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1. Introduction

1.1 Background of Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder, first presented by the German
physician Alois Alzheimer in 1906. In the 4 subsequent years, more similar cases of dementia
were described, and the disease was named after Alzheimer. He described the symptoms and
neuropathology of his 56-year-old female patient, Auguste Deter (Alzheimer, 1906). She
showed neurodegeneration, as well as plaques and tangles, now known as the 3 main
neuropathological characteristics of AD.

In 2016, there were 43.8 million people suffering from AD worldwide. The incidence of AD was
712 per 100.000 people (Nichols et al., 2019). Between 1990 and 2016, the number of people
suffering from AD doubled, and it is expected to rise to approximately 100 million patients in
2050 (Brookmeyer et al., 2007). It has been described by several groups (reviewed in Fisher
et al., 2018) that AD pathology in females (humans as well as mice) is aggravated compared
to males. The underlying mechanisms for this predisposition remain unclear, although several
factors (e.g. sex hormones, differences in brain structure, stress-responsiveness) have been
suggested (reviewed in Fisher et al., 2018).

The costs of care for AD patients in Europe are estimated to add up to 630 billion euros in
2050 and rise to 770 billion euros in 2080 (Cimler et al., 2019). An important consideration
however, as described by Cimler et al. (2019), is that costs of care for AD patients will keep
increasing if successful therapies that halt the disease progression are developed. Only if
preventative treatments are discovered, there will be an economic advantage. It is therefore
important to better understand the pathological development of AD and find early targeting
options for treatment.

A distinction is made between 2 forms of AD: familial (presenile) and sporadic (senile) AD.
Familial AD is caused by an autosomal dominant mutation in genes related to AD (different
mutations have been described in families worldwide), resulting in overproduction of amyloid
beta (AB), an important peptide in AD pathology. This form of AD starts early, between the age
of 30 and 65 and is responsible for less than 6% of total AD cases (Von Giau et al., 2019).
Sporadic AD, on the other hand, starts after the age of 65 and is not related to any mutations.
There have been several risk factors described for the development of sporadic AD. The
Apolipoprotein E (ApoE) gene is a well-known risk factor for AD, with the ApoE2 isoform
protecting against development of AD, and the ApoE4 isoform increasing the risk of AD
development (Corder et al., 1994; Saunders et al., 1993). Other risk factors include age, family
history, education, cardiovascular disease, social and cognitive engagement, depression,
traumatic brain injury and smoking (reviewed in Baumgart et al., 2015). Another important risk

factor for the development of AD is called cognitive reserve (Stern, 2013). This principle refers
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to the finding that some people are less susceptible to the brain changes caused by AD than
others. There could be a complete lack of clinical symptoms in one person, whereas another
person with similar neuropathological changes already experiences a loss of cognitive abilities.
Underlying factors for cognitive reserve are higher education, occupational attainment, and
social and intellectual participation in daily life (Stern, 2013).

Patients suffering from AD show memory deficits, but also other cognitive problems. Aphasia,
changes in mood or personality, problems with planning or orientation and decreased vision
can all occur as a part of AD pathology (McKhann et al., 2011). The clinical development differs
between patients, depending on which brain region is most strongly affected. There are 3
stages in the development of AD, as described by the National Institute on Aging and
Alzheimer’s Association (Sperling et al., 2011; Albert et al., 2011; McKhann et al., 2011) and
depicted in figure 1 (Jack et al., 2010). The first stage of AD is preclinical; no symptoms are
occurring at this point, but there are changes in specific biomarkers in brain, blood and/or
cerebrospinal fluid (CSF). These changes start to occur 20 to 30 years before the actual onset
of dementia (Jansen et al., 2015). The following 2 phases show changes in biomarkers, as
well as behavioural deficits. Mild Cognitive Impairment (MCI), is the second phase, in which
symptoms are present, but not yet interfering with the daily life of the patients. After 1-5 years,
when the symptoms start to interfere with everyday activities, the third phase, called dementia
due to AD, starts (Petersen et al., 1999).

Abnormal & —— AR _
—— Tau-related dysfunction
Brain structure
Memory
o —— Clinicalfunction
°
2
=
o
«©
£
)
;=
] : ;
§ 20-30 years . 1-5years /!
= < > ———F !
o : :
Normal

v

Cognitively normal : McClI ' Dementia

Clinical disease stage

Figure 1. Development of Alzheimer’s disease. Graph shows several biomarker abnormalities during the different
clinical disease stages of AD. Figure taken and adapted from Jack et al. (2010).

There are currently 5 drugs available on the market for AD patients: three different

acetylcholinesterase inhibitors and one modulator of N-methyl-d-aspartate (NMDA) receptors,



as well as a combination of both (Hampel et al. 2018; Dominik et al., 2019). These therapies
provide relief of symptoms for a short period of time but are ineffective in halting disease
progression. In 2018, there were 112 agents for AD in ongoing clinical trials, of which 26 were
in phase Il (Cummings et al., 2018). Originally, trials were focused on patients in the stages
of MCI or dementia, but currently the clinical trials are including more early-stage AD patients.
The rationale for this is based on figure 1, which shows that the neuropathological changes
occur far before the clinical symptoms. It thus seems important to identify patients and start

treatment as early as possible.

1.2 Neuropathological hallmarks

Originally,  there  were 3
neuropathological hallmarks
described by Alois Alzheimer:
plaques, tangles, and
neurodegeneration. Plaques are
extracellular aggregates of the
peptide AB (see figure 2). They
have a spherical diameter of 20-
40um, and there are 3 different
types of plaques, based on their
shape and density: diffuse, focal,
and stellar (Duyckaerts et al.,
2009). Initially it was described

that diffuse plaques occur first in

Figure 2. Neuropathology of Alzheimer’s disease. Picture taken and
adapted from Selkoe et al. (1991). Human brain tissue showing a plaque
(A) with surrounding dystrophic neurites (red arrowheads). Also clearly the  brain, followed by a

visible are the dark brown stained neurofibrillary tangles. Green arrows .
point to healthy neurons. Scale bar is 50um. maturation process (lwatsubo et

al., 1994). The diffuse plaques
have no clear edges, and during maturation the density of the plaque core increases, and the
boundaries become more pronounced. Different types of plaques are however mutually
exclusive in specific brain areas and new plaques are formed in a short time span (1-2 days),
staying the same size afterwards (D’Andrea et al., 2004; Meyer-Luehmann et al., 2008). Also,
focal plaques contain a neuronal soma or neuronal debris whereas diffuse plaques are
associated to projection areas of AB-producing neurons rather than cell bodies (Hartlage-
Ribsamen et al., 2011). Therefore, the current consensus is that different plaque types do not
represent different stages of plaque development but rather are a result of different cellular

mechanisms. Focal plaques are thought to be formed by the accumulation of AB in cell bodies



whereas diffuse plaques are the result of synaptic Ap release (Hartlage-Ribsamen et al.,
2011).

AB is a cleavage product of the amyloid precursor protein (APP). Sequential cleavage of this
membrane-bound protein by -secretase and y-secretase leads to the release of the 4kDa
large AB peptide (Thinakaran & Koo, 2008) (see figure 3). Subunits of the y-secretase are
encoded by presenilin (PSEN) 1 and 2, which are common sites of mutations in familial AD.
There are different isoforms of AB, varying in length between 38 and 42 amino acids,
depending on the cleavage sites of the different secretases (Haass et al., 2012). Although the
ABx.40 isoform is most abundant, the ABx.42isoform plays a major role in AD. Due to the 2 extra
C-terminal amino acids, this isoform is more hydrophobic, and therefore prone to aggregation
(Jarrett et al., 1993). Physiologically, AB is important for the modulation of synaptic activity, as
well as neuronal cell survival (Pearson & Peers, 2006). Additionally, AR plays a role in learning
and memory (Morley et al., 2008), possibly through the modulation of synaptic activity. Posed
by Hardy and Selkoe (2002), the amyloid cascade hypothesis is the most important description
of the development of AD pathology. The hypothesis states that the presence of high amounts
of AB is the cause of all other neuropathological hallmarks of AD. The high amyloid load can
be a result of overproduction of A, caused by mutations in genes related to AR, or a result of
lack of clearance of AB. It is currently thought that not the amyloid plaques, but the
intermediate-sized AB oligomers are responsible for cognitive deficits (Walsh et al., 2002). The
formation of plaques is hypothesized to be a defence mechanism of the brain to prevent the
toxic effects of soluble AR oligomers (Naslund et al., 2000; Cleary et al., 2005; Haass & Selkoe,
2007).

Normal cleavage of Abnormal cleavage of amyloid precursor protein

amyloid precursor protein leading to excess amyloid accumulation o
igomer

aggregate

APP

APP mutations

) increase
= 3 B-secretase
\ - cleavage (= « @
a-secretase S
¥ f-secretase
y \/ }? : ’ ) AB peptlde
4 (l

3 C* X4

p . y-secretase

! Extracellular space
D Ceup,
PSEN1/PSEN2 el Cmp,.
mutations increase Cytoplasm Ne
y-secretase
activity

Figure 3. Cleavage of amyloid B from the amyloid precursor protein (APP). Cleavage of APP by (-
secretase and y-secretase leads to production of amyloid 3. This peptide aggregates into oligomers and
ultimately into plaques. Figure taken from Patterson et al. (2008).



Besides AB, the microtubule binding protein tau (MAPT) also aggregates in the brains of AD
patients. These intracellular aggregates are called neurofibrillary tangles (NFT, see figure 2),
and their presence correlates with cognitive deficits in AD patients (Giannakopoulos et al.,
2003). Tau tangles are one of the main pathological hallmarks of AD, but are also found in
other neurodegenerative diseases, as well as in the normal aging brain. Tangles are formed
when tau is hyperphosphorylated, which results in detachment of tau from the microtubules.
Tau subsequently aggregates in paired helical filaments (PHF) and straight filaments (SF),
which together build the NFT (Alonso et al, 1996; Igbal et al., 2005). Like for AR, it is
hypothesized that the formation of NFT is a protective mechanism and that a soluble species
of tau is neurotoxic (Cowan & Mudher, 2013).

The physiological function of tau is induction and stabilization of microtubule formation via the
microtubule binding domains in the tau molecule. Microtubules are responsible for transport
inside the cell, as well as maintenance of the cell shape. Dimers of a- and B-tubulin form long
strands in the cytoplasm of the cell, along which other proteins can be transported to different
locations in the cell. Tau is predominantly expressed in neurons in the brain (Buée et al., 2000).
In adult brain, tau expression is limited to the axons, whereas during development tau is also
expressed in dendrites (Su et al., 1993). Normally, tau is phosphorylated at 2-3 positions in the
molecule. In AD, the hyperphosphorylation process leads to a 3-fold increase in
phosphorylation (Képke et al., 1993).

The gene for tau is located on chromosome 17 in humans and chromosome 11 in mice. Six
different isoforms of the tau protein have been described, based on splicing variants of the
MmRNA (Andreadis et al., 1995; see figure 4). Exon 10 codes for an additional microtubule
binding domain, besides the 3 binding sites that are constitutively expressed. Therefore,
isoforms including exon 10 are called 4 repeat (4R) tau, whereas isoforms excluding exon 10
are called 3 repeat (3R) tau. Splicing of exon 2 and exon 3 also results in different isoforms,
with zero, one or two 29-amino acid-long N-terminal repeats. These different isoforms are
therefore called ON (exon 2°37), 1N (exon 2*3°) and 2N (exon 2*3*). Exon 3 is spliced together
with exon 2. In the human fetal brain, mostly the ON3R isoform is expressed (Goedert et al.,
1989). In the human adult brain, all 6 isoforms of tau are present, with highest expression
levels of the ON isoforms. In mice, during fetal development there is also expression of ON3R,
but adult mice only express 4R tau, with the ON isoform also being most common (McMillan et
al., 2008). In healthy human brain, as well as in AD, the ratio between 3R and 4R tau is equal
to 1 (Boutajangout et al., 2004; Ingelsson et al., 2006). In other tauopathies, the ratio is
changed, favouring either 3R tau (Pick’s disease) or 4R tau (frontotemporal dementia,

progressive supranuclear palsy, corticobasal degeneration) (Ingelsson et al., 2007; Dickson et



al., 2011). Tangles in AD consist of both isoforms of tau (Goedert et al., 1989; Jellinger &

Attems, 2007).

Microtubule binding domain
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1N4R —. R1 R2 R3 R4
N terminus Exon 2 Exon 10 C terminus
ON4R R1 R2 R3 R4
N terminus Exon 10 C terminus
Microtubule binding domain
) Exon 2 Exon 3 C terminus
N terminus
1N3R B R1 Re T R
N terminus Exon 2 C terminus
ON3R R1 R3 R4
N terminus C terminus

Figure 4. Different splicing isoforms of tau. The six different isoforms of tau based on splicing of exons 2, 3 and

10 are shown schematically.

Besides plaques and tangles, Alois Alzheimer also described the loss of neurons in AD brain.

