinucleotides, similar to those
found in bacterial DNA, induces mild and long-
term microglial activation that facilitates the clear-
ance of AB and hyperphosphorylated tau protein in
human APP or tau -transgenic mice,”’'"* and in
squirrel monkeys.”” Our present study has shown
that general depletion of gut bacteria reduces
microglial phagocytosis of AP in APP-transgenic
mice, which is consistent with previous observa-
tions that gut bacteria are essential for microglial
maturation, activation and A phagocytosis.'®™"”
We would expect that specific depletion of Il-17a-
promoting gut bacteria could maintain microglial
activity and help clear the pathogenic AP molecules
from the AD brain.

When studying the gut and brain, how gut bac-
teria modulate cerebral AP load is always an impor-
tant question to answer. Qur present study showed
that microglia are not responsible for cerebral Ap
reduction in APP-transgenic mice after depletion
of gut bacteria. Interestingly, we observed that
depletion of gut bacteria increased the expression
of Lrpl and Abcbl in the BBB of APP-transgenic
mice, which was reversed by knockout of II-17a
gene. Knocking out Il-17a gene completely
mimicked the effects of gut bacteria depletion on
the expression of Lrpl and Abcbl. Lrpl and Abcbl
are two important transporters responsible for Ap
efflux across the BBB.””*® Depletion or inhibition
of endothelial Lrpl and Abcbl leads to AP accu-
mulation in the AD mouse brain.”*”” Since trans-
portation of AP from brain parenchyma to
peripheral plasma might contribute 25% of total
clearance of cerebral AB,*® AP efflux represents a
major pathway mediating the reduction of AP in
the brain of AD mice following depletion of gut
bacteria. It has been reported that the absence of
ApoE retains less AP in the brain parenchyma and
increases soluble AP in the interstitial fluid, possi-
bly promoting the diffusion of soluble A from the
parenchyma into the perivascular space,”® which
favors AP efflux. Notably, depletion of gut bacteria
decreased Apoe gene transcription in microglia, as
observed in our study and by other scientists,'®
which may indicate the cooperation between
microglia and BBB in the clearance of cerebral Af.

AP is produced by p- (BACEI) and y-secretases
after serial digestions of APP. The published
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studies by our group and others have shown that
the activity or protein level of B- and y-secretases
is regulated by inflammatory activation in the
brain.**”**" Not surprisingly, depletion of gut
bacteria inhibited p-secretase activity in correla-
tion with inflammatory inhibition in our APP-
transgenic mice, which is consistent with the
observation in germ-free AD mice.'® We did not
detect an increase in the expression of neprilysin
and Ide in our APP-transgenic mice after antibio-
tic treatment, suggesting that extracellular degra-
dation of AP is not the key mechanism for AP
clearance after gut bacterial depletion. This result
differs from the observation in a study on germ-
free AD mice.®

Antibiotic therapy for AD patients has gained
interest.”” In several studies, germ-free APP-trans-
genic mice show better cognitive function and lower
cerebral AP levels than specific pathogen-free (SPF)
AD mice.'"®®" Our study supports antibiotic therapy,
as gut bacterial depletion reduced AP burden in AD
mice and, in particular, increased Ap efflux-associated
Abcbl and Lrpl across the BBB. Depletion of gut
bacteria also up-regulated the transcription of Arc
gene in the brain, which is associated with synaptic
plasticity and cognitive improvement in APP-trans-
genic mice.”>*> However, as discussed above, the
general depletion of gut bacteria inhibits the activa-
tion of microglia, which decreases the efficiency of Ap
clearance. In addition, gut bacteria have also been
shown to promote the development of cognitive
performance.”> Adult germ-free mice transplanted
with fecal microbiota from 2-3-month-old mice per-
form better cognitively than mice transplanted with
fecal microbiota from 18-20-month-old mice.**
Treatment with broad-spectrum antibiotics can
deplete as well the taxa of gut bacteria that favor
learning and memory. Our study also indicated that
bacteria belonging to the genera Escherichia-Shigella
and Parasutterella were more resistant to antibiotic
treatment. The possible expansion of these bacteria,
especially Escherichia-Shigella bacteria, after long-
term antibiotic treatment could increase inflamma-
tory activation in the brain and accelerate the pro-
gression of AD. The combination of our results and
the literature indicates that it is important to manip-
ulate a specific bacterial taxon, e.g. by reducing the
bacteria that stimulate immune cells to produce II-

17a. Currently, antibiotic therapy targeting specific
bacterial taxa is still a major challenge for AD
patients.

