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1 Introduction 
 
 

1.1 Innate Immunity 
 

In life humans and every other vertebrate, encounter multiple forms of organisms, 

including viruses, bacteria and fungi (Pradeu, 2020). Interactions can be neutral or even 

beneficial (Dethlefsen et al., 2007). However, if certain organisms spread and 

reproduce, the host can be threatened (Méthot and Alizon, 2014). The immune system 

is a network of biological processes and its primary focus is to interact with the 

surrounding and react accordingly. Risks can also arise from noninfectious, stress-

induced tissue damage or tumorigenesis (Medzhitov, 2007). The immune system has 

multiple and highly effective mechanisms in place to prevent damage.  

 

The most visible layer of defense is the physical and chemical barrier. It includes the 

skin and mucous membranes which create a mechanical barrier and forms a surface 

rendered unfavorable for microorganisms by the presence of antimicrobial peptides, 

lysozyme and other defense molecules. Furthermore, commensal microorganisms 

promote protection by competing against potential pathogens (Peterson and Artis, 2014; 

Spadoni et al., 2017). If the outer layer is breached cells of the innate immune system 

take over. Its specialized cells, such as macrophages, dendritic cells, monocytes, 

granulocytes and mast cells circulate within the body and recognize potential threats, 

resulting in clearance or an inflammatory response (Chaplin, 2010). Adding to the cells 

of the innate immune system are multiple other cell types in blood plasma as well as in 

interstitial fluids, that contribute to constitutive innate immune mechanisms (Paludan et 

al., 2020). 

 

The variety of signals recognized by the innate immune system can be distinguished in 

three groups. First, pathogen-associated molecular patterns (PAMPs) including 

microbial-derived molecules that are highly conserved components of microorganisms 

and absent from host cells (Janeway, 1989). PAMP signals can be triggered by bacteria, 

fungi, parasites, self-antigens and viruses. A second class of signals are damage-
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associated molecular patterns (DAMPs), structures that are only exposed for 

recognition as a result of tissue damage or infection (Gong et al., 2019). These 

structures cover a vast type of ligands, e.g. glycan structures, such as fucose, mannose, 

β-glucan and galactose. And lastly, homeostasis-altering molecular processes (HAMPs) 

are recognized. HAMPs refer to abnormally high or low rates of biological processes 

that might point to an infection. It is generally believed that the information about 

disrupted homeostasis is transmitted to the HAMP sensors through post-translational 

modifications (Liston and Masters, 2017).  

 

Responsible for translating PAMPs, DAMPs and HAMPs into an intracellular signal are 

germ-line encoded pathogen-recognition receptors (PRRs). There are Toll-like 

receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors 

(NLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), C-type lectin-like 

receptors (CLRs), and absent in melanoma 2 (AIM2)-like receptors (ALRs) (Takeuchi 

and Akira, 2010). The activation of PRRs results in a protective inflammatory response 

releasing antimicrobial peptides and inflammatory mediators. Antimicrobial peptides 

act directly against extracellular microbes. Inflammatory mediators such as cytokines 

and chemokines recruit further immune cells that will contribute to the inflammatory 

response, a process known as inflammation (Jakubzick et al., 2017). However, if the 

pathogen is within the cell, intracellular killing pathways are in place to neutralize the 

threat e.g. by degradation in lysosomes (R. Medzhitov 2008). As last resort, cells can 

self-destruct by programmed cells death as an innate immune mechanism (Man et al., 

2017). Following PRR activation and the inflammatory response is a resolution phase 

resulting in a homeostasis (Netea et al., 2017). 

 

It can become problematic for the organism if the resolution phase is inhibited by 

unremovable danger signals or innate immune components that remain activated. 

Consequently, tissue disruption and malfunction are promoted and the immune 

response is no longer beneficial for the host. This state is known as chronic 

inflammation and has been associated with multiple non-communicable diseases such 

as Alzheimer’s Disease, cardiovascular diseases, cancer, osteoporosis, arthritis, colitis 

or asthma (Schett and Neurath, 2018). The immune system is not only associated with 
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infections of foreign microorganisms, it also plays an important role in multiple 

physiological processes such as developmental and regeneration processes as well as 

the clearance of dead cells, (Pradeu, 2020). Furthermore, components of the host can 

be targeted which may lead to autoinflammatory (Dinarello, 2009) and autoimmune 

pathologies (Rosenblum et al., 2015). 

 

 

1.1.1 Inflammasomes  
 

As mentioned, the activation of PRRs results in inflammation. The discovery of an 

innate-immune receptor protein from the NLRP protein family and the adaptor protein 

ASC, assembled into an intracellular protein-complex that recruits and activates 

caspase 1, was made in 2002 (Martinon F. et al., 2002). This discovery of a 

macromolecular complex that senses PRRs and initiates the inflammatory response is 

a key finding in the field of innate immunity and cell death (Broz and Dixit, 2016). Similar 

to other innate immune signalling receptors, the inflammasome detects and responds 

to microorganisms and tissue damage (Newton and Dixit, 2012). So far, the NLRP3 

inflammasome has been the main focus of the scientific community which is mainly 

studied in immune cells of the innate immune system. Recently, however, more and 

more studies focus on additional inflammasomes. For example, NLRP6, a 

comparatively less well understood inflammasome, detects microbial metabolites such 

as lipopolysaccharide (LPS) which is the major component of gram-negative bacteria 

cell walls (Zhao Y. & Shao F., 2015). 

 

 

1.1.2 The NLRP6 Inflammasome  
 

NLRP6 is a member of the NOD-like receptor family, originally termed PYPAF5. 

Functioning as a cytosolic innate immune sensor it can detect microbe-associated 

molecular patterns and activate the NLRP6 inflammasome. This inflammasome 

consists of associated speck like proteins (ASC) and the inflammatory caspase-1 or 

caspase-11. Inflammasome activation triggers the maturation and secretion of pro-
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inflammatory cytokines IL-18 and IL-1b (Kayagaki N. et al., 2011). NLRP6 activity is 

crucial to maintain tissue homeostasis. Chronic and unbalanced activation can lead to 

multiple pathologies, especially gastrointestinal inflammatory, infectious and neoplastic 

diseases. It is assumed that NLRP6 acts within intestinal epithelial cells and thereby 

potentially influences the microbiome composition. However, the exact mechanism of 

NLRP6 activity and its contributions to health and disease have not been fully 

elucidated to date. (Kayagaki N. et al., 2011) 

 

 

1.1.3 NLRP6 Inflammasome Assembly  
 

The NLRP6 inflammasome consists of three domains. Considered to be the most 

important element for the inflammasome assembly is the N-terminus which is 

composed of a pyrin domain (PYD) that interacts with ASC (Shen C. el al., 2019). The 

central element of NLRP6 is the nucleotide-binding domain (NBD) which is followed by 

the C-terminal leucine-rich repeat (LRR) domain (Lamkanfi M. et al., 2014). The LLR 

domain interacts with DAMPs and Microbe-associated molecular pattern (MAMPs). 

Howeverm these MAMPs and DAMPs remain mostly unidentified to date (Elliott EI. et 

al., 2015).  

 

Microbial and metabolic stimuli, Tumor necrosis factor-a (TNF-a) and viruses can 

activate the transcription of NLRP6 (Wang P. et al., 2015). However, miRNAs, such as 

the miRNA-331-3p, can inhibit translation after transcription (Nie H. et al., 2020). In the 

absence of inhibitory miRNAs, the mRNA is translated and the PYD domain forms 

filamentous structures through self-assembly. Conformational changes follow and 

enable the recruitment of ASC via PYD_PYD binding. The NBD domain of NLRP6 is 

most likely strengthening this process (Shen C. et al., 2019). A complex consisting of 

caspase-1 and nuclear factor ’kappa-light-chain-enhancer’ of activated B cell (NF-kB) 

becomes activated and the inflammasome response is triggered via the caspase-1-

dependent cleavage of proIL-1ß and proIL-18 into their mature forms. However, only 

specific triggers can induce an assembly and the activation of the NLRP6 

inflammasome (Grenier J.M. et al., 2002). Different activators, inhibitors and even 
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bacteria of different taxa were shown to regulate the NLRP6 formation (Hara H. et al., 

2018). Especially microbial ligands such as lipopolysaccharide (LPS), MDP, iE-DAP, 

Pam3CSK4 and microbial metabolites, e.g. taurine, histamine and spermine seem to 

have an impact on NLRP6 assembly and activation (Lu W.L. et al., 2019 & Levy M. et 

al., 2015). Beyond bacterial products, NLRP6 also functions as a sensor for gram 

positive bacteria and viruses (Wang P. et al., 2015).  

 

The NLRP6 proteins can be detected in the lung, kidney and liver. However, the highest 

expression is found in the gastrointestinal tract (Elinav E. et al., 2011 & Lech M. et al., 

2010). Consequently, studies focus on the intestine to investigate NLRP6 functions in 

health and disease. Of note, studies have shown that NLRP6 can also impact the 

homeostasis of the oral cavity (Lu W.L. et al., 2019).  
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Figure 1.1 - NLRP6 Inflammasome Activation. Specific DAMPs and PAMPs 
including viruses and bacteria can induce the transcription and oligomerization of the 
different NLRP6 inflammasome sensor proteins. The adaptor ASC protein, consisting 
of a PYD and CARD domain, oligomerizes within the inflammasome and recruits pro-
caspase-1. The active caspase-1 or caspase-11 cleaves the precursors of the pro-
inflammatory cytokines IL-1ß and IL-18. Gasdermin D (GSDMD) can also be cleaved, 
which can produce pores in the plasma membrane. The active pro-inflammatory 
cytokines are released through those GSDMD pores. However, increased formation of 
GSDMD pores can induce cell swelling and pyroptotic cell death. Danping Zheng et al., 
2020 
 

 
 
 
 
1.2 NLRP6 in the Intestine 
 

The mammalian intestine contains trillions of microorganisms, including bacteria, fungi, 

virus and parasites, collectively termed the microbiome. It mainly inhabits the 

mammalian intestinal mucosa and lumen and coevolved with the host. The symbiosis 

between host and the microbiome is critical. It is a fine and tightly regulated line 

between enabling critical functions conferred by the microbes and pathogenic events 
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such as an invasion of pathogens into the sterile host or uncontrolled inflammation 

directed against non-invading resident microbes. In steady state the immune system 

tolerates innocuous stimuli. However, invading pathogens can induce a potent immune 

response (Chu H. el al., 2013). Mammalian intestinal epithelial cells (IEC), including 

enterocytes and goblet cells, express high amounts of NLRP6 and therefore act as 

potential mediators between the host and the microbiome (Elinav E. et al., 2011). This 

has been shown in mice with Nlrp6 deletion which led to shifts within stool samples 

towards higher abundance of the bacterial family Prevotellaceae and phyla TM7 (Elinav 

E. et al., 2011). In addition, transferring this altered fecal microbiota to wild-type (WT) 

mice, in combination with higher susceptibility to dextran sulphate sodium (DSS), 

induced colitis (Elinav E. et al., 2011). Furthermore, the dysbiosis in Nlrp6 

inflammasome-deficient mice also increases the susceptibility to colitis-induced 

carcinogenesis through the activation of IL-6 signaling in IEC (Hu B. et al., 2013).  

 

Research is still in the early stages of revealing the molecular mechanism by which 

NLRP6-associated signaling modulates the gut microbiome. Currently available data 

suggest that the gut epithelial NLRP6 inflammasome and IL-18 secretion are 

modulated by commensal-derived metabolites. The downstream expression of 

antimicrobial peptides (AMPs) genes in the gut then shapes the host-microbiome (Levy 

M. et al., 2015). Metabolite-induced morphological alterations of intracellular 

connections might be involved during this modulation (Grosheva I. et al., 2020). Also, it 

has been shown that NLRP6 can bind to lipoteichoic acid (LTA) derived from Gram-

positive bacteria and become activated (Hara H. et al., 2018). This sensing triggers 

caspase-1 and caspase-11 via ASC and subsequently leads to IL-1b and IL-18 

maturation. NLRP6 monomers can also bind directly to LPS, a ligand typical for Gram-

negative bacteria, resulting in NLRP6 oligomerization, the recruitment of ASC and the 

NLRP6 inflammasome assembly (Leng F. el al., 2020). Suggesting NLRP6 to be a 

potential LPS sensor after Gram-positive pathogen infection in vivo.  

 

An additional cell type expressing NLRP6 are goblet cells within the intestine. NLRP6 

might impact the mucus secretion in goblet cells via autophagy. This has been seen in 

Nlrp6-deficient mice, which showed impaired autophagy within the intestine and altered 
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secretion of mucus granules in goblet cells (Wlodarska M. et al., 2014). Furthermore, 

goblet cells located at the entrance to the colonic crypt may sense non-specific TLR 

ligands and activate NLRP6 intracellularly, leading to exocytosis and expelling bacteria. 

Again, this NLRP6 goblet cell function depends on an excessive administration of LPS 

(Birchenough GM. et al., 2016). Adding to the list of intestinal cell types expressing 

NLRP6 and thereby to the potential mediators of NLRP6 impacts on intestinal 

homeostasis are monocytes. DSS-induced injuries increase Nlrp6 expression in Ly6Chi 

inflammatory monocytes which induce IL-18 and TNF-a, hence controlling bacteria-

driven inflammation (Seregin SS. et al., 2017). Other NLRP6 expressing cell types are 

colonic myofibroblasts and hematopoietic cells, which seem to support epithelial 

proliferation and self-renewal upon chronic injury (Normand S. et al., 2011 & Chen GY. 

et al., 2011).  

 

 

 

 

 



 16 

 
 

Figure 1.1.2 - NLRP6 in the Intestine. We suggest that NLRP6 in the gut can be 
modulated by commensal-derived metabolites (e.g. taurine, spermine and histamine). 
This leads to the production of mature IL-18 and unique antimicrobial peptide 
repertoires. This axis determines the host indigenous microbiome profile and 
vulnerability to intestinal inflammation. Adapted from Maayan Levy et al., 2015 
 
 

 

1.2.1 Shaping the gut microbiome 
 

As mentioned, the NLRP6 inflammasome might influence microbiome compositions 

within the host and a dysregulation of NLRP6 may cause dysbiosis (Elinav E. et al., 

2011). However, not only the host genotype shapes the microbiome. Even more 

important for the modulation of gut microbial composition are environmental factors. 

Because the human gut microbiota has been linked to important determinants of health 

and disease, e.g. metabolism, immunity, development, behavior, it is necessary to 

understand the dynamic crosstalk between host and microbiome (Bäckhed F. et al., 



 17 

2015). This task is challenging since the human gut microbiota comprises ten times 

more cells than the human body and includes thousands of species of bacteria, viruses, 

fungi and protozoa. Moreover, the composition can vary significantly from person to 

person and can shift to some degree over time. For example, the microbiome can vary 

significantly when comparing populations from different continents. (De Filippo C. et al., 

2010).  