The loss of neurons primarily results in a decreased volume of the hippocampus in human AD

patients (Fukutani et al., 2000). The hippocampus is the region responsible for learning and

memory and neuronal loss in this region thus results in the cognitive deficits characterizing AD.

Since the discovery of AD, more hallmarks of AD have been discovered, such as the

occurrence of dystrophic neurites (see figure 2; Su et al., 1993;
Knowles et al., 1999; Sadleir et al., 2016). Neurites are neuronal
processes responsible for communication between the cells. Both
axons and dendrites can become dystrophic in AD, which results
in a distorted morphology and reduced signalling capacity of the
cell due to the destruction of microtubule. As shown in figure 2,
these dystrophic neurites are found around plaques and stain
positively for pathological tau markers (Su et al., 1993; Dickson et
al., 1999; Knowles et al., 1999). Furthermore, there is pronounced
astro- and microgliosis in AD brains (ltagaki et al., 1989).
Astrogliosis is the activation of astrocytes in the brain in response

to pathological changes in the central nervous system (CNS)
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Figure 5. Microgliosis in an
AD mouse brain. Microglia
(red) are clustering around an
AB plaque (green) in the brain
of a 6-month-old female 5xFAD
mouse. Blue stains are nuclei.



(Itagaki et al., 1989). Similar activation has been described for the immune cells of the brain
(microglia) in response to a pathogenic insult. This was first shown by Itagaki et al. (1989), who
described human leukocyte antigen (HLA)-positive cells surrounding compact plaques. Figure
5 shows an example of microgliosis in a mouse AD brain, where microglia (red) are clustering

around the plaque (green).

1.3 Immune cells in AD

The contribution of activated immune cells to AD pathology has been a matter of debate. Since
the discovery of the triggering receptor expressed on myeloid cells (TREM2) as a risk factor
for late onset AD by 2 separate groups simultaneously (Guerreiro et al., 2013; Jonsson et al.,
2013) and the finding that the use of non-steroidal anti-inflammatory drugs (NSAIDs) may be
preventive for the development of AD (reviewed in Imbimbo et al., 2010), the focus on immune
cells in AD has grown enormously. It is therefore important to understand the functioning of
these cells in the context of AD. Microglia are the immune cells of the brain, making up 5-12%
of the total population of brain cells (Lawson et al., 1999). During development, microglia have
important functions in pruning of synapses and clearance of superfluous neurons. In adult
brain, microglia are important for the immune defence of the brain and play a role in the
regulation of neurogenesis (Tremblay et al., 2011). They can phagocytose dead cells and
pathogens and release cytokines to regulate the inflammatory status in the brain. Microglia
develop out of haematopoietic progenitor cells in the yolk sac and populate the brain around
prenatal day 8 (Ginhoux et al., 2010; Mizutani et al., 2012).
There they form a stable self-renewing population, without any
replenishment by haematopoiesis (Askew et al., 2017).

The morphology of microglia is highly dependent on the
activation state. During the non-activated, so-called ‘resting’
state, microglia have a small soma and highly arborized
processes (see figure 6), with which they continuously scan
their environment. When a pathogen or dying neuron is found,

microglia retract their processes, and the soma moves toward

the site of injury (see figures 5 and 7). In this active state,
microglia can phagocytose the malefactor and additionally Figure 6. In vivo ramified
release several pro-inflammatory cytokines (Nimmerjahn et al.,, ™erPholegy of microglial cell.

2005; Hanisch and Kettenmann, 2007). Several groups have shown that microglia are able to
phagocytose AR, and therefore act neuroprotective during AD (Bolmont et al., 2008; Lee et al.,
2010). Interestingly, microglia are associated specifically to focal plaques, not to diffuse
plaques (D’Andrea et al., 2004). It is hypothesized that this is due to the different mechanisms
of formation of both plaque types. Focal plaques are thought to be remnants of dead neurons,
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which contain different signalling factors to which microglia respond. Besides the
neuroprotective effect of phagocytosis of AB, long-lasting activation of microglia can be
detrimental to neuronal health, by resulting in a continuous release of inflammatory cytokines
(Akiyama et al. 2000). Microglia are therefore described as a ‘double-edged sword’ in AD
pathology (Naert & Rivest, 2013). One publication showed that upregulation of interleukin (IL)-
1b resulted in increased neuroinflammation and a dramatic decrease of plaque pathology in
AD mice (Shaftel et al., 2008). Total ablation of microglia in another mouse model however
showed no effect on plaque pathology, suggesting that microglia are less important in AD than
anticipated (Gratwohl et al., 2009) and other immune cells might play a role. In this regard, an
important but unclear factor in this field of research is the contribution of putatively infiltrating
immune cells originating from haematopoietic stem cells to AD pathology.

In 1968, van Furth and Cohn postulated a theory about the development of monocytes and

macrophages, called the mononuclear phagocyte system theory (van Furth & Cohn, 1968).

Resting/surveillant Focal activation/
microglia directional process extension Conversion to a phagocyte Phagocytosis

Soma
B — —_—
o
° N, ° %
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Figure 7. Activation of microglial cell and phagocytosis in response to tissue injury. Picture adjusted
from Nayak et al., 2014.

They hypothesized that all tissue macrophages develop from blood monocytes that are derived
from bone marrow haematopoietic stem cells. Later findings showed that, although the general
idea of the theory was correct, many details were different. After derivation from bone marrow
cells, monocytes are stored in the spleen (Swirski et al., 2009). Only a small proportion of
monocytes circulates continuously in the bloodstream. Monocytes make up approximately
10% of white blood cells in human blood, and 4% in mouse blood (Auffray et al., 2009). In case
of inflammation, monocytes exit the spleen into the bloodstream and travel towards the site of
infection. After entering the affected organ, they differentiate into macrophages (Geissman et
al., 2010). These cells can phagocytose pathogens and cellular debris and secrete both
cytokines and growth factors.

Microglia were originally described as a population of infiltrated macrophages, until their
separate yolk-sac derived lineage was discovered (Ginhoux et al., 2010). Many other organs

also contain resident macrophages independent of bone marrow derived monocytes, such as



the liver (Kuppfer cells), skin (Langerhans cells), spleen, lung, pancreas, and kidney (Schulz
et al., 2012; Yona et al., 2013).

After these discoveries of separate populations of immune cells in specific organs, the
consensus was that the blood brain barrier (BBB) prevented peripheral immune cells from
entering the brain and microglia were solely responsible for the immune status of the CNS. In
case of disease, however, peripheral immune cells can enter the brain and play a role in
disease progression (ElI Khoury et al., 2007; Ajami et al., 2011). The production of the
monocyte chemoattractant protein 1 (MCP-1, also called CCL2) by microglia confirms this
process, because there are no cells present in healthy brain that express the receptor for this
signalling factor: the C-C chemokine receptor type 2 (CCR2) (Saederup et al., 2010; Mizutani
et al., 2012). The common hypothesis is therefore that CNS-produced CCL2 binds to CCR2
on peripheral immune cells, thereby attracting them to the brain to assist in the immune
response. The upregulation of CCL2 in AD brain was shown in both human patients and mouse
models (Ishizuka et al., 1997; Simard et al., 2006; Naert & Rivest, 2011). In addition,
upregulation of CCL2 can cause a disruption of the BBB (Roberts et al., 2012). Based on the
important function of the CCL2-CCR2 axis, a reporter mouse line was created, which
expresses red fluorescent protein (RFP) instead of CCR2 (CCR2*RFP) (Mizutani et al., 2012).
The underlying idea is that the infiltrating immune cells in these mice are coloured red due to
the production of RFP and can thereby easily be distinguished from the resident microglia.
Simultaneously, there is a reduced expression of CCR2 in heterozygous CCR2"RFP or a
knock-out in homozygous CCR2RFPRFP mice. This mouse line has since been used to
investigate infiltration of immune cells in the brain in different disease models. In Tg2576 mice,
overexpressing human APP with the Swedish mutation, a complete knock out of CCR2 had
detrimental effects (El Khoury et al., 2007): a higher mortality rate and increased A levels
were found, in a CCR2 gene-dose dependent manner. The authors hypothesized that the lack
of CCR2 resulted in a lack of microglial accumulation. As described above, however, it has
been found since then that microglia do not express CCR2 and the knock-out of this receptor
is thus probably affecting the infiltration of peripheral immune cells, rather than microglial
functioning. Naert and Rivest (2011) performed a similar study with another AD mouse model,
APPsw/PS1. They found increased cognitive deficits and plaque pathology with a knock-out
of CCR2 in this model and thus hypothesized that peripheral monocytes are important to
contain AD pathology. Oppositely, other studies revealed increased AB pathology/accelerated
cognitive deficits when CCL2 was overexpressed and decreased pathology/rescued cognitive
performance when CCL2 was blocked (Yamamoto et al. 2005; Kiyota et al., 2009a, 2009b).
These studies suggest that reduced activation of immune cells has a protective effect against
AD. Clearly, more research is required to understand the underlying mechanisms and elicit the

role of both resident microglia and peripheral immune cells in AD mouse models.



1.4 Mouse models for AD

Animal models are used to discover target proteins for therapy and to test treatments for AD.
Mice are most often used, because they can easily be genetically manipulated, and because
they possess a high reproduction rate. Although many groups are investigating AD, and there
is a high number of clinical studies ongoing (Cummings et al., 2018), the treatments options
for AD are currently limited. Almost all therapies that seemed effective in preclinical studies,
failed in later clinical studies (Cummings, 2018). From the several hundred candidates that
entered clinical trials, only 5 agents were brought onto the market. A possible explanation is
the discrepancy between animal models that are used in preclinical studies, and human AD
patients. The current animal models do not fully recapitulate the pathology seen in humans
(Myers & McGonigle, 2019). The target discovery based on these animal models is therefore
inefficient and leads to the failure of promising drugs in a clinical setting. Different mouse
models have been generated over the past decades, which all recapitulate aspects of human
AD pathology. Most models focus on AR pathology due to the strong influence of the amyloid
cascade hypothesis and the well-described mutations in AB-related genes (Myers &
McGonigle, 2019). It is known that plaques are not formed naturally in the mouse brain due to
the differences between human and mouse APP. There is a homology of 96% between human
and mouse APP protein, but 3 amino acids are different inside the AB primary sequence
(Kirschner et al., 1989; Podlisney et al., 1991). The result is a lack of aggregation of mouse
AB, whereas human AR is forming higher order aggregates. Therefore, mouse models for AD
are generated by placing a mutated version of the APP and/or PSEN gene inside the mouse
genome. These mutations, as explained in paragraph 1.1 and shown in figure 3, lead to an
overproduction of AR (or a change in AB42/AB4o ratio), which results in the formation of plaques
in the murine brain and ultimately causes cognitive deficits.

A commonly used model, the 5XxFAD mouse model, was generated by Oakley et al. (2006).
Five familial AD mutations were combined to generate this model: the Swedish
(K670N/M671L), London (V7171)
and Florida (I716V) mutations in
the human APP gene, as well as
2 mutations in human PSEN1
(M146L and L286V). The genes
are overexpressed and controlled
by the brain specific Thy1

promoter. Together, these 5

mutations result in a high amyloid

load in the brains of 5xFAD mice Figure 8. Plaques in the brain of a 5xFAD mouse. A sagittal brain slice
| 2 ths after birth of a 12-month-old female 5xFAD mouse was stained for AR (green,
as early as 2 months atter birtn. 6E10) and clearly shows a high plaque load spread throughout the brain.
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The mice gradually develop plaque pathology, similar to human AD pathology (see figure 8).
Cognitive deficits are first identified at an age of 6 months in these mice, for example in Y-
maze (Oakley et al., 2006; Ohno et al., 2007) and Morris water maze (Urano & Tohda, 2010;
Xiao et al., 2013; Tang et al., 2016). No tangles are formed in the brains of these mice, although
hyperphosphorylation of tau is found already at an early age (Kanno et al., 2014). In addition,
the 5xFAD mouse line recapitulates the strong activation of microglia in AD (see figure 5) and
is one of the few models exhibiting neuron loss at an early age (Oakley et al., 2006; Wirths &
Bayer, 2010).

Besides amyloid-based models, there are also several mouse models mimicking tau
pathology. Since there is no known AD-related mutation in the tau gene, many models are
based on the P301L or P301S mutations, which are related to frontotemporal dementia (Hutton
et al., 1998). Mice carrying this mutation develop tangle pathology, but no plaques, for example
the JNPL3 line (Lewis et al., 2000) and the htau.P301S line (Allen et al., 2002). These mice
show progressive motor deficits, rather than cognitive deficits, and therefore do not accurately
model human AD. Importantly, many models currently on the market use overexpression of
(mutated) human tau, by placing several copies of the human tau gene randomly inside the
mouse genome. Furthermore, the original mouse tau gene is usually still present and also
expressed at regular levels. These models therefore have unphysiologically high expression
levels of tau. In addition, the presence of mouse tau seems to have a rescuing effect on AD
pathology, both in vitro and in vivo (Ke et al., 2012).