A limitation of our study is that the direct anti-
inflammatory effects of antibiotics orally used to
deplete gut bacteria could not be excluded.
Although oral vancomycin, neomycin, streptomy-
cin and ampicillin have low systemic absorption,*
the oral bioavailability of metronidazole is high
(98.9%).*® Metronidazole must not be omitted
from the antibiotic cocktail as it decimates anaero-
bic bacteria in the gut. Metronidazole has the
potential to suppress the activity of both innate
and acquired immune systems.*> We observed
that intraperitoneal injection of the antibiotic cock-
tail inhibited inflammatory gene transcription in
the brain; however, the affected genes were mainly
limited to anti-inflammatory Il-10 and Mrcl genes
(see Supplementary Figure S2), with a pattern dif-
ferent from the inflammatory regulation caused by
oral treatment of antibiotics. We also observed that
oral antibiotic treatment decreased Il-17a tran-
scription but increased transcription of Ifn-y and
Il-4 genes in CD4-positive spleen cells in APP-
transgenic mice and promoted inflammatory acti-
vation in the brains of 24-month-old C57BL/6]
mice. Indeed, oral antibiotic (amoxicillin/clavula-
nate) treatment of mice with antibiotic-sensitive
and -resistant bacteria in the gut has shown that
depletion of sensitive gut bacteria inhibits the
development of Il-17a-expressing y§ T cells.”
Therefore, we have reason to believe that the inhi-
bition of neuroinflaimmation and Th17 develop-
ment in our AD animal models was not due to
the direct effects of antibiotics, but was a conse-
quence of the depletion of gut bacteria. The poten-
tial inhibitory effect of antibiotics on immune cells
is a common pitfall in antibiotic-treated mice in
many gut and brain studies.”'”"”

In summary, our results are consistent with
published observations that depletion of gut bac-
teria attenuates microglial inflammatory activa-
tion and AP pathology in the brain of APP-
transgenic mice; however, we further elucidated
the possible mechanisms mediating the gut-brain
axis in AD pathogenesis: 1) depletion of gut
bacteria reduces peripherally circulating 1l-17a-
expressing T lymphocytes and translocation of
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bacterial components from the gut to the brain.
II-17a deficiency inhibits this bacterial transloca-
tion; 2) inhibition of II-17a possibly maintains
and even enhances microglial activity; 3) inhibi-
tion of Il-17a upregulates the expression of Lrpl
and Abcbl in the BBB, possibly promoting AP
efflux and AP clearance in the brain; and 4)
depletion of gut bacteria has the potential to
improve neuronal plasticity. Our study supports
antibiotic therapy for AD patients; however, pre-
cise therapy targeting specific bacterial taxa is still
a huge challenge. New methods and future work
are needed to characterize the AD-specific micro-
biome profile in the gut. Particular attention
should be paid to how Il-17a-associated intestinal
bacteria can be manipulated.
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Fig.5.3.2 Schematic diagram of the preparation of brain sample sections.
Kindly provided by Qinghua Luo

Fig. 6.1 Antibiotic treatment successfully depletes the bacteria in the gut of APP-
transgenic mice.
Realtime-PCR: Wenlin Hao; Data analyse: Yang Liu

Fig. 6.2.1 Depletion of gut bacteria reduces IL-17a-expressing CD4-positive lymphocytes.
Isolation of CD4-positive splenocyte: Qinghua Luo; Real time-PCR, flow cytometry
and data analysis: Wenlin Hao

Fig. 6.2.2 IL-17a-eGFP expressing cells are detected in the brain of EAE mice but not in AD
mice.
Immunohistochemistry: Wenlin Hao

Fig. 6.3 Depletion of gut bacteria reduces bacterial DNA in the brains of both IL-17a-
deficient and wild-type APP-transgenic mice.
Real time-PCR and data analysis: Wenlin Hao

Fig. 6.4.1 Depletion of gut bacteria reduces inflammatory activation in the brain of IL-17a-
wildtype, but not IL-17a-deficient APP-transgenic mice.
Immunohistochemistry, real time-PCR and ELISA: Wenlin Hao; data analysis: Yang
Liu

Fig. 6.4.2 Intraperitoneal injection of an antibiotic cocktail inhibits the transcription of anti-
inflammatory but not proinflammatory genes in the brain of APP-transgenic mice.
Real time-PCR and data analysis: Wenlin Hao

Fig. 6.5.1 Depletion of gut bacteria inhibits inflammatory activation in microglia in the brain
of IL-17a-wildtype, but not I117a-deficient APP-transgenic mice.
Real time-PCR, immunohistochemistry: Wenlin Hao; microglia morphology analysis
and data analysis: Yang Liu

Fig. 6.5.2 Deficiency of IL-17a does not change the transcription of innate immune receptors
and inflammatory genes.
Real time-PCR and data analysis: Wenlin Hao

Fig. 6.6 Depletion of gut bacteria reduces Ap in the brain of IL-17a-wildtype, but not IL-
17a-deficient APP-transgenic mice.
Immunohistochemistry and ELISA: Wenlin Hao; data analysis: Yang Liu

Fig. 6.7 Depletion of gut bacteria reduces P-secretase activity in the brain of IL-17a-
wildtype, but not IL-17a-deficient APP-transgenic mice.
Immunohistochemistry and real time-PCR: Wenlin Hao; B- and y-secretase assays:
Yang Liu

Fig. 6.8 Depletion of gut bacteria increases ABCB1 and LRP1 expression in the blood-
brain-barrier of IL-17a-wildtype, but not IL-17a-deficient APP-transgenic mice.
Westenblot: Inge Tomic; data analysis: Wenlin Hao

Fig. 6.9 Depletion of gut bacteria increases Arc transcription in the brain of IL-17a-
wildtype, but not IL-17a-deficient APP-transgenic mice.
Real time PCR and data analysis: Wenlin Hao

Fig. 8 Deletion of dicer1 in gut epithelial cells changed the composition of gut bacteria in

App-knock-in mice.
Realtime-PCR: Wenlin Hao and Ilona Magdalena Szabo; Data analyse: Yang Liu
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