 

 

Environmental Factors:  

Microbes can respond to various external stimuli according to their natural habitats, by 

sensing oxygen, thermal differences, virulence factors and metabolic machineries. 

Furthermore, microbial populations are under the various selection force from other 

microbes. Multiple studies have shown a role of diet and pharmacological factors, as 

well as contributions of many other external stimuli in shaping the gut microbiome (CS 

Chang et al., 2019). Some examples: the mother’s microbiome is the foundation for an 

individual’s microbiome as it is acquired during development and birth. Even a vaginal 

versus C-section delivery can have significantly different outcomes (Iizumi T. et al., 

2017). Later in life, dietary habits can strongly influence the activities and composition 

of the gut microbiome (David LA, et al., 2014). Pharmacological factors, most 

prominently antibiotics, can affect the microbiome community depending on the class, 

dose, and length of exposure (Iizumi T. et al., 2017). Even social contacts can have 

effects (Tung J. et al., 2015). In general, the interaction with environmental factors can 

help to develop a healthy microbiome but on the other hand, they can also increase the 

risk for immune-mediated diseases.  

 
Host Factors:  

Host genetic factors might not be as important in the modulation of the gut microbiome 

as environmental factors, but the knowledge as to how host factors shape the gut 

microbiota could still provide opportunities to manipulate gut microbes and find potential 

applications to treat microbiome-related dieses.  
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For example, a strong indication for the relevance of host factors are derived from 

studies with twins. They showed that the microbiome of monozygotic twins is much 

more similar than the microbiome of genetically unrelated individuals (Zoetendal EG. 

et al., 2001). To date, multiple host genes have been identified as being associated 

with shaping the microbiome (Goodrich JK. et al., 2016), both in humans and mice 

(Benson AK. et al., 2010), e.g. NLRP6. Also, the innate immune system, in particular 

the epithelium associated factors, contributes to shaping the microbiome (Kurilshikov 

A. et al., 20017). The gut is an organ composed of multiple layers of tissue, containing 

epithelia which interact directly or indirectly with the gut microbiome. However, how 

host genes modulate the gut microbiota remains largely unknown (Koch L., 2015). 

Evidence in mouse models, supported by human data, suggests an involvement of the 

Nlrp6 inflammasome. Moreover, Nlrp6-dependent modulation of the microbiome may 

contribute to the initiation or progression of disease, possibly even of 

neurodegenerative disease. This makes NLRP6 a potential interesting target.  

 

 

1.3 Bacterial infections of the Central Nervous System  
 

The central nervous system (CNS) is a network of cells, forming the spinal cord and 

the brain. Some of the fundamental roles in bodily functions are for example the sensory 

input, information processing, motor outputs, awareness, behavior and memory. One 

of the most prominent brain disorders is Parkinson’s disease (PD), discovered by 

James Parkinson in 1817. Patients with PD suffer from shaking, stiffness, difficulties 

with walking, balance and coordination (S. Sveinbiornsdottir et al., 2016). Back in the 

day, Parkinson dosed a patient with a laxative and noticed, after the bowels were empty, 

less symptoms of PD (C. Willyard, 2021). Much later, in 2006, Jane Foster noticed a 

changed behavior of mice without gut bacteria, compared to mice with a healthy 

selection of microorganisms (K. M. Neufeld et al., 2011). And in 2013 the first 

connections have been made between dysbiosis and autism (Hsiao et al., 2013), also 

antibodies again perodonal bacteria seem to be elevated in Alzheimer’s disease (AD) 

patients when compared to age matched controls (Naseer et al., 2013). 
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Since then, functions of the gut microbiome are increasingly investigated in association 

with the CNS. For example, researchers have been trying to identify specific microbes 

associated with brain function, and to map out pathways that connect them to the brain.  

 
 

1.3.1 The Gut-Brain Link 
 
One of the major questions is still, how gut microbes interact with the brain in a direct 

or indirect manner. The CNS is surrounded by the blood-brain barrier, a highly selective 

semipermeable border of endothelial cells. Only selected solutes that circulate in the 

blood can cross into the extracellular fluid of the CNS (R. Daneman et al., 2015). Still, 

research in humans and mice has shown connections between the gut and the brain. 

The vagus nerve, the longest nerve of the twelve cranial nerves, connects the brain 

with the rest of the body and might be one point of entrance. For example, injecting 

misfolded α-synuclein into the gut of mice resulted in a higher α-synuclein accumulation 

in the animals’ brains. When the vagus nerve is removed, α-sunuclein can no longer 

be detected in the brain (S. Kim et al., 2019). Another connection could be spawned by 

bacterial metabolites. Small molecules, produced by bacteria can enter the 

bloodstream. It is believed that at least half of the metabolites in the blood are made or 

transformed by microbes. One example is vitamin B3 (nicotinamide), because it can 

pass through the blood brain barrier and has been associated with amyotrophic lateral 

sclerosis (ALS) (E. Blacher et al., 2019). In addition, specific microbes, such as 

Chlamydia pneumonia, seem to be able to cross the blood brain barrier by infecting 

monocytes (Maclntyre A. et al., 2002). Furthermore, microbes affecting the brain could 

even pass from one generation to the next. For example, bacterial infections in a mother 

during pregnancy appear to increase the risk of autism spectrum disorder, a condition 

related to the development of the brain, in her child (B.J.S. al-Haddad et al., 2019).  
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1.3.2 Bacteria associated with Alzheimer’s Disease 
 
Alzheimer’s Disease (AD), the most prevalent neurodegenerative disorder, has been 

associated with a number of bacterial pathogens as well, either directly or indirectly. 

Once inside the central nervous system (CNS), microbes can infect neurons, microglia 

and astrocytes. Such infected cells, containing metabolically active pathogens, were 

detected in AD pathology (HC Gérald et al., 2006). 

 

The following microbes were found to be associated with AD:  

Bacteria Information  Citation 

Chlamydia pneumonia Gram-negative BJ. Balin, et al. 1998 

Heliobacter pylori Gram-negative T. Shindler-Itskovitch, et 
al. 2016 

Treponema Gram-negative GR. Riviere, et al. 2002 

Porphyromonas gingivalis Gram-negative S. Poole, et al. 2013 

Borrelia burgdorferi Gram-negative J. Miklossy, et al. 2004 

Spirochete  Gram-negative P. Maheshwari, et al.2015 

 

 
 
 
 
1.4 Alzheimer’s Disease  
 

AD is the most prominent form of dementia, a neurodegenerative disorder associated 

with a decline in memory and other cognitive deficits. An estimated 44 million people 

worldwide suffer from dementia and calculations predict an increase up to 135 million 

cases in 2050 (Prince M. et al., 2014). Of all dementia patients, 60% - 80% are 

diagnosed with AD (Brookmeyer et al., 2007). Furthermore, in 2050 the population of 

individuals over 60 will double and AD is an age-related disease. Consequently, 

expectations suggest that elderly would spend more of their later years in an overall ill 

health (Christensen el al., 2010). Hence, researchers around the world are trying to find 

ways to prevent or slow down disease progression.  
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For a long time, the brain was considered an immune-privileged organ that would be 

provoked by inflammation only through direct infection or infiltration of peripheral 

immune cells after the blood-brain barrier (BBB) was damaged (Heneka MT. et al., 

2014). However, now it is widely accepted that systemic infections, aging and 

neurodegenerative diseases can induce an immune response in the CNS (Gyoneva S., 

et al. 2014), potentially followed by neuroinflammation (Venegas C. et al., 2017). 

Neuroinflammation and neuronal damage can be aggravated by overly active and 

dysregulated microglia, the resident innate immune cells of the brain (Block ML. et al., 

2007). And indeed, a growing number of studies have shown an association between 

AD progression and microglia-mediated immune response (Sims R. et al., 2017). In AD, 

microglia are activated by danger signals. Considered to be one danger signal are 

intraneuronal formations of neurofibrillary tangles (NFTs), which consist of 

hyperphosphorylated tau proteins (Morales I. et al., 2013). Another, and for this thesis 

more relevant, danger signal is the accumulation and deposition of amyloid beta (Aβ) 

(Halle A. et al., 2008).  

 

 

1.4.1 Amyloid beta 
 
Amyloid beta (Aβ) is a fragment of a protein, which is excised from a larger protein 

called amyloid precursor protein (APP). Throughout life the β-and γ-secretase cut APP 

by proteolytic cleavage at three possible amino acid residues: 38, 40 and 42 (Goedert 

and Spillantini, 2006). In a healthy brain, these fragments are decomposed from the 

brain by microglia or transported into the cerebrospinal fluid (CSF), a body fluid found 

within the tissue that surrounds the brain and spinal cord. However, in Alzheimer's 

disease they accumulate in the extracellular space (Heneka M.T. et al., 2015). As soon 

as Aβ reaches a certain critical concentration it can self-associate and form soluble 

oligomers, protofibrils and fibrils, which aggregate to form hard and insoluble plaques 

(Selkoe and Hardy, 2016). Especially the oligomeric and fibrillar forms of Aβ act as a 

DAMP and are able to cause inflammasome activation. The first report on microglial 

inflammasome activation upon fibrillar Aβ exposure was in 2008 and showed that 
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fibrillar Aβ induced IL-1β release from microglia in an NLRP3- and ASC-dependent 

manner (Halle A. et al., 2008). 

 

 

 

1.4.2 Microglia, Immune Cells of the Brain 
 
The major principal cellular component of the immune system in the brain are microglia, 

representing about 10% of all cells in the CNS (Ginhoux F., et al., 2010). They survey 

the white and grey matter and are the first line of defence against invading pathogens, 

cell debris or injuries (Hughes V., 2012).  

 

In addition, microglia play a key role in maintaining homeostasis in the CNS (Davalos 

D. et al., 2005). Microglia are also involved during the formation and control of synaptic 

plasticity (Tremblay M-É. et al., 2010) and learning (Parkhurst CN. et al., 2013). These 

findings suggest an intimate role of microglia in maintaining neuronal networks, hence, 

influencing learning and memory processes in the adult brain. Furthermore, the 

immune reaction of microglia occurs usually at a very early stage in response to acute 

brain injuries (d’Avila J.C. et al., 2012), neurodegenerative diseases (Lucin K.M. et al., 

2013), ageing (Baron R. et al., 2014) and systemic inflammation (Gyoneva S. et al., 

2014), e.g. obesity (Erion J.R. et al., 2014). The response can be induced by a variety 

of changes in the brain, including very subtle alterations in the microenvironment, such 

as imbalances of ion homeostasis (Kreutzberg G.W., 1995). Furthermore, microglia can 

detect e.g. neurotransmitters, neurohormones, neuromodulators, cytokines and 

chemokines. Also, they carry pattern recognition receptors. Together, this complex 

network of transporters, channels and receptors on the cell surface of microglia is 

referred to as the microglia sensome (Hickman SE. et al., 2013). 
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1.4.3 Pro-inflammatory Cytokines in the Brain 
 
 
TNF-α and IL-1β are cytokines, small proteins ranging from 8000 to 40 000 Da and can 

be secreted by any immune or non-immune cell. (Dinarello C.A., 1997). They are part 

of the inflammatory response as discussed above.  However, cytokines have additional 

biological effects: cytotoxicity, stimulation or inhibition of cell proliferation, antiviral 

activity, cell growth and differentiation. Because cytokines have so many functions in 

the CNS, it can be expected that cytokine levels vary in neurodegeneration. For 

example, in AD, cytokine levels of IL-1, TNF-α and IL-6 are increased and considered 

pro-inflammatory (Akiyama H. et al., 2000).  

 

In neurodegeneration, pro-inflammatory cytokines can occur in the brain and, 

interestingly, even systemically. For example, a high incidence of cognitive decline and 

delirium was reported in patients which suffer from systemic inflammation with 

increased pro-inflammatory cytokine levels in the system. This could indicate a 

connection between the peripheral immune system and the brain (Mélik-Parsadaniantz 

S. et al., 2008), which could be mediated by pro-inflammatory cytokines. In addition, 

the outer membrane of gram-negative bacteria (LPS), injected in the periphery of mice, 

triggered neurodegeneration and neuroinflammation in the brain (Walter K.A. et al., 

2017). Again, pro-inflammatory cytokines were detected in the brain and in serum from 

the periphery. Such observations led to the hypothesis that systemic inflammation can 

chronically activate microglia and contribute to the initiation or progression of 

neurodegeneration (Qin L. et al., 2007). This might also explain, why elderly patients 

show neurobehavioral manifestations even after they recovered from sepsis and 

cytokine levels dropped (Widmann C.N. et al., 2014).  This idea of systemic infection 

driving neurodegeneration, such as AD, places microglia as a key player in neuro 

inflammation and makes them an interesting target in treating neurodegeneration.  
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1.4.4 NLRP3 in Alzheimer’s Disease 
 
The first involvement of NLRP3 inflammasome signalling in AD was reported in 2008 

(Halle A. et al., 2008). Since then it has been shown that amyloid-β deposition can be 

recognized by the NLRP3 inflammasome. Even more, NLRP3 deficiency can largely 

protect from AD disease development in APP/PS1-transgenic mouse models (M. T. 

Heneka et al., 2013). This breakthrough proved again a pathogenetic nature of 

aggregated substances that are found in the brains of AD patients, such as Aβ plaques. 

It is suggested that microglia detect Aβ via the sensome. CD36, a co-receptor of TLR4, 

and CD14, is activated by aggregated Aβ. This results in the dimerization of TLR4 and 

TLR6, forming a TLR4-TLR6 heterodimer, followed by the recruitment of the adaptor 

protein “myeloid differentiation protein 88” (MyD88). MyD88 then activates the nuclear 

factor-κB (NF-κB). NF-κB induces the transcription and expression of tumor necrosis 

factor alpha (TNF-α) and interleukin-1β (IL-1β), which are components of an acute 

immune response (Rubio-Perez J.M. et al., 2012). Of particular relevance to this thesis, 

the NLRP3 inflammasome requires a priming step in order to be activated. NLRP3 can 

be triggered by crystalline materials or aggregated substances, such as Aβ. However, 

LPS or bacterial DNA and other pro inflammatory factors, such as cytokines, can also 

induce the priming step of the NLRP3 inflammasome (Henao-Mejia J. et al., 2012). 