All these factors together might be an important reason for the failure of tau-based clinical
studies (Cummings et al., 2018). Treatments that are highly efficient in mouse models during
preclinical studies, do not translate well to human AD patients, since the development of AD
pathology is obviously still different in humans compared to mouse models. To better
understand AD and find biologically relevant targets for the development of tau-directed
medication, it is therefore important that mouse models with higher translational predictability

are developed.
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2. Goals of the thesis

There are currently no mouse models available that accurately model tau pathology in AD.

This might be an important reason for the gap between successful preclinical studies and

failure of clinical studies. We therefore generated a new mouse model for AD using whole gene

replacement: the human tau knock-in (htau-Kl) mouse line expresses the human wild-type

(WT) tau gene instead of the murine tau gene, but under the same promotor. The model

therefore possesses physiological tau expression without mutations, as seen in most of human

AD patients. After successful generation, the following goals were defined:

e Characterization of the htau-KI mouse model.

e Crossing htau-KI mice with the well-known 5xFAD mouse model to study physiological
levels of human tau under progressing cerebral amyloidosis and investigate the interplay
between AB and tau.

¢ Investigating the immunological aspects of the newly generated model and the cross-bred
model with 5xFAD.

e Confirming the importance of CCL2-CCR2 signalling in AD pathology and the infiltration of
peripheral immune cells in 5XFAD mice.

Together, these investigations will help to understand AD pathology, both at the level of AR

and tau, as well as at the level of neuro-immunology. The findings from this thesis might in

future lead to the discovery of new targets for AD therapy development.
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3. Materials & methods

Mice

In collaboration with Taconic Biosciences (Cologne, Germany), a human tau knock-in (htau-
KI) mouse model was generated. Whole gene replacement was performed, as displayed in
figure 9. The bacterial artificial chromosome RP11-111123 was used to generate a targeting
vector, which was transfected into mouse ES cells from the C57BL6/NtTac strain. Two
validated ES clones were used to generate chimeric mice. Eight males and ten females were
used as founders for breeding of the colony. Based on coat colour, the highest chimeric mice
were picked and bred with C57BL6/N females. Germline transmission was confirmed by the
birth of black offspring. Mice were subsequently genotyped to check the presence of the human
tau and mouse tau genes (see primers in table |) and backcrossed to a C57BL6/J background.
Subsequently, the htau-KI (homozygous) mouse line was cross bred with 5xFAD (Oakley et
al., 2006, commercially available from Jackson Laboratory (Bar Harbor, USA)) to generate
groups for behavioural analysis. 5xFADxhtau-KI*** mice were compared to htau-KI*"*, 5xFAD
and WT mice. 5xFADxhtau-KI** and htau-KI** mice were generated by mating a 5xFADxhtau-
KI*- mouse with a htau-KI** mouse. WT controls and 5xFAD mice were generated by mating
a 5xFAD mouse with a WT mouse. All 5xFAD mice were bred heterozygous. Age-matched
phenotyping groups were generated using timed matings of 4 days.

The 5xFAD mouse line was also cross bred with the CCR2R*PRFP line (Saederup et al., 2010,
commercially available at Jackson Laboratory). WT, CCR2*RFP and CCR2RFPRFP mice were
used as controls. Again, all mice had a had a C57BL6/J background and all 5xFAD mice were

bred heterozygous.

Start Stop Chromosome 11

SHA 1 2 3 4 4 5 6 7 8 9

10 1" 12 13 LHA

Originating from chromosome 17

Targeted allele 1 2 3 4 4 5 6 7 8 9 10 11 12 13
recombination). —— S EHEHEHB B BB EE
recombination)

Start Stop

Figure 9. Targeting vector used to generate the htau-KI mouse line.

Housing
All experiments were performed in compliance with the directive 2010/63/EU, current German
law and authorized under the following approval number: 42502-2-1371 MLU

(Landesverwaltungsamt Halle, Saxony-Anhalt, Germany). Mice were group housed (maximum
13



5) in individually ventilated Type Il long cages, with a regular 12-hour dark-light cycle. Food
and water were available ad libitum. For electrophysiology, mice were bred in Halle (Germany)
and transported to KU Leuven (Belgium) a minimum of 2 weeks ahead of testing. Mice were
group housed in open cages in Leuven. Housing and animal procedures were approved by the
KU Leuven Ethical Committee (project P181/2017). We confirm that all animal handling
procedures were carried out in accordance with directive 2010/63/EU of the European
Parliament and of the Council on the protection of animals used for scientific purposes, the
Belgian and German Animal Protection Acts and recommendations from the Federation of

European Laboratory Animal Science Associations (FELASA).

Genotyping

At the age of 19-21 days, ear punches were taken from each mouse as biopsy material for
genotyping. After sacrificing the mice, tail tips were taken for confirmation of the genotype.
DNA was isolated from the ear punches/tail tips using the 1-Step kit (Nexttec, Leverkusen
Germany) according to manufacturer’s protocol. The DNA was analysed for the presence of
5xFAD and htau genes using the GoTag DNA Polymerase (Promega, Wisconsin, USA) to run
a RT-PCR. Primers were specific for the different genes, and sequences are shown in table I.
Samples were afterwards loaded onto a 1.6% agarose (VWR, Radnor, USA) gel in TAE buffer
with ethidium bromide (Carl Roth, Karlsruhe, Germany) to visualize the PCR products. A 100bp
DNA ladder (Fermentas, Waltham, USA) was used to estimate the size of the PCR products

and a UV-Transilluminator Bio Doc-It™ Imaging System (VWR) used to visualize bands.

Buffer preparation

PB Buffer — 12.13g Na;HPO4*2H,O and 3.1g NaH.PO. were dissolved in approximately
800mL ultrapure water. pH value was adjusted to 7.4 using NaOH. 25mL sodium azide (1%
aqueous, VWR) was added and volume filled up to 1L with ultrapure water.

PBS — 8g NaCl, 0.2g KCI, 1.44g Na,HPO4*H20 and 0.24g KH,PO4 (all Carl Roth) dissolved in
1L ultrapure water.

TBS — 8.766g NaCl and 6.057g Tris were dissolved in approximately 800mL ultrapure water.
pH value was adjusted to 7.4 using HCI and the total volume subsequently filled up to 1L with
ultrapure water.

Tris buffer — 6.057g Tris was dissolved in approximately 800mL ultrapure water. pH value was
adjusted to 7.6 using HCI and the total volume filled up to 1L with ultrapure water.

4% PFA — 16% PFA (Life Technologies) diluted 4x in PBS (Life Technologies).
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Behavioural studies

Mice were subjected to behavioural experiments in the light phase. The experimenter was
blinded to the genotype of the mice for the complete duration of the tests, as well as the
subsequent analysis of the videos. Behavioural experiments were performed in the order
described below, sorted by increasing stress levels caused by the different tests.

Primary screening

Before starting full behavioural analysis, all mice were screened for general health. Weight,
vision, hearing, grip strength, and mobility were tested.

Pole
To investigate motor skills and fear-related behaviour, mice were placed on a pole (height
50cm, diameter 19mm) in a type Il cage filled with animal bedding. The pole was completely
wrapped in anti-slipping tape, and a ball (diameter 2.5cm) was placed on top. Mice were placed
on this pole in a vertical position, with the head pointing upwards, positioned just below the
ball, or with the front paws on the ball. In a maximum period of 120 seconds, mice were
supposed to turn around (head downwards, all 4 feet in a vertical position) and reach the floor.
Mice performed 5 trials directly after another, with 10 seconds between the single trials, and
20 seconds prior to the first trial to explore the test cage. The average time over 5 trials (for
turning around and reaching the floor) was compared between sex and genotype. If the mouse
fell, or climbed down without completely turning around first, the time was set at 120 seconds.

Open Field
The mice were placed in 1 corner of the open field (Biobserve GmbH, Bonn, Germany) and
allowed to explore freely for 10 minutes. Movement was recorded using an infrared camera
(Biobserve) and the animal was tracked using the Biobserve Viewer system.
The open field was a square area of 53.8 x 53.8 cm, with walls of 50 cm. The floor was covered
with animal bedding. An area of 10.5 cm along all 4 walls was considered as area close to the
walls, the square of 32.8 x 32.8 cm in the middle
was considered centre area. Percentage of time
spent in the centre area was compared between
genotypes and sexes as a measurement of
anxiety.

Y-maze
The Y-maze set up (Biobserve) is a maze shaped
like a Y, with different markings on each arm (see

figure 10). The floor of the maze was covered with

animal bedding. The mice were placed in arm A of

the Y-maze set up and allowed to explore freely

Figure 10. Y-maze set up. The three arms of the
during a period of 10 minutes. Mice were recorded y-maze are marked with different patterns, allowing
the mice to orientate.
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using an infrared camera (Biobserve) and the videos analysed manually. Subsequently, the
percentage of perfect triads was calculated and compared between groups. A perfect triad
means the mouse sequentially entered arms A, B and C in any order, without repeats.

Elevated plus maze

The setup was a plus-shaped maze with arms of 40 x 7.5 cm, placed 70 cm above the ground.
Two of the arms had walls with a height of 20 cm (closed arms), the other two arms did not
have walls (open arms). The floor of each arm was covered with animal bedding. Mice were
placed in one of the closed arms and allowed to explore freely for 10 minutes. Movement was
recorded using an infrared camera (Biobserve) and the animal was tracked using Biobserve
Viewer software. The percentage of time spent in the open arms was compared between
genotypes and sexes.
Rotarod

The rotarod protocol consisted of two days. On the morning of day 1, the mice went through a
training phase. The rod rotated with a continuous speed of 4 rpm. As soon as the mouse was
placed on the rod, a timer was started. The animals passed the training when they managed
to stay on the rod for 60 consecutive seconds. A maximum of 16 training trials was performed,
with a break of at least 15 minutes after the first 8 training trials. Mice that did not pass the
training still performed the following testing sessions, but this was noted for analysis purposes.
On the afternoon of day 1, the first testing session was performed. Two more testing sessions
were performed on the morning and afternoon of day 2, with a 1-hour break between the two
sessions. A testing session consisted of three runs per mouse, with an hour between each
individual run. During these runs, there was a linear increase of rotation speed from 4rpm until
40rpm, over a time of 5 minutes. The maximum distance walked by each mouse in these 9
trials was compared between groups.

Morris Water Maze

The Morris water maze consisted of a round pool (diameter 120 cm) with white walls. A
platform (diameter 10 cm) covered with white sports tape (thereby invisible) was placed inside,
8 mm below water level. The water temperature was 26°C (£0.5°C). Four differently
coloured/shaped 3D environmental cues were attached to the side of the pool, to allow the
mice to orientate. The protocol consisted of four days, with 4 swimming trials each day. The
platform was always in the same position in the pool. For each trial, a mouse was placed in
the pool, and allowed 60 seconds to swim and find the platform. If the mouse did not find the
platform within 60 seconds, the experimenter led the mouse to the platform. When the mouse
was on the platform (either by finding it or placed by the experimenter), it was left there for 10
seconds to orientate. The mice were subsequently dried with paper and warmed under a heat
lamp for 5 minutes, followed by the next trial. Each trial, the mouse started in a different

quadrant of the pool. The platform was in quadrant 3. During trial 1 and 4 of each test day, the
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mice started in quadrant 1, opposite from the platform. The second trial the mice started in
quadrant 2, and the third trial in quadrant 4. Movement of the mice was recorded using an
infrared camera (Biobserve), and the animal was tracked using the Biobserve Viewer system.
A learning curve over all 16 trials was drawn for each mouse (see figure 29) and the area under
the curve was calculated. Average learning curves were compared between sexes and
genotypes.

Fear conditioning

The fear conditioning protocol was performed using the automated fear conditioning system
by TSE Systems (Bad Homburg, Germany). The system consists of a white box, with a grid-
floored square area and replaceable walls inside. For the conditioning, plastic walls were used,
and the mice were placed directly on the grid floor. The mice explored the area freely for 3
minutes, followed by a continuous sound for 28 seconds, followed by a 2 second foot shock
(0.7 mA). Twenty-four hours later, two tests were performed to measure the strength of
conditioning. First, mice were placed in the same area (plastic walls, grid floor) for 3.5 minutes.
Secondly, mice were placed in an area with black floor and black walls, and after free
exploration for 3 minutes, exposed to the continuous tone for 3 minutes. In both trials, the
freezing duration of the mice was measured by the fear conditioning software (TSE Systems)

and compared between genotypes and sexes.

Organ collection

After performing all behavioural experiments, mice were euthanized using CO; inhalation and
perfused with 20mL PBS (Life Technologies, Carlsbad, USA). Whole blood was collected in
lithium-heparin tubes (Sarstedt, Nimbrecht, Germany) and centrifuged for 10 minutes at
1920xg and 4°C, after which plasma was collected and fresh frozen on dry ice. Liver and
spleen were collected and fresh frozen on dry ice. Tail tip was collected for confirmation of the
genotype. The brain was collected and divided into two hemispheres; the left hemisphere was
fresh frozen on dry ice, and the right hemisphere fixed in 4 % PFA. All fresh frozen samples
were subsequently stored at -80°C. Spleens of WT, CCR2*RFP and CCR2RFFRFP mice were

collected fresh for splenocyte isolation or fresh frozen for RNA isolation.

Electrophysiology

Detailed methods are described in Barendrecht et al. (in preparation). In short, mice were
sacrificed, the hippocampus immediately isolated and cut into 300 um-thick slices using a
custom-made tissue chopper for field potential recordings. The part of the right hemisphere
containing medial hippocampus was cut into 400 um-thick slices using a vibratome (Microm

HM 650 V, ThermoFisher Scientific) for whole-cell recordings.
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For extracellular recording of field potentials, hippocampal slices were afterwards placed in an
incubation chamber (Warner Instruments, Hamden, Connecticut) and a multi-electrode array
(MEA) system (Multi Channel Systems, Reutlingen, Germany) was used as described before
(Bhattacharya et al., 2017). Stimulation and recording were performed using a stimulus
generator (SG 4002), MEA1060-BC amplifier, temperature controllers (TC, PHO1) and
software (MEA_Select, MC_Stimulus, MC_Rack) from Multi Channel Systems. A single
electrode located at the level of the Schaffer collaterals in the CA1 region was selected for
biphasic constant voltage stimulation and the evoked signal was measured in the electrode
adjacent to the stimulation electrode (in anterograde direction of the Schaffer collaterals). An
input/output curve was established using increasing stimulation intensities ranging from 0.5 to
4V (at 0.5 V intervals). The intensity leading to 35% of the maximum of the input/output curve
was calculated and subsequently used for all stimulations. Next, a series of paired-pulse
stimulations with intervals of 10, 20, 50, 100, 200 and 500 ms was applied. Last, after obtaining
a stable baseline, LTP was induced by 3xTBS (10 trains of 4 pulses at 100 Hz, with 200 ms
intervals and 200 us pulse-width: 10-minute interval). Field extracellular postsynaptic
potentials (fEPSPs) were recorded for at least 120 minutes after LTP induction. For analysis,
raw data were extracted using MC_Rack software. fEPSP slope values were obtained with the
region of interest set from peak-to-peak (10-90%), and all groups of 3 subsequent sweeps
were averaged. Paired-pulse ratios were calculated by dividing the slope of the second fEPSP
by the slope of the first. LTP recordings were normalized to the average baseline slope.

Whole-cell voltage clamp recordings of CA1 pyramidal cells were performed at RT using a
MultiClamp 700B patch-clamp amplifier and pClampTM software (Molecular devices, San
José, California), as previously described (Bhattacharya et al., 2017). First, mini (m)EPSPs
were recorded at the reversal potential for GABAa receptor-mediated events (-60 mV), after
which mini inhibitor postsynaptic potentials (mIPSPs) were recorded at the reversal potential
for glutamatergic currents (+10 mV) with tetrodotoxin (1uM) present in the bath medium. To
verify that mEPSPs were indeed glutamatergic, they were blocked at the end of the
experiments by applying 20 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 10 uM d-
aminophosphonovalerate (d-APV). Similarly, mIPSPs were verified by blocking them with 100
MM picrotoxin, a GABAa receptor antagonist. Data were low pass filtered at 2 kHz and acquired
at 10 kHz using Digidata 1440 and pClampTM 10 software. Offline analysis of mMEPSP and
mIPSP was performed using MiniAnalysis software (v.6.0.7, Synaptosoft, Decatur, Georgia).
All electrophysiology experiments were performed by collaboration partners from the KU

Leuven.
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Isolation and cultivation of primary microglia

Primary microglia were isolated from brains of newborn (postnatal day 1-3) WT mice of the
C57BL/6J strain. Mice of both sexes were used. Microglia were isolated using the shaking
protocol as described by Barger and Basile (2001) with minor adaptations. In short, newborn
mice were sacrificed by decapitation. Subsequently, brains were isolated, and meninges
removed with sterile tools. Brains were homogenized using trypsin, and several triturating and
washing steps. Homogenate of 2-3 brains was seeded in a 75 cm? cell culture flask coated
with poly-L-ornithine (PLO) in DMEM:F12 with 10 % Fetal bovine serum (FBS) and 0.5 %
Gentamycin (all Life Technologies). Flasks were washed after overnight incubation and
stimulated with L929 conditioned medium (medium collected from regular culturing of L929
cells, see below) after 1 week. A cell layer of glia cells developed in the flask, on which
microglia proliferated under the influence of the L929 conditioned medium. Microglia were
collected by shaking the flasks for 5.5 hours at 70rpm and subsequently collecting the medium.
Highly pure microglia were then seeded with 1x108 cells per well in a 6-well plate for
subsequent RNA isolation. Medium was changed after 30 minutes to remove dead cells. After
culturing for 24 hours, microglia were lysed using lysis buffer from the Macherey Nagel RNA
XS isolation kit. Alternatively, microglia were seeded with 250.000 cells per well in a 24-well

plate for AB stimulation assay.

Culturing of L929 cells

L929 fibroblasts were seeded into a 75cm? cell culture flask (0.4x10° for four days or 0.8x10°
for three days). The cells were grown in RPMI medium (Life Technologies) with 10 % FBS at
37°C and 5 % CO.. Supernatant was collected every second day and whenever cells were
passaged. The collected medium was filtered (20 pym, cellulose acetate) and stored at -20°C.
For passaging, flasks were washed with 10 mL warm PBS. After aspirating PBS, cells were
detached by incubation with 3 mL trypsin for three minutes (37°C, 5 % CO,). Live cell counts

were performed using a cell counter (CASY, Scharfe System).

AR stimulation of primary microglia

Primary microglia isolated according to the protocol described above were seeded with
250.000 cells per well in a 24-well plate. After 30 minutes incubation at 37°C and 5 % CO,,
medium was changed to remove dead cells. Recombinant AB1.42 was provided by the Protein
and Drug Biochemistry Unit of the Fraunhofer IZI. The peptide was dissolved in
hexafluoroisopropanol (HFIP, 2,5 mg/mL). The organic solvent was evaporated using nitrogen.
A solution of 22.2 yL 0.1 M NaOH in PBS was utilized to resuspend 50 ug peptide. The solution
was diluted with 180 yL medium with 0.5 % Gentamycin. Further on, an appropriate volume of

medium containing 0.5 % Gentamycin was added to the diluted solution to yield a 5 mM AB.
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42 solution. 500 yL of the diluted solution was added to each well and the cells incubated for
24 hours (37°C, 5% CO,). Subsequently, the medium was collected for a CCL2 ELISA.

CCL2 ELISA

An ELISA, established by the Protein and Drug Biochemistry Unit of the Fraunhofer IZI-MWT,
was performed to determine the concentration of CCL2 in the culture medium of primary
microglia. A multiwell plate (MaxiSorp, VWR) was coated overnight at 4°C with rabbit anti-rat
MCP1 antibody (Lifespan Biosciences, Seattle, USA; diluted 1:666.7 in PBS). The next day,
wells were blocked with 200 yL PBS with 0.05 % Tween20 and 10 % FBS (2h, RT).
Subsequently, wells were washed three times with 200 yL TBS-T. Samples were applied to
the wells at a dilution of 1:50 in PBS containing 0.05 % Tween20 and 10 % FBS. After two
hours incubation at 4°C, wells were washed three times with 200 yL PBS. 4 pg biotinylated
rabbit anti-rat MCP-1 antibody (Peprotech, Rocky Hill, USA) and 8 ug Streptavidin-Peroxidase
Polymer (Sigma Aldrich) were incubated (15 minutes RT). Subsequently, the mixture was
diluted 1:200 in PBS with 0.05 % Tween20 and 10 % FBS. Next, 100 uL of the diluted detection
complex was added to each well and incubated for one hour at 4°C, followed by 3 washing
steps. 100 pyL SureBlue (VWR) was added per well (30 minutes RT) and the reaction was
terminated with 50 pL 1 M sulfuric acid per well. The CCL2 levels were determined
photometrical (Sunrise Microplate Reader, Tecan, Mannedorf, Switzerland) with a standard

curve of murine pE1-MCP-1.

Isolation of bone marrow cells

Isolation of murine bone marrow cells was performed according to the protocol by Madaan et
al. (2014). Briefly, a C57BL6/J mouse was euthanized by CO; inhalation. Both tibiae were
removed, muscle tissue was cleaned away and the joints on both ends were removed to
expose the interior marrow shaft. Subsequently, all bone marrow was flushed out of the
medullar cavity with HBSS and collected in a 50 mL centrifugation tube. Clusters were
disintegrated by vigorous pipetting. Afterwards, the cell suspension was diluted by adding 20
mL HBSS and washed three times (centrifugation at 200xg, 8 minutes, 4°C, followed by
aspiration of the supernatant and resuspension in 20 mL HBSS). After the last washing step,
the cell number was determined using trypan blue and a Fuchs-Rosenthal chamber.
Subsequently the cell suspension was centrifuged (200xg, 8 minutes, 4°C) and the cell pellet
resuspended in an appropriate volume of 1:1 mixture of sterile filtered, conditioned L929
medium and RPMI 1640 Medium, containing 10 % FBS and 0.5 % Gentamycin. Cells were
seeded into a 24-well plate (7.5 x 10° cells/well) and cultivated. Medium was changed after 3
days and cells were lysed on day 6 of cultivation using lysis buffer from the Macherey Nagel
RNA XS isolation kit. Purity of BMDM was confirmed with FACS analysis.
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Splenocyte preparation

Whole spleen was extracted from WT (C57BL6/J), CCR2*RFP and CCR2RFPRFP mice and cut
into small pieces. Tissue was stored in ice-cold HBSS and transported to sterile working bench.
Spleen pieces were transferred to 50 mL tube and incubated with 20 mL digestion buffer (PBS
with 1 mg/L collagenase IV, 50 yg/mL DNase | and 1 % FBS) for 45 min at RT. Subsequently,
solution was filtered through a 70 uym cell strainer and tissue pushed through using a 5 mL
syringe plunger and strainer flushed with additional 10 mL of digestion buffer. Filtrate was
centrifuged for 10 min (1400 rpm, 4°C) and supernatant discarded. Pellet was resuspended in
10 mL RBC lysis buffer and incubated for 5 min at RT, followed by another centrifugation (1400
rem, 4°C, 10 min). Pellet was then resuspended in 10 mL FACS buffer (PBS with 3 % FBS)
and cells were counted using trypan blue and a Fuchs-Rosenthal chamber. Splenocytes were
diluted in an appropriate volume of FACS buffer (2x10° cells/mL) and measured using
FACSCalibur (BD Biosciences, Franklin Lakes, USA). Results were analysed using FlowJo

(BD Biosciences).

RNA isolation & gqRT-PCR

RNA was isolated from small piece of fresh frozen left prefrontal cortex (after removal of
olfactory bulb) or small piece of fresh frozen spleen tissue. The Nucleospin RNA kit (Macherey
Nagel, Diren, Germany) was used according to manufacturer’s protocol with some minor
adjustments. TCEP (included in kit) was used instead of B-mercaptoethanol in the lysis step.
Furthermore, RNA was eluted in 40 yL RNase free H>O instead of 60 yL, and the eluate was
loaded onto the spin column twice to retrieve higher RNA yield.

RNA was isolated from primary microglia and peripheral macrophages using the Machery
Nagel RNA XS isolation kit according to manufacturer's protocol, with similar minor
adaptations. TCEP was used to supplement the lysis buffer and 500 pL lysis buffer was used
per sample. In addition, the centrifugation after the last washing step was prolonged to 4
minutes and in the final elution step, the eluate (12 uL instead of 15 pL) was loaded onto the
spin column twice to increase RNA yield. RNA concentrations were measured using Nanodrop
2000 (Thermo Fisher scientific, Waltham, USA). The cDNA was synthesized with random
primers using the Superscript Il kit (Invitrogen, Carlsbad, USA), according to manufacturer’'s
protocol. For quantification of 3R- and 4R tau isoforms, 300 ng total RNA was used. Primers
were specific for 3R- and 4R tau isoforms, as described in Ingelsson et al. (2006) and shown
in table I. For quantification, a standard curve of double stranded 3R- and 4R tau DNA was
generated. The double stranded DNA was ordered at Metabion (Planegg, Germany) and the
sequences are shown in table I. Specificity of the primers and cDNA was confirmed by a lack
of signal when 3R primers were incubated with 4R cDNA, and vice versa. A standard curve

ranging from 30-300.000 molecules/uL was prepared. Two biological replicates were prepared
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for each standard curve and the standard curve best fitting a linear equation (R?>0.98) was
used to calculate the respective numbers of 3R- and 4R tau molecules in each brain sample.
The rotor-gene 3000 system (Corbett research, Mortlake, Australia) was used, and the SYBR
Green kit (Applied Biosystems, Foster City, USA) according to manufacturer’s protocol. For
quantification of inflammation-related gene expression in spleen and brain tissue, qRT-PCR
was performed with primers shown in table I. CT values were used to perform statistical
comparisons, whereas AACt values (normalized over control sample) were plotted for clarity
of figures. AACt values were calculated as described in Pfaffl (2001). For each biological
replicate, three technical replicates were performed, and a maximum difference of 0.4 CT was
allowed between technical replicates. If the difference was > 0.4 CT, the technical replicate
was excluded. If the difference between all 3 technical replicates was > 0.4 CT, the biological
replicate was excluded. Additionally, samples with an amplification rate below 1.6 or above 2.0
were excluded. If n was reduced to 1 due to exclusion of samples based on qRT-PCR results,

sample was excluded from statistical analysis.