Again, this finding makes NLRP6 mediated dysbiosis interesting, because it is assumed 

that TLR stimuli are translocated into the circulation in NLRP6 deficient mice (Henao-

Mejia J. et al., 2012). Hence, microbiomes could also contribute to brain and systemic 

inflammation in AD pathology. 
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Figure 1.3 – Microglia-Sensome and Microglia Activation. The amyloidogenic 
pathway can process the trans membrane amyloid precursor protein (APP) by �-, β-, 
and �-secretase. Aβ peptides can form monomers, oligomers and fibrils which 
potentially cluster together and form Aβ-plaques. Pattern recognition receptors (PRRs), 
can be triggered by fibrillar and aggregated Aβ, LPS or bacterial DNA and other pro 
inflammatory factors to induce an innate immune response. The NF-𝜅B transcription 
factor leads to the transcriptional induction of genes encoding components of the 
NLRP3 inflammasome, pro-IL-1b and pro-IL-18 (priming step). Additional signals are 
required for the activation of NLRP3, including deubiquitination of NLRP3 (licensing 
step). Microglia can take up Aβ by phagocytosis, which potentially causes lysosomal 
damage. The NLRP3 inflammasome assembles and caspase-1 activates (activation 
step). Hence, IL-1β and IL-18 are processed and released in their bioactive form. The 
inflammatory response generated by microglia activation can cause neuronal damage. 
Adapted from M. T. Heneka, 2015 
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1.5 Aim of Study 
 

Alzheimer’s disease is the world’s most common neurodegenerative disease and to date 

there is no sufficient cure or strategy to prevent disease progression. For patients and 

society, it is crucial to further investigate AD. We do assume that AD is induced by the 

deposition of amyloid-β peptides and the appearance of hyperphosphorylated Tau 

proteins, driving neuroinflammation. Moreover, we suspect pathogen-associated 

molecules as well as endogenous danger signals to trigger innate immune signaling 

receptors leading to inflammatory processes in the brain. In addition, the microbiota has 

emerged as a major component of human physiology and pathology, integrating 

influences from both host genetics and environmental impact. The aim of this study was 

to profile the gut microbiome and its impact on inflammatory processes involved in AD, 

characterizing dysbiosis development during AD and how innate immune control of the 

microbiota impacts disease progression, using NLRP6-deficient mice as a dysbiosis 

model and APP/PS1 mice as AD model. Characterizing the role of the microbiota in AD 

might open up new avenues to the design of therapies for this devastating cureless 

disease.  
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2 Materials and Methods 

 
 

2.1 Special Materials 
 

2.1.1 Devices 
 
Name Supplier 
Bruker 600 mhz spectrometer Bruker biospin 

Octomacs Milteny biotec 

Hiseq2500 Illumina 

Bd facscanto ii Dako, denmark 

Meso quickplex sq 120 Meso scale discovery 

Wes Simple westerntm 

Cryotome Thermo fisher 

Axio scan.z1 Zeiss 

 
 

 

2.1.2 Reagents and Kits 
 

Name Supplier 
Nucleotype mouse pcr 743200.5  Macherey-nagel 

Power soil kit Mobio 

Neural tissue dissociating (p) Milteny Biotec 

Myelin removal beads ii Milteny Biotec 

Cd11b (microglia) microbeads Milteny Biotec 

Rneasy micro kit Qiagen 

Intrastein reagent a Dako, denmark 

Intrastain reagent b Dako, denmark 

Bca protein assay kit Thermo scientific piercetm 
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V-plex® and v-plex plus proinflammatory 

panel 1 (mouse) 

Meso scale discovery 

V-plex® and v-plex plus aβ peptide panel 

1 (6e10) kit 

Meso scale discovery 

 
 
 
 
 
2.2 Mouse Models 
 

2.2.1 Dysbiosis and Alzheimer’s Disease Mouse Model 
 
To determine the impact of the microbiota on AD development, this study used four 

groups of age-matched mouse models in a genetic BC57/Bl6 background: Wild Type 

(WT), APP/PS1, Nlrp6-/- and APP/PS1/Nlrp6-/-. The Nlrp6 knockout mouse (Nlrp6-/-) was 

generated by replacing exon 1 and 2 with a neomycin resistance cassette (IRESnlslacZ 

/ MC1neo). This results in a shortening of the gene due to the lack of the start codon and 

the pyrin coding region (E. Elinav et al., 2011). The hemizygous double transgenic 

mouse model APP/PS1 is a well-established model system for human Alzheimer's 

disease in which the chimeric mouse/human amyloid precursor protein and a human 

PS1 Δexon 9 mutation is expressed (Jankowsky et al., 2001). The heterozygous 

APP/PS1 mice have already been examined neuropathologically and show an 

accumulation of Aβ peptide and an associated chronic inflammatory component, as 

well as a deterioration in spatial memory. The animals have spontaneous, non-

convulsive epileptic activity in cortical and hippocampal networks (Palop et al., 2007). 

The mice were maintained at a temperature of 22°C and a 12 h/12 h light/dark cycle, 

housed in groups and given free access to food and water. All mice were bred for 

planned experiments and randomized to experimental groups while visibly sick animals 

were excluded before data collection. All mice were handled identical across 

experiments. All experiments performed were authorized by the LANUV NRW, 

Germany. 
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All mice grew up in the “Haus für Experimentelle Therapie 1” (HET 1) to an age of one 

year. Three independent cohorts were bred and analyzed separately. Thereafter, only 

cohort one and two were transferred to the “Haus für Experimentelle Therapie 3” (HET 

3), for the behavior studies and the take-down. Both animal facilities have the same 

living conditions, only the degree of exposure to other organisms has been reported to 

be different: Table 2.1. The Animal Health Reports suggest a more diverse micro 

environment in the HET3. The third cohort could not be moved to the HET 3 because 

of COVID-19 regulations in 2021.  

 

 

Table 2.2 – Animal Health Report June 2020 
Haus für Experimentelle Therapie (HET) 1 & 3, Bonn Germany  

 
 
Viruses Test Method HET 1 HET 3  
Mouse Hepatitis Virus (MHV) MIA 0/4 0/1 
Mouse Rotavirus (EDIM) MIA 0/4 0/1 
Murine Norovirus (MNV) MIA 1/4 1/1 
Minute Virus Of Mice (MVM) MIA 0/4 0/1 
Mouse Parvovirus (MPV) MIA 0/4 0/1 
Gdvii (Theiler´S) Virus (TMEV) MIA 0/4 0/1 
Lymphocytic Choriomeningitis (LCMV) MIA 0/4 0/1 
Mouse Adenovirus Type1  (MAD1) MIA 0/4 0/1 
Mouse Adenovirus Type2  (MAD2) MIA 0/4 0/1 
Mousepox (Ectromelia) Virus (ECT) MIA 0/4 0/1 
Pneumonia Virus Of Mice (PVM) MIA 0/4 0/1 
Reovirus Type 3 (REO3) MIA 0/4 0/1 
Sendai Virus (SEN) MIA 0/4 0/1 

 
Bacteria & Mycoplasma Test Method HET 1 HET 3 
Helicobacter spp. PCR 0/4 1/1 
Pasteurella pneumotropica Culture 0/4 0/1 
STREPTOCOCCI ß-HAEMOLYTIC Culture 0/4 0/1 
Streptococcus pneumoniae Culture 0/4 0/1 
Corynebacterium kutscheri Culture 0/4 0/1 
Samonella spp. Culture 0/4 0/1 
Citrobacter rodentium Culture 0/4 0/1 
Mycoplasma pulmonis MIA 0/4 0/1 
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Clostridium piliforme MIA 0/4 0/1 

Streptobacillus moniliformis 
 
Culture 

 
0/4 

 
0/1 

 
Endoparasites Test Method HET 1 HET 3 
Trichomonas spp. PCR 0/4 0/1 
Entamoeba spp. PCR 0/4 1/1 
Giardia spp. PCR 0/4 0/1 
Hexaminta/Spironucleus muris PCR 0/4 0/1 
Aspiculuris tetraptera PCR 0/4 0/1 
Syphacia obvelata PCR 0/4 0/1 
Chilomastix spp. PCR 1/4 0/1 
Eimeria spp. PCR 0/4 0/1 

 
Ectoprasites       Microscopy  0/4      0/1 
 
Pathology Test Method HET 1 HET 3 
Lesions   Observation 0/4 0/1 

 
 

 
 
 

2.2.2 Western Diet Study 
 
To induce hypercholesterolemia in mice, a Western diet (Teklad 88137) consisting of 

17.3% protein, 21.2% fat (saturated fat 12.8%, monounsaturated fat 5.6%, 

polyunsaturated fat 1%) and 48.5% carbohydrates was fed. As control, the chow diet 

(Prolab Isopro RMH 30; LabDiet) consisting of 25% protein, 14% fat (ether extract) and 

60% carbohydrates was used to study diet effects on long-term reprogramming of 

microglia. Female mice were fed a WD for 4 weeks, and subsequently subjected to 

regular chow diet for additional 4 weeks. Ldlr−/− mice were originally purchased from 

The Jackson Laboratory and kept in house at the university of Massachusetts, Boston, 

USA. All mice were previously backcrossed over ten generations to the C57Bl6/J 

background.  
 



 31 

 

 

 

 

 

 

 

 
 

Figure 2.1 - Dietary Plan. Female Ldlr-/- Mice were on different dietary plans for a time 
period of 8 weeks. The first group was only fed with a chow diet (CD), the second group 
received a chow diet for four weeks followed by a four-week western diet (WD). The 
third group was put on a four-week western diet before switching the diet back to chow 
for four weeks.   

 
 
 
 

2.2.3 Mouse Genotyping  
 
Ear punches were performed on all mice to ID the animals and to collect the tissue for 

genotyping. The ear tissue was then lysed with the NucleoType Mouse PCR 743200.5 

kit by MACHEREY-NAGEL and 1µl was used for the polymerase chain reaction (PCR). 

The PCR product was then separated in a 2% agarose gel with 120 Volt for 30-45 min. 

UV light visualized the PCR products and their base pare (bp) length to identify the 

genotype.  

 
 
 
 
 
 
 
 

4 0 8 
Weeks 

Chow diet (CD) 

Western diet (WD) 

Switch from western  
to chow diet (WD>CD) 

CD 

WD 

CD 

CD 

WD 

Ldlr 
-/-

 



 32 

 
 
 
 
 
 
 
 
 
 
Figure 2.2 – Genotyping agarose gel. Visualization of a) Nlrp6-/- and b) APP/PS1 
bands on 2% agarose gels. Genotyping was performed by Maximilian Rothe. 
 

 

APP/PS1 Primers         
APP/PS1 Wildtype  GTGTGATCCATTCCATCAGC    
APP/PS1 Common   GGATCTCTGAGGGGTCCAGT  
APP/PS1 Mutation   ATGGTAGAGTAAGCGAGAACACG 
           

Result    APP/PS1 Mutant: 142 bp 
Wildtype: 265 bp 

 
Nlrp6-/- (Pyrin_9) Primers   
Nlrp6, MIL060-21  TCAAGCCCATCTTCTATGTC 
Nlrp6, MIL060-22  CATGGTTAGTCTTTCTGCGTCTTT 
Nlrp6, MIL060-23  TGATCTTCACAGAGCGAGCATTCC 
NEO    GCTGACCGCTTCCTCGTGCTTTAC 
           
Result    Wildtyp: 296 bp 

Knockout: 524 bp 
 
Ldlr-/- Primers    
Ldlr-/- Common  TATGCATCCCCAGTCTTTGG 
Ldlr-/- Wildtype  CTACCCAACCAGCCCCTTAC 
Ldlr-/- Mutation  ATAGATTCGCCCTTGTGTCC 
           

Result    Wildtyp: 351 bp 
    Knockout: 179 bp 
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PCR Protocol  
Reagent Volume in µl 
H2O 3,940 
Macherey-Nagel™ Nucleotype™ Mouse PCR 
2x 

5,000 

Each Primer (100µm) 0,020 
DNA 1,00 

 
PCR program  

 

 

 
 
 

 
 

2.3 Stool Sample collection   
 
Different time points were chosen to reflect the age effect on the microbiome in all 

groups: WT, APP/PS, Nlrp6-/- and APP/PS1/Nlrp6-/-. Stool samples were taken every 

month of a selected group of each genotype. After 12 months stool samples were taken 

from all animals. The samples were collected directly after excretion and immediately 

snap frozen in liquid nitrogen. Figure 1.2 shows the timepoints that were selected for 

16S RNA sequencing.  

 

 

 

 

 

 

 

Figure 2.3 - Stool Collection Timeline. Samples taken at age 2,4,7,9 and 12 months 
were chosen to be analysed by 16S RNA sequencing.  
 

Stool samples for the Western Diet study were collected after the 8-week diet plan. 

Cycles Temperature in °c Time 
 1 95 2 min 
  95 30 sec 

40 61 30 sec 
  72 30 sec 

 1 72 5 min 
 1 20 10 sec 

0 2 4 7 9 12 Months 

Stool Samples 
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2.3.1 Microbiome Sequencing   
 
Sequencing and bioinformatical analysis were performed by Dr. Timur Liwinski in the 

Eran Elinav lab. The DNA was extracted and processed for DNA isolation using a 

Power Soil kit (MoBio) (Turnbaugh et al., 2009). 515F/806R primers were used to 

amplify the 16S V4 region and sequenced using 2 x 250 base paired-end sequencing 

(Illumina MiSeq). Sequences were analysed using the Qiime (Quantitative Insights into 

Microbial Ecology, http://www.qiime.org) analysis pipeline (Caporaso et al., 2010). 

 

 

2.4 Serum Metabolomics  
 
At sacrifice, mice were anesthetized with isoflurane, and subsequently by cardiac 

puncture. The thorax was opened with a surgical scissor to approach the left ventricle 

of the heart. To take the blood, a syringe with a 27G needle was used. The needle was 

inserted into the left ventricle, penetrating 2–4 mm into the lumen while keeping the 

bevel of the needle face upwards. The blood was then stored on ice for 2-3 hours and 

subsequently spun down at maximal speed for 5 minutes. Serum on top was collected 

and stored at -80°C. 

At the Eran Elinav lab the serum was thawed and centrifuged at 4°C at 12000 × g for 5 

minutes. 90µL of plasma buffer (0.075 M NaH2PO4) was added to 90µL of the resulting 

supernatant and transferred to a 3 mm NMR tube. Subsequently, 4mL of D2O 

containing 80 mg of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) 

(Millipore-Sigma) and 40 mg of NaN3 was added and mixed by shaking and sonication 

(pH 7.4). Metabolites were recorded on a Bruker 600 MHz spectrometer (Bruker 

Biospin) set at a constant temperature of 310K (Dona et al., 2014). For each sample a 

1D nuclear Overhauser enhancement spectroscopy (NOSEY) experiment and a 2D J-

resolved experiment were performed. 32 scans were acquired and the spectral data 

was collected into 64K data points. Topspin 3.1 (Bruker Biospin) automatically 

corrected the phasing, spectral calibration and baseline. 
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2.5 Tabula Muris 
 

The “Tabula Muris” is a collection of single cell transcriptome data from mice (Mus 

musculus). It contains nearly 100,000 cells from 20 organs and tissue. For a higher 

sensitivity and coverage of the data, the full-length transcripts were analyzed. Therefore, 

the data provides information on gene expression in different tissues and cell types, 

e.g. the brain and microglia cells. https://tabula-muris.ds.czbiohub.org (the tabula Muris 

consortium, 2018). 