NanoString

The NanoString mouse AD panel (NanoString Technologies, Seattle, USA) was used to
analyse the expression levels of 770 AD specific genes in 48 different mice. WT mice were
compared to 5xFAD, htau-KI and 5xFADxhtau-KI mice. We investigated mice of 7 and 13
months of age, of both sexes, n=3. RNA from prefrontal cortex was isolated with the Macherey
Nagel Nucleospin RNA isolation kit, as described above. First, the NanoString panel required
an overnight hybridization step. 100-150 ng of RNA was incubated with the reporter and
capture probes for 16.5 hours, as described in the NanoString protocol. After hybridization, the
samples were placed in the NanoString Prep station and run with high sensitivity settings.
Finally, the cartridge was prepared in the Prep station and read in the analyzer, with MAX data
resolution. The NanoString panel was performed at the institute of human genetics of the MLU

Halle with the help of Kerstin Kérber-Ferl.

Mouse-human co-expression data comparison

In collaboration with JAX, the data from our NanoString panel were compared to data from
post-mortem human AD brains, according to the detailed methods described in Barendrecht
et al. (in preparation). In short, differential gene expression analysis was performed for each
genotype and sex compared to female WT mice. These values were correlated to data from
over 2,000 human brain samples from three independent late-onset AD cohorts. The data is
subdivided into 30 AMP-AD modules, which are divided over 5 specific consensus clusters
consisting of overlapping co-expression modules associated with specific AD related changes

across studies and brain regions
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The correlation between changes in expression (log fold change) was computed for each gene
in each specific expression module with each mouse model, sex, and age. Correlation
coefficients were obtained using cor.test function built in R as:

cor.test( LogFC(h), LogFC(m) ) (1)

where LogFC(h) is the log fold change in transcript expression of human AD patients compared
to control patients and LogFC(m) is the log fold change in expression of mouse transcripts
compared to control mouse models. To determine the age-, genotype-, and sex-specific

effects, a multiple linear regression analysis was performed.

Gene Set enrichment analysis in mouse and human data

Additionally, gene set enrichment analysis based on the method proposed by Subramanian et
al. (2005) was performed using the cluster profiler package in the R software environment for
the KEGG pathway database. Briefly, human data with log fold changes for the seven AMP-
AD brain regions was obtained through synapse
(https://www.synapse.org/#!Synapse:syn14237651). Only orthologous genes on the
NanoString Mouse AD panel were selected and KEGG pathway enrichment was performed
for each brain region independently to identify significantly up- and downregulated gene sets.
For the mouse data, differential expression analysis between the 5xFAD and 5xFADxhtau-KI
models was performed to obtain a list of fold changes highlighting genes that are either up- or
downregulated in the presence of htau on the 5xFAD background. Enrichment scores for all
significantly associated KEGG pathways were computed to compare relative expression on
the pathway level between post-mortem brain samples and the 5xFADxhtau-KI mouse model.
Finally, we extracted the leading-edge gene set which identified the genes that appeared in
the ranked list at or before the point at which the running sum reaches its maximum deviation
from zero. This leading-edge subset can be interpreted as the core that accounts for the gene
set’s enrichment signal. The comparison of our mouse data to human co-expression modules,
including all statistical analyses, was performed by collaboration partners at Jackson

Laboratories.

Immunohistochemistry

The right hemisphere was fixed in 4 % PFA for 2 days at 4°C, followed by incubation in 30 %
sucrose solution at 4°C. After a minimum of 2 days, the organs were washed in PBS, and
subsequently frozen in Tissue-Tek O.C.T. (Sakura Finetek, Alphen aan den Rijn, the
Netherlands) in plastic moulds. Sagittal slices (30 um) of the hemisphere were prepared using
a cryomicrotome (Cryostar NX70, Thermofisher Scientific), starting in the centre of the brain.

Slices of the hippocampal region were collected in 24-well plates and stored at 4°C in PB buffer

23



containing 0.025 % sodium azide until staining. Immunohistochemical staining for the newly
generated htau-KI mouse model was performed by Stefanie Geissler.

For free-floating 3,3’-diaminobenzidine (DAB) staining, the slices were washed in TBS (5 min,
RT), after which the endogenous peroxidase was blocked by incubation with 1 % H202 in 60
% MeOH (30 min, RT). Subsequently, the slices were washed 3 times in TBS, followed by
blocking with 5 % goat serum in 0.3 % Triton-X TBS (30 min, RT). For mouse on mouse
staining, M.O.M. reagent (Vector Laboratories, Burlingame, California) was added during the
blocking step. The primary antibodies (see table Il) were diluted in 5 % goat serum 0.1 %
Triton-X TBS, and the slices incubated overnight at 4°C in a humidified chamber. The following
day, slices were washed in TBS 3 times, followed by incubation with the respective secondary
antibodies (see table Il), which were diluted in 2 % BSA TBS (1h, RT). After another 3 washes
in TBS, slices were incubated with ExtrAvidin® Peroxidase (Sigma Aldrich, St. Louis, USA),
diluted 1:1000 in 2 % BSA TBS (1h, RT), followed by 2 times washing in TBS, and 1 time in
Tris buffer. DAB staining was performed by incubating slices in 0.05 % DAB 0.015 % H20: in
Tris buffer (8 min, RT). Subsequently, the slices were washed once in Tris buffer and once in
TBS, followed by placing the slices on glass slides, coated with protein glycerol (Carl Roth).
After air drying the sections, the slides were dehydrated by submersion in ethanol absolute
twice, followed by submersion in ROTI®-Histol (Carl Roth). Finally, the slices were embedded
using Permount mounting media (Fisher Scientific, Hampton, New Hampshire) and closed with
cover slips. Slides were stored at RT. For free-floating immunofluorescent staining, the
protocol was the same as for DAB staining, with the following exceptions: there was no
blocking of endogenous peroxidases on day 1. On day 2, after the secondary antibody
incubation, the protocol was as follows: two times washing in TBS, followed by one washing
step in aqua dest. Slices were then counterstained with DAPI (Life Technologies, 1 yg/mL), in
ice cold methanol (2 min, RT, in the dark). After washing 2 times in TBS, the slices were placed
on slides, dehydrated, and embedded as described for the DAB staining. Slices were recorded
with a BZ-9000E microscope (Keyence, Osaka, Japan) and subsequent quantification of

plaques was performed using the BZ-lI-Analyzer software (Keyence).

Biochemical analyses

Fresh frozen left-brain hemispheres were homogenized using the following protocol: Frozen
brain was transferred to a dounce tissue homogenizer, after which 1 mL of cell extraction buffer
(Invitrogen) was added. Brain was mechanically homogenized, followed by incubation on ice
for 30 minutes. Every 10 minutes, the homogenate was vortexed and resuspended.
Subsequently, the samples were centrifuged for 30 minutes at 13000xg and 4°C. The
supernatant was collected in a fresh tube, and both supernatant and pellet were stored at -

20°C until further use. Human primary cortical neurons (used as a Western blot control) were
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differentiated from human neuronal progenitor cells purchased from a commercial vendor (Axol
Bioscience, Cambridge, United Kingdom) according to manufacturer's protocol. Mouse
primary neurons (also used as a Western blot control) were isolated from embryonic brain
tissue (embryonic day 13) and cultured for 4 days in Neurobasal medium + B-27 supplement
+ 0.05 % Gentamicin (Thermofisher Scientific). Pellets of both cell types were homogenized in

cell extraction buffer according to manufacturer’s protocol and stored at -20°C until further use.

Western blot

Brain homogenates (supernatants from step described above) were thawed, and protein
concentration measured using the Pierce Bradford assay (Thermo Fisher Scientific) according
to manufacturer’s protocol. Selected brain extracts were also dephosphorylated using lambda
phosphatase as described elsewhere (Saito et al., 2019). SDS Page was performed using the
NuPage system and reagents (Thermo Fisher Scientific), according to manufacturer’s protocol.
The Pageruler plus prestained protein ladder, 1.0mm Bis Tris gels with 12 wells and MES SDS
running buffer (all Thermo Fisher Scientific) were used and the gel was run for approximately
35 minutes at 200V. For splitting different tau isoforms on a gel, a 4-20 % Tris glycine gel
(Serva Electrophoresis GmbH, Heidelberg, Germany) was run for 4 hours at 80 V with a tau
ladder (Sigma Aldrich). For subsequent western blotting, the semi dry system by Galileo
Biosciences (Cambridge, USA) was used according to manufacturer’s instructions. Proteins
were blotted on 0.2 um nitrocellulose membranes (Amersham Biosciences, Little Chalfont, UK)
for 90 minutes at 38 mA. Afterwards, the membrane was blocked while floating for 30 minutes
in a box with 5 % milk (Carl Roth) 0.05 % Tween TBS, under continuous shaking. The
membrane was then placed in a 50 mL tube, with the protein side to the inside. The primary
antibody was dissolved in 5 % milk 0.05 % Tween TBS and the membrane incubated overnight
at 4°C on a roller bank. Different antibodies and concentrations are shown in table Il. The
following day, the membrane was washed 3 times 5 minutes with 0.05 % Tween TBS, after
which it was incubated with the secondary antibody, also diluted in 5 % milk 0.05 % Tween
TBS (1 hour at RT, on roller bank). Subsequently, the membrane was washed twice with 0.05
% Tween TBS, and once with TBS (all washes 5 min, RT, on a roller bank). For protein
detection, the SuperSignal West Femto or Pico kit (Thermo Fisher scientific) was used
according to manufacturer’s protocol. The Fusion system (Vilber, Collégien, France) was used

to visualize protein bands.

Statistics
All graphs were made using Graphpad Prism 6 (Graphpad Software, San Diego, USA).
Statistics were performed using either Graphpad Prism 6 for one-way ANOVA or JASP 0.9.2.0

(University of Amsterdam, the Netherlands) or Microsoft Excel for non-parametric two-way
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ANOVA. A one-way ANOVA was used to compare 3R- and 4R gene expression levels and
area of 3A1 staining between different mice. A two-way ANOVA was used to compare
inflammation-related gene expression in brain and behavioural results. First, Levene’s test was
used to check for equal variances, and Q-Q plots were analysed to check for a normal
distribution. Data sets that failed the assumption of equal variances, or were not normally
distributed, were transformed: a log transformation was used for pole turn and pole down time
(12M), and a square root transformation was used for the elevated plus maze (12M). A two-
way ANOVA with post hoc Tukey’s was subsequently used to examine the effects of genotype
and sex on the different behavioural outcome parameters. When the assumptions where still
not met after transformation (weight, pole turn time and pole down time (6M) and open field
and rotarod (6 and 12M)), an ordered logistic regression was used, with the help of Dr. Robby
Schoénfeld. When statistically significant differences were found, post hoc Tukey’s test was
used. When multiple significant differences of different factors were found, a pre-processing
step was used to align the data, according to Bortz (2008), with the help of Dr. Robby
Schonfeld.

For electrophysiology, statistical analysis was performed by our collaboration partners in
Leuven, as described in Barendrecht et al. (in preparation). In short, time series were tested
using two-way repeated measures (RM-)ANOVA and Tukey's or Dunnett's multiple
comparisons test in GraphPad Prism 8. Because of significant differences in variance between
samples of MEPSPs and mIPSPs, they were analysed by Welch’s One-way ANOVA test using
the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for
multiple testing. The Kolmogorov-Smirnov test was used to compare cumulative distribution
functions of mMEPSPs and mIPSPs.

For comparison of the NanoString gene expression data to human post-mortem tissue,
statistical analysis was performed by our collaboration partners from Jackson laboratories, as
described in Barendrecht et al. (in preparation). In short, all counts were log-transformed from
normalized count values. Differential gene expression analysis was performed using the voom-
limma package in R to test the differences between each mouse model and sex. The
correlation between changes in expression (log fold change) across species was computed
for each gene in a given expression module with each mouse model, sex and age. As
described above, the cor.test function in R was used to obtain correlation coefficients for all
co-expression module comparisons. Gene set enrichment analysis was performed by the
collaboration partners from Jackson Laboratories using the clusterprofiler package in R for the
KEGG pathway database.
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Table | - Primers
All used primers and double stranded cDNA were ordered at Metabion.

Gene

Forward primer (5° - 3°)

Reverse primer (5° - 3)

Human 4R tau

GAA GCT GGA TCT TAG CAACG

GAC GTG TTT GAT ATT ATC CT

Human 3R tau

AGG CGG GAA GGT GCA AAT AG

TCCTGG TTT ATG ATG GAT GTT

Mouse GAPDH

ACT CCACTC ACG GCA AATTC

TCT CCATGG TGG TGA AGA CA

5xFAD tg

CTA GGC CAC AGA ATT GAAAGATCT

GTA GGT GGA AAT TCT AGC ATC ATC C

5xFAD int. contr.

AAT AGA GAA CGG CAG GAG CA

GCC ATG AGG GCACTAATCAT

Human tau CTT GTC CCC AACTCC ATACC GGA GAA CAC AGACTG TGC TCC

Mouse tau CTT GTC CCC AAC TCCATACC ACT GCT TGAGTT ATC TTG GCC

CCR2 CCT GCA AAG ACC AGA AGA GG CAAGGC TCACCATCATCGTA

CCL2 AGGTCCCTGTCATGCTTC TG TCT GGACCCATT CCTTCT TG

IL1a CGC TTG AGT CGG CAA AGA AAT C GTG CAAGTC TCATGA AGT GAG C

IL1b CAG GCA GGC AGT ATC ACT CA AGC TCA TAT GGG TCC GAC AG

TNFa GAA CTG GCA GAA GAG GCACT AGG GTC TGG GCC ATAGAACT

3R cDNA CCAGCCGGGAGGCGGGAAGGTGCAAATAGCTACAAACCAGTTGACCTGAGCAAGG
TGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGTGGCCAG

4R cDNA AATTAATAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAA

TATCAAACACGTCCCGGGAGGC
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Table Il - Antibodies

. Concentration Product
Antibody Manufacturer
WB IHC number
847- Analytik Jena (Jena,
Human tau (7e5) 1ug/mL -
0102006301 Germany)
Total tau (Tau-5) 1:1000 - AHBO0042 Life technologies
Cell signaling
GAPDH 1:1000 - 21185
(Danvers, USA)
Merck
3R tau (RD3) 1:2000 1:100 05-803 )
(Burlington, USA)
CAC-TIP-4RT- | Cosmo Bio
4R tau 1:2000 1:250
PO1 (Tokyo, Japan)
PHFA1 - 1:250 - Peter Davies
MCA1 - 1:50 - Peter Davies
CP13 - 1:150 - Peter Davies
. 1:1000 (DAB) Biolegend
Amyloid B (3A1) - 825201 )
1:100 (IF) (San Diego, USA)
Amyloid 3 (6E10) - 1:1000 SI1G-39320 Biolegend
1:2500 (DAB) Dako Agilent
GFAP - Z 0334
1:1000 (IF) (Santa Clara, USA)
1:1000 (DAB) Wako Chemicals
Iba1 - 019-19741
1:500 (IF) (Osaka, Japan)
MHCII - 1:500 14-5321-81 Thermofisher
Scientific
Dianova
Cy3 rabbit IgG - 1:500 (GFAP/Iba1) 111-165-144
(Hamburg, Germany)
Cy2 mouse IgG - 1:100 (3A1, 6E10) 115-225-166 Dianova
Cy5rat IgG - 1:200 (MHCII) 712-175-153 Dianova
1:2000
HRP mouse IgG - 7076 Cell signaling
(7e5/3R/Tau-5)
. 1:1000 (GAPDH) ) )
HRP rabbit IgG - 7074 Cell signaling
1:2000 (4R)
o 1:100 (PHF1/MC1/CP13) )
Biotin Mouse 19G1 | - 115-065-205 Dianova
1:1000 (3A1)
Biotin Mouse 19gG - 1:100 (3R) A16076 Invitrogen
1:100 (4R)
Biotin Rabbit IgG - A16108 Invitrogen
1:1000 (GFAP/Iba1)
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4. Results

Analysis of tau gene and protein expression in newly generated htau-KI mice

htau-KI mice were generated by whole gene replacement as described in the methods section.
To confirm the knock-in of human tau and the simultaneous knock-out of mouse tau, a reverse
transcriptase polymerase chain reaction (RT-PCR) with primers specific for mouse and human
tau was performed to test DNA isolated from ear biopsies of different mice. As shown in figure
11a, the homozygous htau-KI mouse does not have mouse tau, but only human tau.
Additionally, a Western blot with a human tau specific antibody (7E5) revealed a positive signal
for all htau-KI mice and no signal for a WT mouse (figure 11b), confirming the success of the
model at protein level. Finally, the protein expression level of tau was equal between WT mice
and htau-KI mice as shown using a pan-tau antibody (Tau-5) on Western blot (figure 11¢c and

d), confirming the endogenous expression levels in the newly generated htau-KI mice.
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Figure 11. Confirmation of gene- and protein expression of human tau. (a) RT-PCR confirmed the loss
of the mouse tau and the presence of the human tau gene. Het = heterozygous, Hom=homozygous. (b)
Western blot with 7E5 showed protein expression of human tau. hPCNs = human primary cortical neurons,
mPN = mouse primary neurons, XM = age in months, M = male, F = female. (c,d) A Western blot with Tau-5
and subsequent quantification of Tau-5 staining over GAPDH staining confirmed the endogenous expression
levels of tau in htau-KI mice. Graph shows mean + SEM, n=4.
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Analysis of the expression of tau isoforms

Various methods were subsequently used to investigate the expression of different isoforms
of tau in htau-KI mice. First, immunohistochemistry showed 3R- and 4R tau expression in the
brains of htau-KI mice (figure 12a), while WT mice only express 4R tau. Western blots with
3R- and 4R tau specific antibodies revealed that the htau-KI mice express all 6 isoforms of tau,
as seen by the 3 bands in each blot in figure 12b. There was again no signal for 3R tau in WT
mice and there seemed to be an increase in 3R tau expression with aging. Interestingly, human
primary cortical neurons were used as a positive control but did not show 4R tau expression.
Finally, using isoform specific primers as well as a standard curve of double stranded DNA,
(described by Ingelsson et al., 2006), the mRNA expression of 4R tau was quantified in mouse
brains. The results in figure 13a revealed that 4R tau expression is significantly different
between groups (F1531=53.57, p<0.0001). Post hoc testing showed a decreased expression of
4R tau in htau-Kl and 5xFADxhtau-KI mice compared to WT and 5xFAD. Furthermore,

-
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Figure 12. 3R- and 4R tau expression in htau-KI mice. (a) Immunohistochemistry showed only 4R
expression in WT mice (left) and both 3R and 4R expression in htau-KI mice (right). Brains shown are 13-
month-old female mice. (b) A Western Blot revealed that all 6 isoforms of tau are expressed in htau-KI
mice and only 4R tau isoforms are expressed in WT mice.
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significantly higher 4R tau expression was found in young WT mice than in old WT and all
5xFAD mice. Subsequently, isoform specific primers and a standard curve of double stranded
DNA were also used to quantify 3R tau expression in htau-Kl and 5xFADxhtau-KI mice. WT
and 5xFAD mice were also tested but gave no signal in qRT-PCR due to the lack of 3R
expression, as shown already in figure 12, as well as in literature. The results of the 3R tau
quantification revealed no significant differences between genotypes, sexes, or ages (figure
13b). Another important outcome measurement is the ratio of 4R- to 3R isoforms. The exact
quantification of the number of molecules allowed a calculation of the ratio of 4R/3R in htau-KI
and 5xFADxhtau-KI mice (figure 13c). No significant differences were found and a ratio of
approximately 0.05 for all samples. This means there is a 20-fold overexpression of 3R tau
MRNA compared to 4R tau in htau-KI and 5xFADxhtau-KI mice.
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Figure 13. Quantification of 3R- and 4R tau mRNA expression in htau-KI mice. (a) gRT-PCR with isoform
specific primers and a standard curve of double stranded DNA was used to quantify 4R tau molecules in WT,
5xFAD, htau-KI, and 5xFADxhtau-KI mice of both sexes and at the ages of 6- and 12-months. (b) The same
approach was used to quantify 3R tau molecules in htau-KI and 5xFADxhtau-KI mice, whereas no signal was
found for WT and 5xFAD mice for 3R tau. (c) The ratio of 4R/3R was calculated based on the exact
quantification shown in a and b. n=2-3, One-way ANOVA was used to compare samples. *p<0.05.
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Subsequently, several attempts were made to quantify the protein expression levels of 3R-
and 4R tau, to investigate whether this 20-fold overexpression of 3R tau was also translated
to protein level. Because different antibodies were used for the blots in figure 12, with possibly
different binding propensities, no quantification could be based on these blots. Staining of all
tau isoforms with the same antibody was therefore attempted by using a ladder of tau isoforms
(figure 14). Additionally, the brain lysates were dephosphorylated to allow the distinction
between the isoforms on Western blot. As shown in figure 14a, although the six tau isoforms
in the ladder were split, the tau in brain lysates appeared as a smear using 7E5 staining.
Similarly, 4R tau staining revealed 3 clear bands for the tau ladder in figure 14b, whereas the
brain lysates did not show such a clear distinction. Further optimization of the Western blot

conditions is thus required to allow quantification of the different tau isoforms at protein level.
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Figure 14. Expression of different tau isoforms in dephosphorylated brain extracts analysed by Western
blot. Analysis of tau isoforms in male (M) and female (F) htau-KI mice at different ages and in comparison to a
tau marker using the human tau-specific antibody 7E5 (a) and a 4R tau specific antibody (b). Some individual
tau bands are visible after dephosphorylation of the protein extract by lambda phosphatase, but not sufficiently
to quantify the level of protein expression. GAPDH was used as a loading control.

Immunohistochemical characterization of tau and AB pathology

To investigate the levels of tau phosphorylation and pathology under progressing amyloid
pathology in htau-KI mice, immunohistochemistry was performed on brain tissue of 7 and 13-
month-old mice. Different types of phosphorylated tau were stained, but no tangle pathology
was found. Dystrophic neurites, which stained positive for phosphorylated tau, were found
specifically around amyloid deposits (see figure 15). Interestingly, specific regions showed a
high load of dystrophic neurites: superior colliculus, brain stem, striatum, hypothalamus, and

cingulate gyrus (see figure 15a).
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Figure 15. Dystrophic neurites in 5xFAD and 5xFADxhtau-KI mice. Plaque-associated dystrophic
neurites were positive for PHF1 and CP13 in several brain areas in 13-month-old mice. (a) sagittal slice of a
17-month-old 5xFADxhtau-KI female stained with PHF1. * areas with high load of dystrophic neurites. (b)
Higher magnification image (DAB: 20x) of the superior colliculus of a 13-month-old female 5xFAD mouse.
PHF-1* neurites are depicted by arrow heads. Scale bar: 100 ym (c) DAB staining (magnification: 60x) of
CP13* material in the hypothalamus of a 13-month-old female 5xFADxhtau-KI mouse. Scale bar: 35 pm.
Inset confirms that the dystrophic neurites are plaque related (red = AB, green = PHF1).
Both 5xFAD and 5xFADxhtau-KI mice revealed PHF1 (phospho-Ser396/Ser404) and CP13
(phospho-Ser202) positive dystrophic neurites, which were plaque-related (figure 15b and c).
WT and htau-KI mice showed no signal for PHF1 and CP13 (results not shown). Interestingly,
staining with the antibody MC1 (confirmation specific tau antibody) revealed specific staining
in htau-KI and 5xFADxhtau-KI mice only at the age of 13 months (figures 16-21).
Hypothalamus, brain stem, and cortex of female and male mice of all 4 genotypes were stained
at the age of 7 and 13 months. In the hypothalamus at the age of 7 months (figure 16), there
was a stronger signal for MC1 in htau-KI and 5xFADxhtau-KI, especially in females. In males
the staining was only visible in 5xFADxhtau-KI in small clusters (see arrowheads in figure 16).
At 13 months of age (figure 17), the hypothalamus was strongly MC1-positive in both male and
female htau-Kl and 5xFADxhtau-KI. In 5xFADxhtau-KlI, the staining was clustered, probably

around amyloid plaques, whereas the staining was more widespread in htau-KI mice,
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Figure 16. MC1 staining in hypothalamus at 7 months of age. (a) female mouse brains of all
genotypes (b) male mouse brains of all genotypes. Arrowheads point to MC1* dystrophic neurites.
Scale bars are 100um.



Figure 17. MC1* dystrophic neurites specifically in hypothalamus of 13-month-old htau-KI
and 5xFADxhtau-KI mice. (a) female mouse brains of all genotypes (b) male mouse brains of all
genotypes. Arrowheads point to (clusters of) MC1* dystrophic neurites. Scale bars are 100um.
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Figure 18. MC1 staining in brain stem of 7-month-old mice. (a) female mouse brains of all
genotypes (b) male mouse brains of all genotypes. Scale bars are 100um.



Figure 19. MC1* dystrophic neurites specifically in brain stem of 13-month-old htau-KlI and
5xFADxhtau-KI mice. (a) female mouse brains of all genotypes (b) male mouse brains of all
genotypes. Arrowheads point to (clusters of) MC1* dystrophic neurites. Scale bars are 100um.
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Figure 20. MC1 staining in cortex of mice at 7 months of age. (a) female mouse brains of all
genotypes (b) male mouse brains of all genotypes. Scale bars are 100um.