 
 

2.6 Morris Water Maze  
 
The Morris water-maze, a spatial memory test, was performed for behavior 

phenotyping. All experiments were carried out by the same experimenter at the same 

time of the day. The experiment was conducted in a circular Ø 1m pool filled with 

opacified water at 24°C. The basin was dimly lit, surrounded by a white curtain and 

three extra maze cues as spatial references. For analysis the circular pool was virtually 

divided into four quadrants, with one containing a hidden platform (15.315 cm) 1.5 cm 

below the water surface. For training purposes, the mice were placed on the platform 

and placed into the water in a quasi-random fashion to prevent strategy learning. If the 

mice did not find the platform after 40 seconds, they were placed on it manually for 15 

seconds. Each animal went through 4 trials every day for eight consecutive days. 24h 

after the last day of training a special probe trial was performed. The platform was 

removed and the mice had 40 seconds within the pool. Time spent in each quadrant 

can be analyzed, especially the quadrant where the platform had been located. After 

the first probe run, a platform with a visual cue was reintroduced to the water maze, but 

at a different position, for four runs, each 40 seconds. All mouse movements were 

recorded by a computerized tracking system that calculated distances moved and 

latencies required for reaching the platform (Noldus, Ethovision 3.1) 
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Figure 2.4 – Morris Water Maze Setup. left, schematic side view of the Morris Water 
Maze Setup. a) hidden platform, b) three extra maze cues as spatial references around 
the pool. Right, schematic top view on the Platform. c) one of four quadrants (1-4), d) 
flagged Platform for visual cued test (only during visual cued test, I - IV) start positions 
for each trial every day. 
 

 

 

2.7 Tissue Processing  
 

At the age of 12 months and three hours before surgery the animals were injected with 

10 mg/kg methoxy-X04 (5 mg/mL in 50 % DMSO; 50 % NaCl (0.9% physiological 

solution), pH12) (Bolmont et al., 2008). Fur surgery the mice were anesthetized, 

followed by bleeding through cardiac puncture (via the left ventricle) and then 

transcardially perfused with ice-cold 1x PBS shortly prior harvesting the organs. The 

brain was taken, the cerebellum discarded and the hemispheres separated. One 

hemisphere was fixed in 4% PFA in PBS for 24h and then stored at 4°C, assigned for 

immunohistochemical staining. The other hemisphere was dissected by separating the 

frontal cortex. The frontal cortex was used for protein analysis and the rest was used 

for microglia isolation. Samples for protein were stored at -80°C. Samples for microglia 

were kept on ice and processed after the surgery.  
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2.8 Microglia Isolation 
 
After dissecting the brains from adult mice, the tissue was enzymatically digested using 

a Neural Tissue Dissociating Kit (P) and the Milteny Biotec OctoMACS. Subsequently 

the cells were incubated for 15 minutes with Myelin Removal Beads II (Milteny Biotec) 

and separated from myelin in a magnetic field using LS columns (Milteny Biotec). The 

supernatant was then incubated with CD11b (Microglia) Micro-Beads (Milteny Biotec) 

for 15 minutes. CD11b positive cells were separated in a magnetic field using MS 

columns (Milteny Biotec). After the enzymatic digestion the samples were kept on ice 

and at 4°C and everything was done in accordance with the Milteny Biotec 

manufacturer’s guidelines. 

 

 

2.8.1 Microglia RNA Sequencing 
 

Microglia were lyzed in 700 µl Trizol. Isolation of bulk RNA was performed with the 

RNeasy Micro Kit (Qiagen). The library production for 3’-mRNA sequencing was 

performed with up to 125 ng purified RNA according to the manufacturers’ protocol and 

sequenced on a HiSeq2500 (Illumina) at the NGS Core Facility (University Hospital, 

Bonn, Germany). Reads were aligned with STAR (v2.5.3a) against the murine 

reference genome mm10. Transcripts were quantified with the Partek E/M algorithm 

and further DEseq2 normalized. Differentially expressed genes were determined for 

chow diet in comparison to high fat diet microglia by ANOVA analysis (fold-change |1.5|, 

FDR-adjusted p-value ≤0.05). Data visualization and biological interpretation were 

performed with the Partek Genomics Suite and R (v3.5.0). 

 

 

2.8.2 Microglia FACS 
 
To label the surface, each sample was incubated in 50 mL FACS buffer, containing the 

antibodies, 1:100 diluted, as listed down below, at room temperature for 15 minutes. 

To fix the sample, 50 mL / sample of IntraStein Reagent A (Dako, Denmark) was used 
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for 15 minutes at room temperature and in the dark. Subsequently, samples were 

washed twice with FACS buffer, centrifuged at 1200 rpm for 5 minutes, and 

permeabilized with 50 mL / sample of IntraStain Reagent B (Dako, Denmark) including 

the intracellular antibodies, diluted at 1:50. After a 15-minute incubation time in the dark, 

the cells were washed twice with FACS buffer and centrifuged at 1200 rpm for 5 

minutes. The appropriate compensation controls and fluorescence minus one (FMO) 

controls were also prepared during this time. 
 

Flow cytometric analysis was performed on a BD FACSCanto II, and data were 

acquired using Summit software (Dako, Denmark). The results were analyzed using 

FlowJo software (Tree Star, USA). Microglial cells were identified as being negative for 

LIVE/DEAD Fixable Aqua Dead Cell Stain, CD45+, and CD11b+. FSC vs SSC to 

remove debris and FSC-W vs FSC-A to remove cell doublets. 

 

 

Table 2.3 - FACS Panel 1 
(Laser) Filter Channel Fluorochrome FACS Ab 

(488) 530/30 FL1 FITC TLR2 

(488) 585/45 FL2 PE TLR4 

(488) 695-735 FL3 PerCP-Cy5.5 CX3CR1 

(488) 780/60 FL4 PE-Cy7 CD11b  

(633) 660/20 FL5 APC/A647 CD36 

(633) 780/60 FL6 A780/APC-Cy7 Live/Dead  

(405) 450/50 FL7 Brill Vio 421 / PacBlue Methoxy 

(405) 610/20 FL8 Brill Vio 605, BV650 CD45 
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Table 2.4 - FACS Panel 2 
(Laser) Filter Channel Fluorochrome FACS Ab 

(488) 530/30 FL1 FITC CD86 

(488) 585/45 FL2 PE I-A/I-E 

(488) 695-735 FL3 PerCP-Cy5.5 CX3CR1 

(488) 780/60 FL4 PE-Cy7 CD11b  

(633) 660/20 FL5 APC/A647 CD40 

(633) 780/60 FL6 A780/APC-Cy7 Live/Dead  

(405) 450/50 FL7 Brill Vio 421 / PacBlue Methoxy 

(405) 610/20 FL8 Brill Vio 605, BV650 CD206 EL 

 

 

2.9 Protein Extraction  
 

The first step to extract protein from tissue is to homogenize the tissue. Keeping 

everything at 4 °C the samples were weighed first and 1 mL / 150 mg tissue (wet weight) 

of homogenization buffer + protease inhibitors were added (PBS, 5 mM NaF, 20 mM 

pyrophosphate, 1 mM AEBSF). A polytron homogenized the tissue at full speed for 15 

seconds. Subsequently the protein was extracted by adding an equal volume of 2x 

RIPA (50 mM Tris  pH 7.2, 150 mM NaCl, 2 % NP40, 1% NaDOC, 0.2% SDS). Samples 

were sonicated for 10 seconds (80% duty; 12% power) and incubated for 30 minutes 

on ice. Followed by a centrifugation at 100.000g for 30 minutes the supernatant was 

saved (RIPA fraction) und the pellet was extracted with 2% SDS-buffer (25 mM Tris-

HCl pH 7.5 (RT), 2 % SDS), sonicated for 10 seconds (80% duty; 12% power), heated 

for 5 minutes at 90 °C and centrifuged at 100.000g for 30 minutes. The resulting 

supernatant (SDS fraction) was saved and the pellet was extracted with 70% formic 

acid (FA), sonicated for 10 seconds (80% duty; 12% power) and diluted 1:20 in 1M Tris 

buffer pH 11. All fractions were stored at -80 °C. 
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2.9.1 BCA protein assay 
 

The protein from the snap-frozen tissue was extracted in RIPA, SDS und FA buffer as 

described above. Thermo Scientific PierceTM provides a commercial BCA protein 

assay kit (colorimetry-based) to estimate the protein concentration in a sample. The 

assay was performed as described by the manufacturer. BCA reagent A (sodium 

carbonate, sodium bicarbonate, BCA and sodium tartrate in 0.1 M sodium hydroxide) 

was combined with reagent B (4% cupric sulphate) in a ratio of 50:1. Following the 

standard assay procedure, BSA (2mg/ml) is used as a standard with 5 working 

standards (1–5μg). After incubation at 37°C for 30 min, the absorbance was 

measured at 562 nm against a reagent blank using a microplate reader (Beckman 

Coulter Co.). The sample concentrations were measured with reference to the 

standard curve. At the beginning the solution has a green color and turns violet over 

time if protein is present.  

 

 

2.9.2 MSD Multi-Spot Assay  
 

The cytokine and Aβ levels were determined on a multi-spot assay (Meso Scale 

Discovery). The RIPA fractions were used to measure cytokines (V-PLEX® and V-

PLEX Plus Proinflammatory Panel 1 (mouse) Kit). The samples were diluted 1:1 onto 

the plate using reagent diluent 41 supplied with the kit. To measure Aβ peptides, the 

RIPA, SDS and FA fractions were diluted 1:1, 1:100 and 1:500, using diluent 35 

supplied with the kit (V-PLEX® and V-PLEX Plus Aβ Peptide Panel 1 (6E10) Kit). For the 

rest of the steps the manufacturer’s instructions were followed and the plates were 

measured on a MESO QuickPlex SQ 120. Measured cytokines: tumour-necrosis-

factor-a (TNF-a), Keratinocyte chemoattractant (KC) / human growth-regulated 

oncogene (GRO), Interleukin 1 (IL-1), Interleukin 2 (IL-2), Interleukin 5 (IL-5) and 

Interleukin 6 (IL-6). 
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Figure 2.5 - MSD Mesoscale: 1.) Added samples and calibrators to an MSD plate 
coated with capture antibody (1-10). 2.) SULFO-TAG–conjugated detection antibody 
was added 3.) Plate can be analyzed an MSD instrument. 
 

 

 

2.9.3 Western Blot by Simple WesternTM  
 
Simple WesternTM provides a fully automated platform for traditional western blots. All 

RIPA fractions were diluted with 0.1X Sample Buffer, provided by Simple WesternTM, 

to a final concentration of 1.0 mg/mL of protein. The primary antibody was the Caspase 

1 Monoclonal Antibody (5B10) by eBioscienceTM, 1:100 diluted. For all the following 

steps the manufacturer’s instructions were followed. 

 

 

Antibodies used for western blot analysis. 
 
Antibody    Dilution  Manufacture    Cat. no. (RRID) 
Mouse monoclonal anti-IL-1β 1:2000  1:2000 R&D Systems  AB401-NA(AB_354347) 

(Wiesbaden-Nordenstadt, 
Germany) 
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Figure 2.6 - Protein Simple Wes: Size based immunoassays take place in 25 capillary 
array single use cartridges. Proteins are automatically loaded into the capillary from the 
sample plate and separated by size as they migrate through a stacking and separation 
matrix. The separated proteins are then immobilized to the capillary wall via a 
proprietary, photoactivated capture chemistry. Target proteins are identified using a 
primary antibody and immunoprobed using an HRP-conjugated secondary antibody 
and chemiluminescent substrate. The resulting chemiluminescent signal is detected 
and quantitated. Adapted from Harris V.M. (2015) Protein Detection by Simple 
WesternTM Analysis  
 
 
 

2.10 Brain Histology, Imaging and Analysis  
 

Paraformaldehyde (PFA) fixed brain hemispheres were sliced sagittally with a cryotome 

into 16µm thick slices and mounted on super frost slides surrounded with a barrier pen. 

After washing three times with PBS and blocking with 1% BSA in PBS for 1 hour at 

room temperature, 1:1000 DAPI dilution was added on top of the slices for 15 minutes 

and washed away with PBS. The injected methoxy stained Aβ plaques while animals were 

still alive.  
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Images were taken with a Zeiss Axio Scan.Z1 with a 20x objective Image analysis was 

performed in ImageJ using custom-written ImageJ plugins (Plugins by Jan Niklas 

Hansen). Each channel was analyzed separately. The DAPI channel was burred with 

a Gaussian Blur (sigma 20 px) and segmented into foreground and background pixels 

using the histogram threshold method Otsu (implemented in ImageJ). The Aβ plaque 

channel was segmented into foreground and background pixels using the histogram 

threshold method Triangle (implemented in ImageJ). Next, the remaining foreground 

particles in the segmented DAPI channel image were filtered for size: particles with a 

size below 1000 px were removed (corresponding pixels set to zero). Lastly the 

remaining foreground pixels in the DAPI channel and the remaining foreground pixels 

in the plaque channel were counted to determine the DAPI area and the plaque area. 

 
 

2.11 Data Presentation 
 

All graphs were generated using PRISM 9 and show means ± standard error of the 

mean (SEM) if not described otherwise. Also, each dot in a figure represent a biological 

replicate. Significances are indicated by *p value < 0.05, **p value < 0.01 and ***p value 

< 0.001. The normality of the data distribution was assessed using a Shapiro-Wilk test 

for all the statistical analyses. If the data followed the Gaussian distribution, parametric 

tests were used. Otherwise, a Grubbs’ test (alpha of 0.05) was employed to identify 

and remove one outlier of the samples in order to reach the normality.  
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3 Results 
 
 

3.1 Nlrp6 Expression in Mice  
 

Before starting the study on how the Nlrp6 inflammasome possibly affects the 

development of Alzheimer’s disease (AD), we had to establish the mouse breeding 

program. It had to be taken into consideration that all four genotypes had to be bred, 

aged and cohoused simultaneously in a cohort large enough to be statistically relevant. 

These precautions were meant to achieve a uniform microbiome, only challenged by 

the genetic modulation of the Nlrp6 inflammasome. While the mouse breeding was 

under way to increase the number of animals, we investigated Nlrp6 expression in mice. 

Back in 2017 Dr. Yonatan Herzig, former postdoctoral researcher at the institute of 

Innate Immunity, performed a number of experiments confirming that Nlrp6 is mainly 

expressed in the intestine, liver and kidney. Almost no expression was detected via 

reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) and 

immunohistochemistry (data not published / shown). Adding to Dr. Herzigs findings, the 

Tabula Muris database allows a direct and controlled comparison of gene expression 

within all organs and cell types (Figure 3.1). Sorting for Nlrp6 expression in Mus 

musculus shows that the highest number of Nlrp6 positive cells is detected in epithelial 

cells (74%) and enterocytes of the epithelium (66%) within the large intestine. The next 

highest numbers are found for hepatocytes in the liver (59%) and epithelial cells in the 

kidney (11%). The brain shows almost no Nlrp6 positive cells: neurons (2%), 

oligodendrocytes (1%), astrocytes (0.5%) and microglia (0.1%).  Given the very low 

expression of Nlrp6 in the brain, these findings suggest that Nlrp6 has only an indirect 

influence on brain-related processes including neuroinflammation in mice. 
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Figure 3.1 – Single cell transcriptome data from mice show almost no Nlrp6 
expression in the brain. Tabula Muris data represented as circle charts compare 
Nlrp6 gene expression in different tissues and cell types. [n] represents the number of 
measured cells and [%] the percentage of Nlrp6 positive [grey] and Nlrp6 negative 
[green] cells.  
 