Figure 21. MC1" staining specifically in cortex of 13-month-old htau-KI and 5xFADxhtau-KI
mice. (a) female mouse brains of all genotypes (b) male mouse brains of all genotypes.
Arrowheads point to (clusters of) MC1* dystrophic neurites. Scale bars are 100um.
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suggesting general neurite staining. Co-staining with other markers is however required to
confirm these hypotheses. In brain stem at 7 months (figure 18), a clear effect of sex was
visible. In female htau-KI and 5xFADxhtau-KI mice a net-like staining was seen throughout the
brain stem and female WT and 5xFAD mice showed no signal. In male mice this was
completely reversed (figure 18b). At the age of 13 months, although the staining in male mice
appeared stronger than in female mice in general, the same effects were seen as in
hypothalamus: htau-KI and 5xFADxhtau-KI mice showed specific MC1* structures, which were
more clustered in 5xFADxhtau-KI mice (figure 19). A weak signal was seen in WT and 5xFAD.
Finally, the cortex was also compared between genotypes, sexes, and age groups (figures 20
and 21). At 7 months, there was again a clear sex difference, with a net-like staining in female
htau-KI and 5xFADxhtau-KI mice throughout the cortex and male mice showing only
background staining. Both in female and male WT and 5xFAD mice, there was no signal. At
13 months (figure 21), again the same result was found as in other brain regions. The cortex
of htau-KI and 5xFADxhtau-KI mice of both sexes revealed many MC1™ neurites, with larger,
probably plaque-related, clusters visible in 5xFADxhtau-KI. Overall, these results suggest that
there is an age-dependent increase in MC1-specific pathological formations of tau, which is

specific for human tau and independent of AB.

In addition to staining for tau, plaque pathology was also analysed by staining for A with 3A1,
as shown in figure 22a. The complete 3A1* area, as well as the 3A1* area specifically in cortex
and hippocampus were compared between genotypes and sexes at 7 (figure 22b) and 13
months (figure 22c¢). Cortex and hippocampus are important for memory and cognitive
functions and both regions are affected early by plaque pathology (Thal et al., 2002). These
regions are therefore quantified and compared separately between genotypes and sexes. No
significant differences were found, either in complete brain or hippocampus or cortex. When
comparing figure 22b to 22c, a clear increase in plaque pathology with age is visible, as
expected (no statistical comparison). The results also confirm that hippocampus and cortex
are strongly affected by plaque pathology, as shown by the increased area compared to total
brain, both in figure 22b and c (note the differences in Y-axes, no statistical comparison).
Finally, at the age of 13 months in complete brain, a trend was visible for a higher plaque load
in 5xFAD compared to 5xFADxhtau-KI mice, as well as for a higher plaque load in female

compared to male mice.
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Figure 22. Plaque quantification in 7- and 13-month-old 5xFAD and 5xFADxhtau-KI mice. (a) Sagittal brain
slices were stained with 3A1 (AB) and area of plaques quantified, examples show 7-month-old females of both
genotypes. At 7 (b) and 13 (c) months of age, total area, area in the cortex and in the hippocampus were quantified
and compared with one-way ANOVA, n=3.

Since the immune system plays such an important role in AD, the response of glia cells was
also investigated. Microglia (Iba1, ionized calcium binding adaptor molecule 1) and astrocytes
(GFAP, glial fibrillary acidic protein) were stained to obtain an overview of the neurological
immune status of mice of all genotypes. As expected, clear microgliosis and astrogliosis were
visible in the brains of 5xFAD and 5xFADxhtau-KI mice, but not in WT and htau-KI mice (see
figure 23a). Double-immunofluorescent staining was subsequently performed to provide more
details. As shown in figure 23b, microglia clustered around amyloid deposits. Figure 23c

illustrates the stellar, activated morphology of astrocytes.
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Figure 23. Microgliosis and astrocytosis in 13-month-old 5xFADxhtau-KI mice, but not in htau-KI mice. (a)
Staining for astrocytes (GFAP, top) and microglia (Iba1, bottom) in sagittal brain slices of 13-month-old female
htau-KIl (left) and 5xFADxhtau-KI (right) mice revealed clear activation of these cell types in response to 5xFAD
pathology, but an equal distribution in htau-KI mice. Pictures of htau-KI are representative for WT, whereas 5xFAD
mice resemble 5xFADxhtau-KI. (b,c) Double immune-fluorescence in a 13-month-old 5xFADxhtau-KI female
mouse showed that the activation of microglia and astrocytes was plaque-related. Pictures are representative for
5xFAD mice as well. Green = 3A1, AB. Red = Iba1, microglia (left) or GFAP, astrocytes (right). Blue = DAPI. Scale
bars in b are 100uM.
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Analysis of AD-related gene expression

The nCounter Mouse AD gene expression panel was used to measure the expression levels
of 770 AD-specific genes in the prefrontal cortex of 48 different mice. Males and females of all
4 genotypes were compared, at the age of 7 and 13 months. No differences were found
between htau-KI and WT mice, except for the loss of mouse tau (MAPT) expression in htau-
Kl mice, which confirmed the correctness of the NanoString data (see figure 24). Similarly, no
significant differences were found between 5xFAD and 5xFADxhtau-KI except for the loss of
mouse tau in 5xFADxhtau-KI (see figure 25a). Several genes were differentially expressed
between 5xFADxhtau-KI and WT mice (see figure 25b). Besides the loss of mouse tau in
5xFADxhtau-KI, two other genes (Bex1 and Zbtb33) were downregulated in these mice, and
23 genes were upregulated in 5xFADxhtau-KI mice compared to WT mice (see detailed list in
supplementary table ). Mostly the same genes were upregulated in 5XxFAD compared to WT
mice (see supplementary table IlI). Most of the upregulated genes found in 5xFAD and
5xFADxhtau-KI mice were related to the immune system, specifically microglia. The
complement system (C1ga, C1gb and C1qc), as well as several other genes expressed by
microglia (Tyrobp, Tgfbr1 and Tgfbr2) are significantly higher expressed in response to
overexpression of AB (see figure 25b).
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Figure 24. Differentially expressed genes in htau-KI mice compared to WT in the Nanostring mouse
AD panel. Volcano plot of differentially expressed genes in htau-KI mice compared to WT.
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Figure 25. Differentially expressed genes in 5xFADxhtau-KI mice compared to 5xFAD and WT mice in
the NanoString mouse AD panel. (a) Volcano plot of differentially expressed genes in 5xFADxhtau-KI mice
compared to 5xFAD mice. (b) Volcano plot of differentially expressed genes in 5xFADxhtau-KI mice compared
to WT. (c) List of significantly up- (orange) or down- (blue) regulated genes in 5xFADxhtau-KI mice compared
to WT. n=12.
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This finding is underlined by the severe microgliosis found in immunohistochemical staining
shown in figure 23. A pathway analysis on the NanoString data furthermore revealed that there
was an upregulation of the lysosomal pathway. The NanoString data revealed no differentially
expressed genes between males and females, and only 1 gene (Samd12) that was

upregulated in 7-month-old mice compared to 13-month-old mice (see supplementary figure

1).

Comparison to human co-expression modules

In collaboration with the Jackson Laboratory (Maine, USA), we have investigated the
correlation of our mouse gene expression data to post-mortem human AD brain tissue. As
displayed in figure 26, 5xFAD mice at the ages of 7 and 13 months show positive correlations
(correlation coefficients: 0.38-0.67, p < 0.01) with CBEturquoise (cerebellum), STGblue
(superior temporal gyrus) and IFGturquoise (inferior frontal gyrus) of human AD tissue in
cluster B, related to the immune system. This finding again underlines the importance of the
immune system in AD and confirms that the 5xFAD mouse model is mimicking the neuro-
immunological status of AD patients quite well. Interestingly, the results in cluster E for 5xFAD
and 5xFADxhtau-KI mice are completely reversed. While there are positive correlations with
5xFAD at the age of 7 months, there are clear significant negative correlations (correlation
coefficients -0.23 - -0.49, p < 0.01) with 5xFADxhtau-KI. These effects are no longer visible at
the age of 13 months. The AMP-AD modules with the strongest negative correlation, FPbrown

(frontal pole) and PHGblue (parahippocampal gyrus) primarily contain genes related to
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Figure 26. Correlation of NanoString gene expression data of mice with data on post-mortem human brain
regions reveals a protective effect of human tau in 5xFADxhtau-KI mice. The correlation coefficient of each
model with human post-mortem brain tissue is shown for 30 AMP-AD modules, divided in 5 clusters. The results
in cluster E suggest a protective effect of human tau in a 5xFAD background.
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mitochondrial functioning and oxidative phosphorylation. The data suggests that the presence
of human tau at an early age somehow provides protection against the changes induced by
overproduction of AB in 5xFAD in these modules. This hypothesis led us to take a closer look
at the differences between 5xFADxhtau-KI and 5xFAD at gene expression level. More detailed
information was obtained by performing gene set enrichment analysis. This analysis uses the
aggregate per gene statistics to identify small but consistent changes in transcription in specific
pathways. At 7 months of age, the oxidative phosphorylation pathway was significantly
upregulated in 5xFADxhtau-KI mice (mmu190, enrichment score= 0.69, adjusted p-value=
0.0058) (Figure 27a), whereas this pathway was significantly downregulated in AD patients
(hsa190, enrichment score= -0.59, adjusted p-value= 0.0025) (Figure 27b). Comparison of
5xFAD and htau-KI to WT separately revealed no differential gene expression in this pathway
(Figure 27c¢), confirming that there is a synergistic effect of AR and human tau, specifically in
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Figure 27. Gene set enrichment analysis of 5xFADxhtau-KI mice compared to 5xFAD at 7 months of age.
(a) Pathways with significant up (red) or down (blue) regulation in 5xFADxhtau-KI mice compared to 5xFAD mice.
(b) Pathways with significant up (red) or down (blue) regulation in the parahippocampal (PHG) region of human
post-mortem AD brain tissue compared to controls. Interestingly, the oxidative phosphorylation pathway shows
opposite effects. (c) Differential expression of genes in the oxidative phosphorylation pathway in the different mouse
genotypes tested. (d) Differential expression of genes in the oxidative phosphorylation pathway in 5xFADxhtau-KI
compared to different human brain regions.
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5xFADxhtau-KI mice. As shown in figure 27d, the genes related to this pathway are
downregulated across all human brain regions. In the data from 13-month-old mice, another
pathway was revealed: the extracellular matrix (ECM)-receptor interaction pathway was
significantly downregulated in 5xFADxhtau-KI mice compared to 5xFAD mice (Figure 28a).
This pathway was upregulated in AD patients compared to controls (Figure 28b). Again, these
differences were not visible in 5xFAD mice alone (Figure 28c). Figure 28d shows the
upregulation of genes involved in the ECM-receptor interaction pathway specifically in the
temporal cortex of AD patients, whereas these genes are downregulated in 5xFADxhtau-KI

mice.
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Figure 28. Gene set enrichment analysis of 5xFADxhtau-KI mice compared to 5xFAD at 13 months of age.
(a) Pathways with significant up (red) or down (blue) regulation in 5xFADxhtau-KI mice compared to 5xFAD mice.
(b) Pathways with significant up (red) or down (blue) regulation in the temporal cortex (TCX) region of human post-
mortem AD brain tissue compared to controls. Interestingly, the ECM-receptor interaction pathway shows opposite
effects. (c) Differential expression of genes in the ECM-receptor interaction pathway in the different mouse
genotypes tested. (d) Differential expression of genes in the ECM-receptor interaction pathway in 5xFADxhtau-KI
compared to different human brain regions.
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Immune cells in 5xFAD brains

Next, in a supplementary analysis, we were

a
1
*

interested in the types of immune cells activated in

H
[

5xFAD brains. For this purpose, 5xFAD mice were
cross bred with CCR2RFPRFP mice to distinguish

between resident microglia and infiltrating

w
1

CCL2 ng/ mL
i

peripheral monocytes. First, the importance of
CCL2-CCR?2 signalling in AD was confirmed. For
this purpose, a CCL2 ELISA was performed on the Control Stimulated

—
[

supernatant of primary microglia exposed to SUM  Figure 29. CCL2 ELISA of culture supernatant
of control and AB-stimulated primary
microglia. Primary microglia were stimulated with
significant increase in CCL2 after AR stimulation 5uM of recombinant ABi42 for 24 hours.