 
 
 
 
3.2 Impact of Nlrp6 on Learning and Memory Capabilities in APP/PS1 Mice 
 

The first experimental approach after breeding suitable cohorts of one-year old wild 

type (WT), Nlrp6 knock out (Nlrp6-/-), APP/PS1 and APP/PS1 / Nlrp6-/- mice were the 

Morris water-maze trials. The Morris water-maze provides an impression on brain 

functionality by challenging learning and memory capabilities (Figure 3.2). It has been 

shown that a decline in memory and learning in APP/PS1 mice is connected with Aβ 

deposition and neuroinflammation (e.g. Heneka et al., 2013). Hence, measuring the 

distance traveled (Figure 3.2b), overall time (Figure 3.2c) and time spent in quadrant 2 

(Figure 3.2d), the quadrant with the hidden platform, over a time period of 8 days 

allowed to investigate the ability to learn and memorize spatial information in mice. Two 

independent Morris water-maze trials revealed that no statistical differences were 
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detected between APP/PS1 and APP/PS1 / Nlrp6-/- mice. This suggested that Nlrp6 

has neither a protective nor an aggravating effect. Also, Nlrp6-/- mice showed similar 

values as WT mice. Furthermore, the search pattern for the platform is much more 

directed in WT and Nlrp6-/- mice. Whereas mice with APP/PS1 mostly swim in random 

circles, avoiding the middle of the water tank and, if so, finding the platform only by 

chance (Figure 3.2a). Search patterns can be another readout for altered behavior, 

learning and memory decline.  

 

However, how can we find sufficient controls for a set up measuring behavior of mice. 

First of all, the observed learning and memory decline in mice with an APP/PS1 

background has been published numerous times. Hence, it can be considered as 

control for a functional Morris water-maze set up. Additionally, on day 9, the probe trial 

with a visible platform, showed that all genotypes swam approximately the same 

distance (Figure 3.2e) and took almost the same time (Figure 3.2f) to reach the flagged 

platform. This indicated that the known instinct to avoid water and find solid ground was 

active in all mice, independent of their genetic background. Therefore, mice that were 

just floating around with no urge of finding the platform at all were excluded from the 

data analysis.  
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Figure 3.2 – Nlrp6 does not influence learning and memory capabilities in 
APP/PS1 mice. Morris water-maze trials were documented for 9 days with 4 runs per 
day, each run max. 40 seconds. (a) Representative run for each genotype, red line 
indicates swim pattern within 40 seconds. (b) Distance travelled [centimeters] to 
platform within 40 seconds, (c) Time [seconds] spend to reach the platform (d) 
Percentage of time spend in quadrant 2, containing the hidden platform. (e) Probe trial 
day 9. Distance [centimeters] travelled within 40 seconds and (f) Time [seconds] spend 
to reach flagged / visible platform. Graphs show mean and error bars show SEM of two 
independent Morris water-maze experiments. Each symbol represents an individual 
mouse. Significances are indicated by *p value < 0.05, **p value < 0.01 and ***p value 
< 0.001. 
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3.3 Gut Microbiome Sequencing in Nlrp6 deficient Mice  
 

For the following data sets it is important to add that only the first and second cohort 

were relocated at an age of one year to the animal facility HET3, which was also the 

location of the water-maze setup. The animals spend one month within the HET3 to 

adjust to the new surroundings and for the Morris water-maze trials. As mentioned 

before, the HET3 facility is much more exposed to the outside environment and external 

microbes. Hence, the mice were exposed to a different and more diverse microbiome 

in the cages and especially in the MWM water tank (Figure 3.3). 
 

In order to monitor the potential drift in microbiome composition during aging and in 

presence or absence of Nlrp6. while breeding the first cohort we selected five mice of 

every genotype and collected stool samples every month until an age of one year. By 

deleting Nlrp6 we expected to create a dysbiosis as described in the introduction of this 

thesis. After the MWM-trials we collected additional stool samples of all animals in 

cohort one. Subsequently, the described stool samples were sent to the lab of Prof. Dr. 

Eran Elinav (Weizmann Institute of Science, Rehovot, Israel) for microbiome 

sequencing and analysis. Unfortunately, only a limited number of samples could be 

sequenced, namely time points 2, 4, 7 and 9 months of age (Figure 3.3a). Nevertheless, 

the first batch of data revealed a shift in microbiome diversity at all times in Nlrp6 knock 

out mice, compared to WT and APP/PS1 animals, hence, supporting the hypothesis of 

dysbiosis in Nlrp6-/- mice. However, age seemed to have only a minor impact on the 

diversity of microbiome sequences. The small number of animals, however, demands 

caution. 

 

Later, the second and third cohort were processed. Stool samples of all one-year old 

mice were again sent to the Eran Elinav lab, and for comparison reasons both cohorts 

were sequenced and analyzed simultaneously (Figure 3.3b). Surprisingly, no genotype 

specific PCoA2 clusters for microbiome variance clusters were detected. This 

observation contradicted the first finding and argued against the Nlrp6-/- dysbiosis 

hypothesis. However, further analysis revealed that there were strong variations in 

microbiome variance between cohorts two and three (Figure 3.3c), suggesting an 
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independent analysis of each cohort. Indeed, only cohort 2 shows the previously 

detected difference in microbiome composition in Nlrp6 deficient mice, compared to 

WT and APP/PS1 (Figure 3.3d). Again, Nlrp6 alone, independent of APP/PS1, seems 

to have an impact on the microbiome composition (Figure 3.3e). Important to add, 

cohort three only had 19 animals (cohort two = 33 mice), reducing its statistical power. 

Overall, the data indicate that the Nlrp6 status has an effect on the microbiome without 

an additional detectable effect of APP / PS1 in cohorts one and two. Microbiome 

differences between all three cohorts need to be further discussed in the discussion 

part of this thesis. However, because of this finding, some of the following data sets 

show data for each cohort independently.  
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Figure 3.3 – Microbiome sequencing reveals differences in microbiome variance 
between all three cohorts of mice. All cohorts grew up at different time periods but 
within the same housing facility and room. Only the first and second cohort of mice was 
moved after one year into a different facility for behavior analysis - Morris Water Maze 
(MWM). (a) First cohort: stool samples of selected mice were collected at different time 
periods and sequenced n = 5 per genotype. The ASV (Amplicon Sequence Variant) 
identifies single and exact sequences that are statistically significant. (b) To avoid 
sequencing batch effects, the second and third cohort were sequenced simultaneously. 
The principal coordinate analysis (PCoA) of one-year old mice shows no difference 
between genotypes. (c) Comparing cohort two and three with each other shows a very 
high variation. Indicating the significant impact of the MWM and breeding time. (d) 
Between cohort two and three only the second cohort shows a significant effect of the 
Nlrp6 deletion. (e) However, neither APP/PS1 alone nor in interaction with Nlrp6 
deletion has an additional effect. Each dot represents an individual mouse. 
 
 
 
 

3.3.1 Digestive Tract of Nlrp6 knock out and APP/PS1 Mice  
 

While waiting for the microbiome sequencing data a further physical investigation of the 

cecum and colon in Nlrp6 deficient and APP/PS1 mice was initiated. Literature 

suggests a connection between the microbiome composition and the physical 

appearance of the digestive tract in mice, especially regarding the cecum and colon 

(Dodiya H.B. et al., 2020). Nlrp6 is mainly expressed in the intestine and might have an 

indirect or direct effect on the weight of the cecum and the length of the colon. Therefore, 

cecum and colon samples were collected of all genotypes (Figure 3.3.1). However, no 

alterations were measured, suggesting that Nlrp6 and APP/PS1, independent of the 

cohort, have no effect on colon length (Figure 3.3.1b) or cecum weight (Figure 3.3.1c).  
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Figure 3.3.1 – Physical appearance of cecum and colon in Nlrp6 deficient and 
APP/PS1 mice show no alterations. (a) Example of a cecum and colon prepared for 
further investigations. Comparing Wild Type, Nlrp6-/-, APP/PS1 and App/PS1 / Nlrp6-/- 

mice by measuring (b) colon length in [centimeters] and (c) cecum weight in [grams].  
No difference between cohorts of animals (not shown). Graphs show mean and error 
bars show SEM. Each dot represents an individual mouse.  
 
 

 

3.4 Metabolome Analysis in Nlrp6 deficient and APP/PS1 Mice 
 

To examine the role of the gut microbiome in Alzheimer’s Disease, we were interested 

in finding the connection between the microbiome within the digestive tract and the 

brain, the organ showing the most severe AD phenotype. Possibly the most informative 

could be the analysis of blood as it flows throw the entire organism, indirectly 

connecting all organs with each other. Specifically, metabolomic in serum samples 

derived from the genotypes of interest were analyzed (Figure 3.4). As mentioned in the 

introduction, the microbiome and also the Nltp6 knock out phenotype impact 

metabolomes, potentially causing alterations in the brain. We divided the large field of 

metabolomics and small molecules in polar & semi polar metabolites (Figure 3.4a) and 

lipids (Figure 3.4b). However, blood serum of cohort two and three revealed no 

metabolomic changes. And again, because cohort three did not go through the MWM 

process, we had to compare the two groups with each other. No genotypic clusters 

were detected with the principal component analysis (PCA) (Figure 3.4c & d). The 

number of animals in cohort three was too low for a meaningful statistical analysis, but 
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not even a trend was visible. Further investigations of kidneys, liver and intestines, by 

measuring pro-inflammatory cytokines, did not reveal any genotype-specific phenotype 

either (Figure 3.4.1). The intestine of APP/PS1 / NLRP6-/- mice did show signs of 

inflammation with increased, albeit not significantly, IL-12p70 and KC/GRO cytokine 

levels. 
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Figure 3.4 – Nlrp6-/- and APP/PS1 mice show similar metabolite profiles in serum. 
Serum was collected from mice cohorts two and three at the age of one year. Principal 
component analysis (PCA) of the measured metabolite profiles did not revealsignificant 
clusters when comparing (a) polar and semi polar metabolites (b) and lipids between 
all four genotypes. Again, cohort three did not go through the MWM tests. Hence, the 
comparison between cohort two and three (c & d), which did not show any metabolomic 
differences in the serum. Each dot represents an individual mouse. 
 
 
 
 
 

 
Figure 3.4.1 – Nlrp6 does not affect pro-inflammatory cytokines in kidney, liver 
and intestine. Organ homogenates measured for pro inflammatory cytokines in a 
mesoscale MSD multi-spot assay (mesoscale). Protein levels for IL-12p70, IL-1b, IL-5, 
IL-6, KC/GRO and TNF-a were sufficient to be measured by the assay. (a) No 
differences were detectable in the kidney for all four genotypes. (b) Also, liver samples 
did not show any significant difference in cytokine levels. (c) Only KC/GRO and IL-
12p70 seems to be slightly increased in intestines of Nlrp6 deleted mice. Graphs show 
mean and error bars show SEM of two independent experiments / cohorts. Each dot 
represents an individual mouse. 
 
 



 55 

3.5 Microglial response to Nlrp6 deletion in APP/PS1 Mice 
 
Following the experimental sequence of events, we first analyzed the microbiome 

composition, metabolite profiles within the blood as well as learning and memory 

abilities. After sacrificing the animals, it was finally possible to address the main area 

of AD development, the brain. As mentioned, the brain is the center of the nervous 

system (CNS) and most prominently affected by AD. Of specific interest was one 

specific cell type, namely microglia, as they are the immune cells of the brain. They 

account for the first and main form of active immune defense in the CNS.  

 
 

3.5.1 FACS Analysis of Microglia in Nlrp6-/- and APP/PS1 Mice 
 
Via fluorescence-activated cell sorting (FACS) one can sort a heterogeneous mixture 

of biological and prelabeled cells. For this study multiple proteins were labeled, and the 

first steps were to check for viability and to select microglia specifically (Figure 3.5.1). 
In the following, FACS data are separated into cohorts because of high variations within 

the FACS data and the observed microbiome differences. As only live cells were of 

interest, a live/dead near-IR staining was performed. This reactive dye labels all 

intracellular and extracellular amines, which are more exposed in dead cells (Figure 

3.5.1b). The staining results showed that the isolation efficiency of live cells varies 

between cohorts but not between genotypes. Next, microglia cells were sorted by 

labeling CD11b and CD45. CD11b is a 165 kDa adhesion molecule which associates 

non-covalently with integrin beta-2 (CD18). CD11b is expressed on the surface of 

multiple cell types but is unique to microglia in the brain. However, macrophages of the 

blood might still be present in the cell suspension. Therefore, a combination of CD11b 

and CD45 labelling can be used to distinguish microglia from macrophages. Resting 

microglia are CD11bhi, CD45low, whereas macrophages are CD11bhi, CD45hi (Figure 

3.5.1c). Again, differences were measured between cohorts and additionally cohort 

three had a significantly higher percentage of live microglia cells in mice with APP/PS1. 

This observation was made only in cohort three with a lower number of animals 
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compared to cohorts one and two. This and all the following deviations between cohorts 

will be discussed in the discussion of this thesis. 

 

 
 
 
Figure 3.5.1 – Flow cytometry of microglia. Microglia were isolated from one-year 
old mice shortly after takedown, stained and measured. (a) Gating strategy on single 
cells, live cells and CD45+CD11+ cells revealed (b) the percentage [%] of live cells. The 
second cohort shows a reduced percentage of live cells. (c) Again, the percentage of 
live CD45+CD11+ cells varies between cohorts. Cohort two and three have a lower 
percentage of live CD45+CD11+ cells. Additionally, mice with APP/PS1 background in 
cohort three have an increased CD45+CD11+ percentage. Graphs show mean and error 
bars show SEM of three independent experiments and cell isolations. Each dot 
represents an individual mouse. 
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3.5.2 Toll-like Receptor 2 and 4 in Microglia of Nlrp6-/- and APP/PS1 Mice 
 

Microglia, the immune cells of the brain, also express Toll-like receptors (TLR). As 

mentioned in the introduction, TLRs are transmembrane proteins and belong to the 

pattern recognition receptor family. Their activation triggers an intracellular signaling 

pathway and inflammatory cytokine production, hence inflammation in the brain. Two 

of the most prominent TLR immune receptors in microglia are TLR2 and TLR4. A higher 

expression of TLRs usually indicates an increased immune status. Therefore, we 

labeled TLR2 and TLR4 and compared the number of positive microglia cells in all four 

mouse lines (Figure 3.5.2). For TLR4 expression in CD45+ and CD11b+ cells the FACS 

measurements showed different results within cohorts (Figure 3.5.2b). The general 

percentage of TLR4 positive cells was increased in cohort two. However, no differences 

between genotypes were detected, in contrast to cohort one and three. Cohort one 

showed an increased TLR4+ microglia quantity in WT and APP/PS1 animals. This 

observation was not reproduced in cohort three because only APP/PS1 / Nlrp6-/- 

animals had a decreased number of TLR4 positive microglia.  

 

Regarding TLR2, cohort one and three clearly showed a higher percentage of 

CD11b+CD45+TLR2+ cells in APP/PS1 and APP/PS1 / Nlrp6-/- animals (Figure 3.5.2c). 

This result was not reproducible in cohort two. However, this might suggest that the 

analyzed microglia show an immune reaction against Aβ, only expressed in animals 

with APP/PS1 background. Furthermore, it seems like APP/PS1 / Nlrp6-/- mice have an 

even higher quantity of TLR2 positive microglia, compared to only APP/PS1 mice. This 

represents the first observed effect of Nlrp6 deletion in APP/PS1 animals within this 

study. Once microglia sense Aβ depositions as foreign substance, e.g. through TLR2, 

they try to clear it by phagocytosis. This finding raised the next question, i.e. whether 

microglia of Nlrp6-/- animals take up Ab more efficiently then microglia of Nlrp6+/+. 
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Figure 3.5.2 – TLR2 and TLR4 expression on microglia shows no Nlrp6-
dependent phenotype. Flow cytometry analysis of live and CD45+CD11+ microglia 
from Figure 3.6. (a) Gating examples for TLR2 and TLR4 for each genotype. (b) 
Percentage [%] of TLR4 positive cells varies significantly between cohorts but not 
between genotypes. Cohort two showed the highest TLR4 expression. (c) Mice with 
APP/PS1 background in cohort one and three display a clearly increased percentage 
of TLR2 positive CD45+CD11+ cells. Graphs show mean and error bars show SEM of 
three independent experiments and cell isolations. Each dot represents an individual 
mouse. Significances are indicated by *p value < 0.05, **p value < 0.01 and ***p value 
< 0.001. 
 
 
 
 
 
3.5.3 Microglia Phagocytosis of Aβ in Nlrp6-/- and APP/PS1 Mice 
 

Phagocytosis is the process of ingesting and eliminating particles, including 

microorganisms, foreign substances and apoptotic cells. TLR2 and TLR4 receptors of 

the innate immune system are involved in the removal of unwanted residues as they 

activate a signaling cascade that stimulates phagocytosis. With Ab being one of the 



 59 

main drivers for neuro inflammation and degeneration in AD, it is interesting to see the 

efficiency of Ab uptake by microglia (Figure 3.5.3). This applies especially after finding 

an increased TLR2+ microglia population in Nlrp6 deficient APP/PS1 mice. Indeed, the 

Aβ load is modulated in part by TLR2 and TLR4, and activation of TLR2 and TLR4 can 

increase the uptake of Aβ by microglial cells in the brains of mouse models of 

Alzheimer's disease (Serge Rivest, 2009) 

 

The experimental approach was to inject the animals with 10 mg/kg of methoxy-X04 

(Mex04), a dye selectively binding fibrillar β-sheet deposits with high affinity, hence 

detecting plaques, tangles and cerebrovascular amyloid in vivo. By selecting for 

CD11b+CD45+ and Mex04+ cells we were able to compare microglia populations with 

Mex04 labeled Ab. However, in this case no differences were detectable between 

APP/PS1 and APP/PS1 / Nlrp6-/- mice. WT and Nlrp6 knock out animals were used as 

negative control and showed almost no positive Mex04 cells (Figure 3.5.3b). Results 

are also comparable when divided by the normalized Mean Fluorescence Intensity (MFI) 

of the stained samples by the MFI of the negative control (figure 3.5.3c). These results 

suggest that Nlrp6 does not affect microglia activity in APP/PS1 animals at one year of 

age. To obtain more insight into what is happening within these cells, we changed the 

method and isolated mRNA.  

 

 
 



 60 

 
 
Figure 3.5.3 – Microglia uptake of methoxy labelled Ab shows no Nlrp6 phenotype. 
Three hours before surgery, cohort two and there were injected with 10 mg/kg methoxy-
X04 and subsequently microglia were isolated and analysed on the flow cytometry. (a) 
Gating on live cells, CD45+CD11+ and methoxy (MeX04+) of non-injected mice 
(negative control) and all four genotypes of interest. (b) Only isolated cells from 
APP/PS1 and APP/PS1 / Nlrp6-/- animals in both cohorts show a positive signal for 
methoxy labelled Ab. No visible difference was apparent when comparing APP/PS1 
and APP/PS1 / Nlrp6-/-. (c) Data is shown again as normalized Mean Fluorescence 
Intensity (MFI) by dividing the MFI of the stained sample by the MFI of the negative 
control. Again, no differences detectable between mice with APP/PS1 background. 
Graphs show mean and error bars show SEM of three independent experiments and 
cell isolations. Each dot represents an individual mouse. 
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3.5.4 Microglia mRNA Sequencing of Nlrp6-/- and APP/PS1 Mice 
 

Performing mRNA sequencing reveals the presence and quantity of RNA in a biological 

sample at a fixed time point and gives an overview of the transcriptome. Hence, the 

obtained transcriptome data can be used to gain more insight into the physiological 

state of microglia in APP/PS1 and Nlrp6 knock out mice. Such information may in 

addition provide information on possible causes underlying the contradicting FACS 

data described above. Therefore, total microglia RNA was isolated from 3 male and 3 

female mice of each genotype of the first cohort (Figure 3.5.4). After the reads were 

counted and normalized the alignment statistic showed an average over 92%. CPM 

normalization and the first clustering according to expression indicated one outlier in 

the female APP/PS1 group and had to be excluded. The calculation of presented genes 

with a cut off below two, as mean per group, resulted in 11.408 genes. However, the 

principal component analysis (PCA) of the mRNA sequences did not reveal any Nlrp6 

related differences. Apparent are two clusters, microglia without an APP/PS1 

background (WT & Nlrp6-/-) and microglia with APP/PS1 (APP/PS1 & APP/PS1 / Nlrp6-

/-). This finding is not new to research and is connected with the amyloid precursor 

protein Ab which is only produced in APP/PS1 animals. The amount of differential 

expressed (DE) genes were too low for further precise GO or pathway enrichment 

analyses. Hence, no further figures regarding the mRNA sequencing are displayed in 

this thesis. Furthermore, male and female mice seem to have different transcriptomes 

as well. Previous reports have shown that the sex can have an impact on microglia 

transcriptomics (Morgan et al., 2017). However, in this analysis the differences were 

not statistically significant, leading to the assumption that the number of mice might be 

too low for this statistic. Regarding the gender this prediction might be true, but not for 

the Nlrp6 phenotype because no trend is detectable.  
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Figure 3.5.4 – RNA sequencing of microglia shows no Nlrp6 phenotype. Cohort 
one mice, three female and three males of each genotype, were selected for microglia 
mRNA sequencing. The principal component analysis (PCA) is a dimension reduction 
approach. It constructs linear combinations of gene expressions, called principal 
components (PCs). The PCs can effectively represent variation of gene expressions. 
To recognize is the cluster with APP/PS1 background and without. Within those 
clusters are no significant differences. Also, no statistical relevant difference comparing 
sexes. Each symbol represents one mouse.  
 
 
 
 
 
3.6 Ab Deposition in APP/PS1 / Nlrp6-/- Mice 
 

Amyloid beta has been mentioned as the main driver of neuro inflammation and 

degeneration. It is found in the brain of APP/PS1 mice and AD patients. These 

depositions are largely responsible for the synaptic loss, memory impairment and 

neurotoxicity. A healthy brain is capable of internalizing excess Aβ or of promoting its 

transcytosis out of the brain. In contrast, when too many Aβ peptides accumulate, they 

become the main component of toxic Aβ plaques (Jarosz-Griffiths HH et al., 2015). At 

this point of the thesis, the Aβ uptake by microglia appeared to be similar between 

APP/PS1 and APP/PS1 / Nlrp6-/- mice (3.4.3). Therefore, it was crucial to take a closer 

look at Aβ plaques and the general Aβ concentrations in the brains of our mice of 

interest.  
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3.6.1 Ab Plaques in the Brain of APP/PS1 / Nlrp6-/- Mice 

 

Amyloid plaques are misfolded proteins that aggregate in the spaces between nerve 

cells. To visualize plaques, paraformaldehyde fixed mice brains were sliced sagittally 

into 16µm thick slices and imaged (Figure 3.6.1). All Aβ depositions were labelled by 

methoxy-X04, which was injected three hours before the brains were removed. 

Additionally, a 4’,6-diamidino-2-phenylindole (DAPI) staining was performed. DAPI is a 

fluorescent stain that binds to adenine-thymine-rich regions in DNA and hence, 

revealing brain structures by staining all cells (Figure 3.6.1a). The images and the data 

showed that plaques mainly accumulate in the hippocampus and cortex. This 

corresponds with the AD phenotype. Usually, the areas of the brain affected first by 

plaques are concerned with memory and other cognitive functions, such as the 

hippocampus and the cortex. However, comparing the overall affected area covered by 

plaques, no differences were detected between APP/PS1 and APP/PS1 / Nlrp6 knock 

out mice (Figure 3.6.1b). The Aβ plaque area was very similar in both cohorts. Even 

combining cohort two and three with each other did not result in a statistically relevant 

Nlrp6 phenotype.  
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Figure 3.6.1 – Microscopy reveals similar amount of Ab plaques in brain slices of 
Nlrp6-/- and APP/PS1 mice. Amyloid-b plaques were stained by methoxy (MeX04) 
injection. 16µm thick brains sagittal sliced were imaged on a Zeiss Axio scan for Ab 
deposition. (a) DAPI was used to visualize the nuclei (blue) and MeX04 to visualize Ab-
deposition (violet). (b) Quantification of amyloid-b plaque given as area fraction [Ab 
Plaques Area [%]. No difference in Ab deposition between APP/PS1 and APP/PS1 / 
Nlrp6-/- mice brains. Animals with no APP/PS1 background (negative control) did not 
show any MeX04 staining (data not shown). Graph shows mean and error bars show 
SEM of cohort two and three as independent experiments. Each dot represents an 
individual mouse. 
 
 
 
 

3.6.2 Overall Ab Concentration in the Brain of APP/PS1 / Nlrp6-/- Mice 

 

Imaging is one method to gain insight into a brain and its amyloid-β depositions. 

However, there are monomeric, oligomeric, or fibrillar forms of Aβ within the brain that 

have not been accumulated to plaques. Additionally, Aβ fibrils can occur in isoforms of 

different length. The 40-residue peptide (Aβ 40) is the most abundant isoform, while 

the 42-residue peptide (Aβ 42) increases with certain forms of AD (Schmidt et al., 2009). 

Another isoform is the 38-residue peptide (Aβ 38). Taking this into consideration, it was 

important to isolate all Aβ contained in the brain and then compare Aβ concentrations 
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between APP/PS1 and APP/PS1 / Nlrp6-/- mice. Isolating all Aβ residues is a three-step 

process and results in a RIPA fraction, SDS fraction and FA fraction. Each fraction was 

measured for Aβ 38, Aβ 40 and Aβ 42 on an MSD Multi-Spot Assay (Figure 3.6.2). 

However, no significant differences in Aβ concentration were detected. At most, cohort 

three seemed to show a higher signal for Aβ in some fractions and residues, e.g. Aβ 

40. Nevertheless, cohort three has a lower number of animals and shows no statistical 

relevance and might just be a trend that can’t be reproduced in cohort one and two. 

Additionally, the total Aβ 38, Aβ 40 and Aβ 42 amount in each fraction did not change 

in APP/PS1 / Nlrp6-/- mice brains.  
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Figure 3.6.2 – Amyloid-b concentrations in brains of APP/PS1 mice differing in 
Nlrp6 function. (a) Example of signals on MSD multi-spot assay showing standard 
dilution from high concentration (top) to a low concentration (bottom). (b) Ab 38 
concentration [pg/ml] in brain homogenates after extracting the protein first with 
Radioimmunoprecipitation assay buffer (RIPA), then with (c) 2% sodium dodecyl 
sulfate buffer (SDS) and finally with (d) 70% formalic acid. Nlrp6 deletion has no effect 
on Amyloid-b 38 concentration. Only difference detected between cohorts. (e,f,g) 
Displaying the same protein extraction steps but only for Ab 40. Again, only variation 
within cohorts but not genotypes. (h,i,j) No statistical difference in Ab 42 concentration 
between genotypes after all three extractions. Graphs show mean and error bars show 
SEM of three independent experiments / cohorts. Each dot represents an individual 
mouse. 
 
 

 
 
 
 

3.7 Pro-inflammatory Cytokines in Nlrp6 deficient and APP/PS1 Mouse Brains 
 

Amyloid-ß challenges the innate immune system of the brain, triggering microglia 

receptors that have been found to regulate microglia activity. The response is a robust 

expression of genes that encode neuroinflammatory cytokines (Fawaz Alasmari, 2018). 

Cytokines are small proteins important in cell signalling, and as such, crucial for the 

immune response. There are pro-inflammatory and anti-inflammatory cytokines. 

Whereas pro-inflammatory cytokines are predominantly involved in the up-regulation of 

inflammatory reactions. To compare the activity status of the innate immune system in 

the brain of mice, we measured the following pro-inflammatory cytokines on an MSD 

Multi-Spot Assay: tumour-necrosis-factor-a (TNF-a), keratinocyte chemoattractant (KC) 

/ human growth-regulated oncogene (GRO), interleukin 1 (IL-1), interleukin 2 (IL-2), 

interleukin 5 (IL-5) and interleukin 6 (IL-6) (Figure 3.7). Again, cytokine levels fluctuated 

between cohorts but the levels in WT, Nlrp6-/-, APP/PS1 and APP/PS1 / Nlrp6-/- brains 

revealed no significant Nlrp6 phenotype. The main genotypic difference was between 

animals with APP/PS1 and those without, especially visible in the IL-1β measurements. 

This result can be explained because amyloid beta is solely expressed in mice with 
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APP/PS1. Nlrp6 seems to exert no additional effect in APP/PS1 or WT mice regarding 

pro-inflammatory cytokines in the brain. 

 
 

 
 
 
Figure 3.7 – Nlrp6 has no impact on pro inflammatory cytokines in the brain. Brain 
homogenates were analyzed for pro inflammatory cytokines in a mesoscale MSD multi-
spot assay (mesoscale). (a) Example of signals on MSD multi-spot assay showing 
standard dilution from high concentration (top) to a low concentration (bottom). (b) 
Nlrp6 deletion does not affect TNF-a concentrations. Only mice with APP/PS1 appear 
to have slightly increased TNF-a. (c) KC GRO seems to show a trend for higher 
cytokine concentration in APP/PS1 and APP/PS / Nlrp6-/- mice. (d) IL-6 appears 
unaltered. (e) Lower IL-5 concentrations were measured in WT and Nlrp6-/- mice of 
cohort two and three. (f) Statistically IL-2 does not change within experiments. (g) The 
most severe differences have been seen in IL-1b concentrations. Animals with 
APP/PS1 have a significant higher concentration compared to WT and Nlrp6-/- mice. 
Represented data shows all detectable cytokines by the mesoscale assay. Graphs 
show mean and error bars show SEM of three independent experiments / cohorts. Each 
dot represents an individual mouse. 
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3.7.1 Caspase-1 Concentration in Nlrp6 deficient and APP/PS1 Mouse Brains 
 
The final approach to compare the CNS’s immune status in Nlrp6 deficient and 

APP/PS1 mouse brains was to measure the amount of caspase-1. Caspase-1 is an 

interleukin-1 converting enzyme and cleaves proteins, such as the precursors of pro 

inflammatory cytokines, into active and mature peptides. Additionally, it plays an 

essential role in programmed cell death, named pyroptosis. Hence, it is involved in the 

inflammatory neurodegenerative pathway associated with AD pathologies. To measure 

the amount of caspase-1, we ran the brain lysates of WT, Nlrp6-/-, APP/PS1 and 

APP/PS1 / Nlrp6-/- mice through a size-based immunoassay (Figure 3.7.1). The results 

looked similar to the IL-1β measurements. Pro-caspase-1 levels seemed to be similar 

but the cleaved version was significantly increased in animals with APP/PS1. However, 

no Nlrp6 related phenotype was detectable. These findings suggest, that Nlrp6 has no 

effect on the amount of capase-1 or its cleavage. 

 

 
 
 
Figure 3.7.1 – Nlrp6 deletion does not affect Caspase-1 in mice brains. Simple 
WesternTM provides a fully automated platform for traditional western blots. (a) Image 
of capillaries showing Pro-Caspase-1 and cleaved Caspase-1 band for all four 
genotypes (n = 5 / genotype). (b) Quantification by peak area reveals an increased 
cleaved Caspase-1 concentration in APP/PS1 and APP/PS1 / Nlrp6-/- mice. Nlrp6 
deletion has no detectable affect. Graphs show mean and error bars show SEM of two 
independent experiments. Each dot represents an individual mouse. 
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3.8 Western Diet induced Gut Microbiome in Ldl receptor deficient Mice 
 
The first and overall idea of this study was to decipher individual compositional and 

functional microbiota variations as drivers of Alzheimer’s disease. However, the Nlrp6 

knock out model did not show dysbiosis in the gut microbiome, as expected. 

Nevertheless, there are other ways how to change the gut microbiome and 

consequently challenge the innate immune system. In 2018, Dr. Anette Christ 

performed a study on how western diet triggers the NLRP3-dependent innate immune 

reprogramming (Christ et al. 2018). Part of the study was to analyse stool samples of 

Ldl receptor knock out (ldlr-/-) mice that were fed with a western diet (WD) or chow diet 

(CD) for four weeks and also included a cohort of ldlr-/- mice that switched back to a CD 

after receiving a WD for four weeks (WD>CD). Compared to the standard CD, the 

western diet is high in sugars, saturated fats and low in fibres. The data collected by 

Dr. Christ and her colleagues revealed that different dietary plans resulted in a 

significant change of the gut microbiome (Figure 3.8.1). The most prominent 

observation was the increased percentage of p_Verrucimicrobia and reduction of 

p_Bacteroidetes after a WD for four weeks. And the switch from WD back to CD 

seemed to restored a similar microbiome composition as the CD group. (Figure 2.8a) 

 

Additionally, serum was collected and tested for associated lipopolysaccharide-binding 

proteins (LBP) (Figure 3.8b). LBP is a soluble acute-phase protein that binds to 

bacterial lipopolysaccharides and results in an immune response. It can be used as an 

indicator of bacterial infection in the blood. A four-week western diet led to a significantly 

increased concentration of LBP in the blood of Ldlr-/- mice. Hence, Microbial exposure 

can change levels of lipopolysaccharide-binding protein (LBP) in the serum, which has 

been associated with Overweight, obesity and metabolic syndromes. However, when 

switched back to a CD the LBP levels go back down.  
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Figure 3.8.1 – Western diet induces transient changes in the gut microbiome. A 
western diet was fed for 4 weeks (WD) to induce hypercholesterolemia in Ldl receptor 
knock out mice. Additionally, a switch after 4 weeks of WD back to chow diet (CD) was 
performed (WD > CD). A continuous CD functions as control. Stool samples were 
collected after dietary plans and sequenced for microbiome. (a) Abundance shows how 
many percentages of the microbiome is made of a specific organism. To highlight, WD 
results in an increased percentage of p_Verrucimicrobia and reduction of 
p_Bacteroidetes. The switch from WD back to CD reverses most of the microbiome 
composition. (b) Concentrations of associated lipopolysaccharide-binding protein (LBP) 
in serum have been mesured and the concentration increases significantly after 4 
weeks of WD. Graphs show mean and error bars show SEM of one experiment. Each 
dot represents an individual mouse. 
 
 
 
 
 
3.9 Microglia mRNA Sequencing of Western Diet fed Ldl receptor deficient Mice 
 

The change in diet led to alterations of the gut microbiome and increased levels of LBP. 

This observation enabled us to investigate how the innate immune system of the brain 

reacts to changes of the gut microbiome. To do so, we received isolated microglia from 

the same Ldlr-/- mice which were on different dietary plans: CD, WD or WD>CD. 

Thereafter, we isolated, sequenced and analyzed the mRNA sequences. The Principal 
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component analysis revealed clear clusters for each dietary plan, suggestion a 

transcriptional adjustment of microglia and reaction of the innate immune system of the 

brain (Figure 2.8a). Furthermore, switching from WD back to CD for four weeks resulted 

in an even higher mRNA variation in microglia: 1025 differentially expressed (DE) 

genes (Figure 2.8b & c). 379 genes were down-regulated and 646 genes up-regulated. 

Hence, WD seems to change the long-term expression of genes in microglia of Ldlr-/- 

mice. 

 

 
Table of Differentially Expressed genes 
 Up reg, genes Down reg. genes Summary 
CD vs. WD 5 27 32 
WD vs. WD>CD 17 4 11 
CD vs. WD>CD 379 646 1025 

 

 

Furthermore, after an infection, the body’s first line of defense are cytokines that are 

secreted by host cells by inducing the expression of interferon associated genes. Of all 

identified genes, 34% of down regulated and 46% of up regulated genes were 

interferon associated (Figure 3.8e). Additionally, the 646 down-regulated genes were 

mainly associated with proximal tubule bicarbonate reclamation, protein processing in 

endoplasmic reticulum and tight junctions, hippo signaling and bile secretion. On the 

other hand, the 379 up regulated genes are mainly involved in mRNA surveillance 

pathways, Influenza A, toll-like receptor signaling pathway, carbohydrate digestion and 

absorption, type II diabetes mellitus and NOD-like receptor signaling pathways (Figure 

3.8d).  
 
 
 



 72 

 
 

Figure 3.8.2 – Western diet induces variation in mRNA expression of microglia in 
the brain. Microglia of Ldl receptor knock out mice on CD, WD and WD>CD were 
isolated and mRNA sequenced. (a) Principal component analysis (PCA) displays 
independent clusters for each dietary plan. Each symbol represents one mouse (b) The 
switch from WD>CD to CD does not reprogram mRNA expression in microglia. Gene 
rankings confirm even a higher mRNA variation after the WD>CD switch. Hence, WD 
changes the long-term expression of genes. (c) Heat Map of 1025 differentially 
expressed (DE) genes. Comparing CD and WD>CD shows a majority of genes is down 
regulated and a specific gene cluster is up regulated. (d) Enrichment score of up (blue) 
and down (red) regulated genes indicate the associated function. (e) 34% of down 
regulated and 46% of up regulated genes are interferon associated.  
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4. Discussion 
 

 

4.1 Almost no Nlrp6 Expression in the Brain of Mice  
 

Inflammasomes are formed in various tissues and cell types. The first task of this thesis 

was to clarify where NLRP6 is expressed in mice. In house experiments and published 

data suggested that Nlrp6 is mainly expressed in the large intestine, liver and kidney, 

while NLRP6 expression in the brain is very low and almost considered as background. 

Hence, we assumed that any effects of knocking out the NLRP6 gene apparent in the 

brain, would have to arise from the periphery, such as the microbiome or systemic 

inflammation. However, more recent studies had investigated NLRP6 also in the CNS 

and some findings indicated NLRP6 expression in the brain. For example, one study 

showed increased Nlrp6 expression in the brain of rats, which were used as a middle 

cerebral artery occlusion/reperfusion model. In this case, the upregulated brain 

expression of NLRP6 was considered to be neuroprotective because cerebral injury 

was aggravated and neurological functions worsened (Meng C. et al., 2019). Another 

finding, suggesting a neuroprotective role of NLRP6, was derived from downregulating 

Nlrp6 with micro RNA (miR-331-3p) in mice, which decreased the inflammatory 

response and restored neurological functions after intracerebral hemorrhage (Nie H. et 

al., 2020). In addition, NLRP6 inflammasome assembly was also recorded in vitro in 

astrocytes, which were oxygen-glucose deprived. The assembly triggered production 

of pro-inflammatory cytokines such as IL-1ß and IL-8, and was coupled with pyroptosis 

(Zhang J. et al., 2020). Taken all together, NLRP6 might have a more direct role in the 

CNS and during the development of neurodegenerative diseases, such as AD.  

 

The NLRP6 in house experiments performed by Dr. Herzig included the comparison of 

NLRP6 expression in brain tissue from WT and NLRP6-/- mice by qPCR and 

immunohistochemistry. The results looked similar to the Tabula Muris data, suggesting 

barely any NLRP6 expression in the brain of mice. In addition, no NLRP6 was detected 

in any of the two microglia RNA data sets of this thesis. However, it would be of interest 

for this study to see whether Nlrp6 expression levels vary in the brain between the four 
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different genotypes, WT, Nlrp6-/-, APP/PS1 and APP/PS1 / Nlrp6-/-. In order to achieve 

maximum sensitivity, the protocols reported in the publications mentioned above should 

be tried. So far, no study has compared Nlrp6 expression in the brain when challenged 

with AD. To keep in mind, because Nlrp6 expression will always be relatively low, the 

impact of systemic factors warrants a continued thorough investigation when 

researching NLRP6 in the brain.   
 

 

4.2 Contradicting Microbiome Results in NLRP6 Knock Out Mice   
 

Studying the impact of host genes on the gut microbiome can be very complicated. 

Environmental factors influence the microbiome composition significantly (CS Chang 

et al., 2019). Translating this into a mouse study, different conditions need to be taken 

into consideration, e.g. food, medication, littermate effects and cage conditions. 

Because littermate and environmental factors can have such a strong impact on the 

gut’s microbiome it could also mask any effects of the host’s genotype. The impact of 

the host’s genotype might also be masked if the diversity and quantity of microbes is 

too low. Hence, animal facilities that house mice for scientific purposes might not be 

the best environment to study changes of the microbiome caused by host genotypes. 

Animals research facilities are usually very clean with a significantly reduced micro-

environment. In addition, the animal facility HET 1, animal facility for this study, works 

with the highest standards and should be considered even cleaner than other facilities. 

Another aspect is the time point when the microbiome is taken and compared. This can 

be crucial because of the microbiota’s natural ability to change due to environmental 

changes.  

 

 

4.2.1 NLRP6 Microbiome Phenotype  
 
With that being said, the microbiome variation between all three analyzed cohorts might 

be explained by environmental factors. Cohort 1 showed signs of a NLRP6 phenotype 

in the gut microbiome, ranging from the age of 3 months to 9 months. Unfortunately, 
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only 5 mice per genotype were selected, reducing the statistical power. Also, all stool 

samples, which were collected from mice at an age of one year, were not sequenced.  

Even more relevant is that the microbiome of Cohort 1 was never sequenced after 

undergoing behavior testing in the Morris water maze (MWM) at the animal facility 

HET3.  

 

Approximately one year after the first cohort, the second cohort reached an age of one 

year, went through behavior testing in the MWM at the HET3 and afterwards all stool 

samples of all animals were collected and sequenced. In contrast to cohort 1, the only 

stool samples sequenced were those which were collected after the MWM test. 

However, a NLRP6 phenotype was detected and the host genotype effect appeared to 

be reproducible.  

 

The information on whether the samples were collected before or after the MWM test 

is relevant because the last cohort, number 3, never moved to the HET3 for the MWM 

test. The MWM test was closed due to COVID 19 restrictions in 2021. Hence, all stool 

samples of cohort 3 were collected from mice that never changed their location to the 

animal facility HET3. Eliminating this environmental factor seemed to result in the 

disappearance of a suspected NLRP6-related phenotype regarding the gut microbiome. 

In contrast, cohort 1 and 2 spent four weeks at the HET3 for adjustment purposes and 

the behavior test. Furthermore, within the HET3 the animals experienced various 

environmental changes such as: additional mice with various genotypes, lower hygiene 

regulations, a different light / dark cycle and more people with different tasks going in 

and out.  

 

These findings seem to support the notion that a reduced microbiome can mask host 

genetic effects on the gut microbiome. The phenotype of Nlrp6 knockout WT and 

APP/PS1 mice was only significantly altered after moving the animals to a different 

location with a more diverse micro environment, such as the HET3, for 4 weeks. This 

might also suggest that the animals where not challenged by a NLRP6 loss-of-function-

dependent dysbiosis while growing up in the HET1, because the micro environment 

seemed to be too restricted for any genetically induced changes in the gut microbiome. 
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With these contradicting microbiome results in all three analyzed cohorts, it is crucial 

for future studies investigating the role of NLRP6 in modulating the gut microbiome, to 

introduce proper environmental condition, exact time points and preferably additionally 

microbial-transfer strategies.  

 

 

4.2.2 APP/PS1 Microbiome Phenotype  
 

The focus of this thesis was to induce changes in the gut microbiome by NLRP6 

deletion. However, some studies have shown that the APP/PS1 genotype can also 

cause shifts in microbiome composition during ageing (Bäuerl C. et al., 2018 & Harach 

T. et al., 2017). This APP/PS1 phenotype was not detectable within any cohort of this 

study. Again, the genetic impact of the host on the gut microbiome could have been 

masked by lacking or overwhelming environmental factors.  

 

 

4.2.3 Alternatives of Influencing the gut Microbiome in Mice 
 

The number of environmental factors capable to influence the gut microbiome of 

laboratory animals is overwhelming. Factors to be taken into consideration are e.g. the 

source of the animals (Ericsson et al., 2015), the diet (Ericsson et al., 2018), caging 

conditions, bedding (Ericsson et al., 2015), water treatment (Bidot et al., 2018), 

transportation (Montonye et al., 2018), housing density (Basson et al., 2020), sex 

(Kozik et al., 2017), genotype (Ericsson et al., 2015), or medications (Zhao et al., 2020). 

However, the impact of these factors also opens opportunities for research to determine 

how various microbes interact with the host. An example are microbial activators and 

inhibitors that possibly fine-tune the activation of the innate immune system and 

therefore influence gut homeostasis. Approaches to find such factors have been used 

at the Institute of Innate immunity with respect to the impact of nutrition. Mice were 

exposed to different high fat dietary plans. Other groups including the one led by our 

collaborator Prof. Dr. Eran Elinav at the Weizmann Institute of Science, Israel, takes it 

even further by housing germ free mice, performing microbial-transfer strategies and 
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antibiotic treatments. Because these strategies have a very strong impact on the gut 

microbiome, it would have been interesting to see potential effects in our APP/PS1 

model and the development of AD. In medical therapy, manipulating the microbiome 

may in the future even be harnessed to control infectious, inflammatory and potentially 

metabolic diseases. However, the cellular and molecular level needs to be investigated 

in more depth to develop such therapeutic strategies.  

 

 

4.3 Impact of NLRP6 on AD Development in APP/PS1 Mice 

Until today, the best understood inflammasome within the CNS is the NLRP3 

inflammasome. Heneka et al. showed in 2013 the important role of NLRP3 in the 

pathogenesis of AD, and suggested NLRP3 inhibition as a new therapeutic intervention 

for the disease. In the meantime, even more inflammasomes have been implicated in 

the progression of neurodegenerative diseases, such as NLRP1, NLRP2 and AIM2. All 

these inflammasomes are similar in structure and the activation of their sensors lead to 

oligomerization. This is followed by the formation of multiprotein complexes that serve 

as platform to activate inflammatory caspases. For Nlrp6, however, it was only recently 

shown that it can also assemble an inflammasome in vivo and during microbial infection. 

Also, while most of the NLRP6 research has been concentrated on the gut microbiome, 

the role of the molecule in neurodegeneration has only recently gained attention. New 

sensors and downstream signaling pathways of NLRP6 are constantly being elucidated. 

However, NLRP6 has not been investigated in a mouse model of AD.  

In summary, this study did not show a clear NLRP6-dependent phenotypic change in 

the development of AD pathogenesis or neuroinflammation in APP/PS1 mice. The 

behavior MWM test showed no significant difference between APP/PS1 and APP/PS1 

/ Nlrp6-/- mice. Also, none of the other tests for neuroinflammation and AD 

pathogenicities indicated any NLRP6 influence. The only exception was the microglia 

FACS data which suggested an increased TLR2 expression in NLRP6 deficient 

APP/PS1 mice. Again, this result was not reproducible in all cohorts. However, here we 

need to take into consideration that some of the variation might have been introduced 

because the microglia isolation was performed on different days and with the help of 
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different scientists, especially for cohort 2. Handling the very delicate procedure of 

isolating and analyzing microglia cells can have a significant impact on the result.  

Of course, the absence of a dysbiosis in the gut microbiome, due to environmental 

factors, could explain the negative data. While growing up, the animals might have 

been never challenged by a NLRP6-influenced microbiome at the animal facility HET 

1. Moreover, the short time at the animal facility HET3 may have been insufficient to 

generate a more progressed state of AD pathogenesis in mice. However, the sampling 

scheme, i.e. the timing of sample collection, was based on known data for AD 

progression in APP mice. All MWM tests were performed and all brain samples were 

taken from mice at an age of one year. At this time point, all the available data sets 

suggest neuroinflammation and AD pathology in mice with APP/PS1 background. AD 

progression is usually at its maximum in APP/PS1 mice after one year. Therefore, it 

cannot be ruled out that differences between genotypes might be difficult to detect if 

the NLRP6 inflammasome accelerates neuroinflammation or the development of AD 

pathogenesis. Here, a younger age of mice should have been considered to compare 

AD progression, e.g. at 6 months of age. Initially, this age control was planned. 

However, the breeding process took too long to generate the needed additional cohorts. 

 
 

4.4 NLRP6 deficiency does not Induce systemic Inflammation or 
Metabolomic Changes in APP/PS1 Mice  
 
In the context of gut microbes inducing changes in the brain, it is necessary to consider 

the gut-brain link. Multiple studies in humans and mice have suggested that systemic 

inflammation may promote neurodegeneration, cognitive decline and AD pathology 

(Keenan A. et al., 2019). One readout to detect the manifestation of systemic 

inflammation is measuring pro-inflammatory cytokines. Their concentration may 

increase as a result of events such as infection, chronic diseases and physical stress. 

Pro-inflammatory cytokines within the body can increase the pro-inflammatory 

environment in the CNS through the gut-brain link (R. Daneman et al., 2015). As a 
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consequence, systemic inflammation is believed to induce pro-inflammatory 

phenotypes in microglia which can promote Aβ oligomerization. These potentially 

harmful bioactive metabolites can lead to progressive cognitive decline and AD 

pathology (Keenan A. et al., 2019).  

 

Furthermore, downstream effects of the gut microbiome and NLRP6 inflammasome 

activation beyond the secretion of pro-inflammatory cytokines may be apparent in the 

organism’s metabolism. Thus, it is important to search for possible changes in the 

metabolome of various host tissues. The brain requires a high amount of energy for all 

its processes, including synaptic activity and neurotransmitter production. Therefore, 

the brain requires about 20% of the body’s total energy, measured in ATP (Jain et al., 

2010). Although the brain only takes up 2% of the bodyweight, its energy demand is 

much higher compared to other tissues. Hence, systemic changes in metabolomes can 

have a strong impact on the brain (Joshi and Mochly-Rosen, 2018). 

 
Experiments performed for this thesis did not detect any significant metabolic changes 

in the serum of NLRP6 deficient APP/PS1 mice compared to WT, NLRP6-/- and 

APP/PS1 mice. Possibly, this is again due to the lack of a microbial challenge in the 

gut. However, after being exposed to the MWM at the animal facility HET3, a shift in 

the gut microbiome occurred and a metabolomic adjustment could have been expected. 

In addition, no significant increase of pro-inflammatory cytokine levels were observed 

in any NLRP6 expressing organ including the kidney, liver and intestine, when 

comparing all four genotypes with each other. The intestine of APP/PS1 / NLRP6-/- mice 

did show signs of inflammation with increased, albeit not significantly, IL-12p70 and 

KC/GRO cytokine levels. This might be a reaction towards the environmental factors at 

the HET3. The results, suggest that no relevant systemic inflammation was induced by 

NLRP6 or the APP/PS1 genotype. This finding might also explain why all the data sets 

for neuroinflammation and AD pathology in the brain were negative regarding the 

NLRP6 phenotype. No pro-inflammatory signals were transmitted through the gut-brain 

link to induce additional neuroinflammation or prevent AD progression. 
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4.5 Dietary Impact on RNA Expression in Microglia  
 
The availability of Ldl receptor knock out mice on different dietary plans, investigated 

in a parallel study led by Dr. Anette Christ, provided an opportunity to check if this 

environmental factor can change the gut microbiome in our animal facilities. Also, we 

were able to investigate changes in the brain occurring after different dietary plans. 

Previously, it had been shown that the western diet (WD) induced systemic 

inflammation in these Ldrl-/- mice (Christ A., et al. 2018).  

 

The significant impact of a high fat diet on the composition of the gut microbiome has 

been demonstrated many times in mice and in humans (Carmody et al., 2015; David 

et al., 2014). Furthermore, the effect of a WD on the organism has been studied, even 

in context of NLRP6. For example, the gut microbiome composition, challenged by a 

high fat diet, can dictate metabolic condition, including diet induced obesity and non-

alcoholic fatty liver disease (NAFLD). Apparently, the NLRP6 inflammasome can 

regulate and influence the progression of NAFLD and obesity by regulating the gut 

microbiota in mice (Henao-Mejia J. et al., 2012). Nevertheless, after experiencing the 

significant impact of environmental factors on the gut microbiota in our own NLRP6 

study, it was interesting to see that we were able to challenge the gut microbiome by 

WD in Ldlr knock out mice and induce systemic inflammation.  

 

It is widely accepted that a high fat diet can induce obesity-related metabolic disorders, 

combined with low-level systemic inflammation (Mollica et al., 2011). When the 

inflammatory state is prolonged, it can compromise cell functions in all organs, leading 

to altered metabolism and associated pathological conditions (Hernándes-Aguilera et 

al., 2013). As mentioned, this form of system inflammation can be an important risk 

factor for neurodegenerative diseases (Kumar, 2018). Indeed, studies show that a high 

fat diet can activate signalling pathways in several brain regions, such as the cortex 

and hippocampus (Chen et al., 2019). Similar to the hypotheses guiding this  thesis, 

transcriptome changes in the brain have been assumed to be important in the 

regulation of metabolic diseases, linking nutritional influence, neuroinflammation and 

brain-related mechanisms together (Hanin et al., 2018; Haviv et al., 2018).  
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The microglia transcriptome, extracted from Ldlr-/- mice on different western dietary 

plans, showed a strong reaction to the altered nutrition and gut microbiome. Interesting 

was the unexpected big difference observed in the animals which were on a chow diet 

(CD) after being fed a WD (WD > CD), compared to the cow diet only. The dietary 

impact seemed to have a prolonged effect on mRNA expression in microglia. Dr. Anette 

Christ also saw epigenetic reprogramming of innate immune cells in response to 

microbes. Arguing, that the prolonged altered cellular functionality protects the 

organism from secondary infections. (Christ A. et al., 2018). The enrichment scores of 

the microglia mRNA sequence data presented in this thesis also suggests an innate 

immune response by indicating up regulated Toll-like and NOD-like receptor pathways.  

 

The increased response amplitude of transcript abundance in microglia after switching 

from WD to a CD might be a hint why the microglia mRNA sequencing data derived 

from the NLRP6 in APP/PS1 study did not show any NLRP6 phenotype, even though 

the gut microbiome shifted after going through the MWM test. Possibly, microglia 

transcriptomes need more time to react. Harvesting all microglia samples right after the 

behaviour experiment might have been too early to see gut microbiome induced 

changes in microglia transcriptomics. This thought might also affect all the other 

experiments conducted in the brain.  

 

Based on the observation discussed here, a very interesting experimental setting would 

be to challenge APP/PS1 mice with a high fat WD and see how this environmental 

factor changes the gut microbiome and consequently the progression of AD. In addition, 

NLRP6 knock out mice, in combination with APP/PS1, could be challenged with a WD 

too. This might force a gut microbiome shift and NLRP6 might cause an additional 

dysbiosis. The WT and NLRP6-/- control need to be included as well. Hence, this 

experimental setup could reveal how NLRP6 interacts with the gut microbiome, 

challenged by WD, and monitor changes in microorganisms and in the CNS.  
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Proposed Experiment: At an age of 3 months, APP/PS1 and APP/PS1 / NLRP6 -/- 
mice are put on a CD, WD or WD>CD for 4 weeks, similar to the previous dietary 
plans. Thereafter, sequence the gut microbiome and check for systemic inflammation, 
neuroinflammation and AD pathology progression. 
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4.6 Conclusion 
 

Since more and more evidence has shown strong association between inflammatory 

diseases and the gut microbiota, understanding the dynamic crosstalk of host and 

microbe interactions in the gut has become a rapidly developing field in the context of 

detection, prevention and therapy of neurodegenerative diseases. Alzheimer’s disease 

has been associated with a wide variety of symptoms in the CNS and the periphery. To 

date, mainly the NLRP3 inflammasome has been recognized and applied as promising 

intervention in inflammatory diseases. However, given the intimate interaction of the 

NLRP6 inflammasome and the gut microbiome, similar therapeutic applications have 

been considered. How various microbial activators and inhibitors fine-tune the 

activation of NLRP6 and therefore influence gut homeostasis is yet to be determined. 

Unfortunately, this study cannot establish whether individual compositional and 

functional microbiota variants are associated with AD. The animal housing facilities, 

with their suspected lack of a micro environment resembling a natural situation were 

not adequate to address the question to our satisfaction. A more controlled and 

standardized micro environment would have been necessary to derive assumptions as 

to the NLRP6 inflammasome and the microbiome involvement in AD development. 

However, current knowledge and some insight suggested by this study might 

encourage future studies to develop strategies to decipher a cell-specific role of NLRP6 

and decode NLRP6 modulated pathways. 
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5 Abstract 
 

Alzheimer's disease (AD) is an irreversible, progressive neurodegenerative brain 

disorder. The progression of AD is characterized by the deposition of amyloid-β 

peptides and hyperphosphorylated Tau proteins, causing loss of memory and cognitive 

skills. It is the most common human dementia and as such confers a huge emotional 

and economic burden on patients, caregivers and society. Environmental influences 

are thought to be the main cause for disease development, manifestation, and 

progression. And inflammatory molecules in the brain, such as pro-inflammatory 

cytokines, were discovered to participate in perpetuating molecular pathways driving 

neurodegeneration. Inflammatory processes can be triggered by pathogen-associated 

molecules as well as endogenous danger signals. A source of pathogen-associated 

molecules is the microbiota, which also emerged as a major component of human 

physiology and pathology, integrating influences from host genetics and environmental 

impact. Alterations in the composition and function of the microbiota have been recently 

highlighted to dramatically affect a number of neurological diseases, yet the mechanisms 

linking microbiota changes in the gut to distal CNS disorders remain poorly understood.  

 

The aim of this study was to use NLRP6-deficient mice as a dysbiosis model to 

characterize dysbiosis development during AD and how innate immune control of the 

microbiota impacts AD disease development. The hemizygous double transgenic 

mouse model APP/PS1 was used as a well-established model system for human 

Alzheimer's disease. However, microbiome sequencing data from stool samples of all 

mice revealed strong fluctuations between each independent cohort. Suggesting that 

environmental variations in microbiota diversity and quantity masked the host’s NLRP6 

dysbiosis phenotype. Under the given circumstances a combination of cognitive 

analysis, metagenomics and different experimental set ups to compare neuro-

inflammation and -degeneration in mice suggested almost no involvement of NLRP6 in 

AD development. The only statistical relevant finding was the increased expression of 

TLR2 on microglia, the immune cells of the brain, of NLRP6 deficient mice with 

APP/PS1 background compared to NLRP6 wild type mice with APP/PS1. The 

hypothesis that deciphering the inter-individual variability in microbiota composition and 
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its impact on inflammatory processes involved in AD may hold the key to better 

understanding is still valid. This was supported by feeding mice a high fat diet which lead 

to variations in the gut microbiome and also induced an astonishing effect on the RNA 

transcripts of microglia. Ongoing studies and findings of this thesis might encourage 

future studies to develop strategies to target the microbiome by NLRP6 deletion and 

decipher NLRP6 modulated pathways in AD development.  
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