_ _ _ . . Supernatant was analysed using a CCL2 ELISA.
(t=3.071, df=10, p=0.0118). This confirms that Mean+SEM displayed, n=6, unpaired t-test,

CCL2 is upregulated in microglia in response to AR. "p<0.05

AB for 24 hours. As shown in figure 29, there is a

Subsequently, the expression of CCR2 was investigated. CCR2 could not be shown in spleen
using commercial antibodies, but RFP expression was seen in a CCR2R"PRFP mouse spleen
(figure 30a). Furthermore, a flow cytometric analysis of splenocytes of a WT, CCR2"R*" and
CCR2RFPRFP mouse revealed that the RFP production was gene-dose dependent (figure 30b).
The gene-dose dependent reduction of CCR2 was also confirmed at mRNA level using gRT-
PCR (figure 30c). Finally, the lack of CCR2 expression in the CNS could be confirmed at
cellular level by RNA isolation of cultured primary microglia and bone marrow derived
peripheral macrophages (BMDM). Using qRT-PCR, we showed that peripheral macrophages
express high levels of CCR2, whereas primary microglia do not express CCR2 (see figure
30d). Due to lack of good antibodies, CCR2 could not be stained at the protein level. None of

the tested antibodies gave a signal in a positive control.

Infiltration of peripheral immune cells in AD brain

After confirming that CCL2 is upregulated in response to A and that CCR2 is not expressed
in the healthy mouse brain, the infiltration of peripheral immune cells in AD was investigated.
In brain tissue of 5xFADXCCR2*RFP mice, immunohistochemistry was used to check for RFP
expression. As shown in figure 31, no RFP* cells were found. There are several possible
hypotheses to explain this finding: (1) a lack of infiltrating cells, (2) a downregulation of
CCR2/RFP expression by peripheral cells upon entering of the brain, or (3) a loss/fading of
the RFP signal after isolation of the tissue. Therefore, another marker for peripheral immune
cells was used to investigate the infiltration of peripheral cells: major histocompatibility complex

Il (MHCII) is expressed by dendritic cells, macrophages and B lymphocytes (Hohl, 2015).

48



Count

c d

2.0+

-
(3]
1

e WT
CCR2*/RFP

m CCR2RFPIRFP

104 { ____________________________
0.5 . = _}

0.0

1.54

%

=
(%))
1

.
(=)

] T T T f T T 1

M F M F M F BMDM PM

Figure 30. Gene-dose dependent RFP/CCR2 expression in spleen tissue of WT, CCR2*RFP and CCR2RFFP/RFP
mice and lack of expression in microglia. (a) RFP production in spleen tissue of a CCR2RFPRFF mouse shown
by immunohistochemistry. Red granular staining is RFP. (b) Flow cytometry showed a gene-dose dependent red
fluorescent signal in WT (orange), CCR2*RFP (blue) and CCR2RFP/RFP (red) mouse splenocytes. (c) gqRT-PCR
revealed a gene-dose dependent reduction of CCR2 mRNA expression in splenocytes of WT, CCR2*RFP and
CCR2RFPIRFP mice, both male and female. n=1-3, 3 technical replicates performed for each sample, female
CCR2RFPIRFP mice showed no detectable signal for all 3 samples. (d) gqRT-PCR confirmed the lack of CCR2 mRNA
expression in primary microglia (PM) whereas bone marrow derived macrophages (BMDM) showed high
expression. Mean + SEM is displayed, n=3.
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Figure 31. Lack of RFP production in WT, 5xFAD and 5xFADxCCR2*RFF mouse brain. WT (left) and 5xFAD
(middle) mouse brain showed no RFP expression, as expected. But there was also no RFP expression detected
in the brain of a 5xFADXCCR2*RFP mouse (right).

An MHCII antibody was used to stain WT, 5xFAD, and 5xFADxCCR2*RFP mouse brains and
revealed that there was indeed infiltration of peripheral cells in response to amyloid

overexpression (figure 32a).

Co-staining of MHCII and Iba1 revealed that only a small percentage of Iba1* cells was also
MHCII* (figure 32b and c). This suggests that there is a specific cell type that appears in the
49



brain in response to AD pathology and expresses MHCII. It seems unlikely that microglia are
becoming MHCII*, since many Iba1* cells are MHCII. We therefore hypothesize that microglia
(Iba1*), in response to amyloid pathology, produce CCL2, which binds to CCR2*MHCII*
peripheral monocytes, which travel to the CNS and play a role in AD pathology. Clearly,
additional analyses (and the development of good CCR2 antibodies) are required to confirm

this hypothesis.

SWFADXCCR2'/™7

Overlay

Figure 32. Occurrence of MHCII* cells in the CNS in response to AD-like pathology and co-staining with
Iba1. (a) Immunohistochemical staining revealed no MHCII* cells in a WT mouse brain (left), whereas multiple
MHCII* cells were found in 5xFAD (middle) and 5xFADxCCR2*RFP (right) mouse brain. Dark blue staining = nuclei
(DAPI), light blue = MHCII. (b) Co-staining of MHCII* and Iba1* immune cells. Staining is of a 12-month-old female
5XFAD mouse brain. Light blue (left) is MHCII, red (middle) is Iba1, right panel shows an overlay. Scale bar is
100um, inlay in b marks area enlarged in c.
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Effect of heterozygous knock-out of CCR2

After confirming that peripheral cells infiltrate the brain in AD through CCL2-CCR2 signalling,
the effect of a heterozygous knock-out of CCR2 on AD pathology was investigated. In
literature, CCR2*R*P mice are used as a reporter line, but investigations on the effect of the
loss of one allele of CCR2 are lacking. Some preliminary experiments were therefore
performed to compare CCR2"R*P mice to WT, and 5xFADxCCR2"R*? mice to regular 5xFAD
mice. First, using immunohistochemistry, plaque pathology and infiltration of immune cells in
the brains of 5xFAD and 5xFADxCCR2*RFP mice were compared (figure 33). These data
showed some trends, which could however not be statistically analysed and should therefore

be considered very carefully. The sample size differed between 1 and 5 for all experiments
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Figure 33. Neuropathology in 5xFAD and 5xFADxCCR2*RFP mice. (a) Immunohistochemistry with 6E10 (AB)
was performed to quantify area of plaques in hippocampus and cortex of 5xFAD and 5xFADxCCR2*/RFP at the age
of 6 and 12 months, in male (M) and female (F) mice. (b) Immunohistochemistry was performed to quantify number
of MHCII* cells in hippocampus and cortex of 5xFAD and 5xFADxCCR2*RFP at the age of 6 and 12 months, in male
(M) and female (F) mice. (a,b) n=1-5, no statistical analyses possible due to low sample sizes.

described here, which is too low to draw any conclusions about immunohistochemistry. The
staining for plaque pathology revealed no differences between genotypes, but a larger area of
plagues in 12-month-old mice compared to 6-month-old mice, as expected (see figure 33a). In
addition, a trend was found that revealed a larger plaque area in female than in male mice,
especially in 12-month-old mice. Similar results were found in the preliminary quantification of

infiltrating immune cells; a trend for an age-dependent increase in the area of MHCII* cells was
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found, as well as a trend for a higher area of MHCII* cells in female compared to male mice
(figure 33b).

Subsequently, to look deeper into the immune status of the brains, QRT-PCR was used to test
the mRNA expression of several inflammatory cytokines in prefrontal cortex at the age of 6
and 12 months. The expression of CCL2 was investigated to confirm the in vitro findings
mentioned above and to compare to findings in literature showing an upregulation of CCL2 in
AD mouse models (Janelsins et al., 2005; Simard et al., 2006, Naert & Rivest, 2011). In
addition, two cytokines of the IL1-family were investigated because it is known that these
cytokines play an important role in AD pathology and can work both beneficial as well as
detrimental (reviewed in Shaftel et al., 2008). Two specific isoforms of IL1 were tested, IL1a
and IL1b. Although some studies have revealed a link between polymorphisms in both isoforms
of IL1 and increased risk of AD, this could not be confirmed by meta analyses (reviewed by
Tanzi & Bertram, 2005). IL1b was upregulated in an AD mouse model (Simard et al., 2006),
as well as in CSF of human AD patients (Blum-Degen et al., 1995). Another study showed no
difference in CSF-IL1b between AD patients and controls but found a significant positive
correlation between IL1b and MMSE-scores (Tarkowski et al., 2003). Finally, tumour necrosis
factor alpha (TNFa) was investigated, because this proinflammatory cytokine was upregulated
in AD mice (Janelsins et al., 2005) as well as in CSF of AD patients (Tarkowski et al., 2003)
and is even seen as an important target for AD therapy (reviewed in Chang et al., 2017). Using
a two-way ANOVA to investigate the effect of both genotype and sex, significant differences
were found between genotypes at 6 months for IL1b (F3s = 19.48, p=0.0005) and at 12 months
for CCL2 (Fs13 = 6.756, p=0.0055), IL1b (F315 =13.34, p=0.0002), IL1a (Fs15 = 4.744,
p=0.0161) and TNFa (F3,13 = 16.16, p=0.0001). Post hoc testing revealed that 5xFAD (females
only) and 5xFADxCCR2"RFP mice showed significantly higher expression of IL1b than WT mice
at the age of 6 months (see figure 34). At the age of 12 months, 5xFADXxCCR2*RF? mice
showed significantly higher expression of CCL2 (males only), IL1b, IL1a (females only) and
TNFa (females only) compared to WT mice. There were no significant differences between
WT and 5xFAD mice and no significant differences were found between 5xFAD and
5xFADXxCCR2*RFP mice, in any age or sex. Only for CCL2 expression at the age of 12 months,
there was a trend visible for higher expression in 5xFADxCCR2*RFP mice compared to 5xFAD.
Also, for several genes a trend was visible for higher expression in females than in males in
5xFAD and 5xFADxCCR2*RFP mice. Finally, no differences were found between CCR2*/RFP

and WT mice.
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Figure 34. Gene expression of immune-related factors in prefrontal cortex of mouse brains. qRT-PCR was
performed on prefrontal cortex tissue from WT, 5xFAD, CCR2*RFP and 5xFADxCCR2*RFF at the age of 6 and 12
months, in male (M) and female (F) mice. Two-way ANOVA with post hoc Tukey’s, n=1-3, *p<0.05.
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Behavioural studies

In addition to plaques, tangles, and immune-related changes, poor cognitive performance is
another important characteristic of AD. To investigate this, and other possible changes in
behaviour resulting from the knock-in of human tau, or the interplay between AR
overexpression and human tau, behavioural studies were performed. WT mice were compared
to htau-Kl, 5xFAD, and 5xFADxhtau-KI mice. For each genotype, both sexes were compared

at the ages of 6 and 12 months.

6 months

At the age of 6 months, the weight was significantly different between sexes, for all genotypes
(H=62.104, df = 1, p<0.05), as shown in figure 35. Males have a higher weight than females.
There were no differences in weight between genotypes.

In the rotarod, which tests motor skills and learning ability, a significant effect of sex (H =
20.866, df =1, p<0.05) was found. As visible in figure 35, females performed better than males,
especially for the 5xFAD.

The pole test measures both motor skills and fear-related behaviour and revealed a significant
effect of genotype both for the turn time (H = 15.385, df = 3, p<0.05) and the down time (H =
17.009, df = 3, p<0.05). Post hoc testing revealed that WT mice were significantly faster than
5xFADxhtau-KI mice (figure 35).

The open field and elevated plus maze are both used to measure anxiety-related behaviour in
mice. When more time is spent in the centre of the open field or on the open arms of the
elevated plus maze, mice are hypothesized to be less anxious. Both paradigms showed no
significant differences between sexes or genotypes at the age of 6 months.

Spatial working memory is tested in mice using the Y-maze, with a higher percentage of perfect
triads suggesting a better working memory. At 6 months, a significant sex effect was found in
the Y-maze (F (1,81) = 16.8, p <0.001), as well as an interaction effect between sex and
genotype (F (3,81) = 2.92, p = 0.039). No effect of genotype alone was found. Post hoc testing
showed a significant difference between male and female 5xFADxhtau-KI mice, with males
performing better than females.

In the Morris water maze, the time to platform over 16 trials was plotted for each genotype and
sex (see figure 36). Faster learning or better memory results in a steeper learning curve.
Therefore, the area under these learning curves was compared as a measurement of cognitive
abilities. At 6 months, a significant effect of genotype was found in this test (F (3,82) =7.14, p
<0.001), but no effect of sex or an interaction effect (figure 35). The genotype effect was due
to a significant difference between 5xFAD compared to WT and htau-KI mice, as well as a

significant difference between 5xFADxhtau-KI and htau-Kl. The difference between WT and

54



Weight Rotarod
40 - * 8- —_——m
T - 1_l T 1 —g ! L T'
—~ 304 - 6
3 = _ 3 T
-  —
f,, 20+ S M
O o
© T
= 10- v 24 T
e
[41]
v Y 0- v T
Male Female Male Female
Pole Turn time Pole Down time
50+ 80-
404 60- . .
~ Lol
= 30 I T = T
) g 40 'I'
£ 2 F
T ) T
104 . 20 .
B wi . l., nl
Male Female Male Female
Open Field Elevated plus maze
30- w» 60
5 :
£ T T S 40-
3 204 T g-
£ T ©
® £ T T
£ 101 g 20- T
'— ]
* =
0- s 0-
Male Female Male Female
Y-Maze Morris water maze
100- " o 900-
e
5 80 T 3 7501
£ T = ® 600 . .
= 01 T £ s — g ==
T—— h
E 5 4507 T
5 404 2 300- T -
X 20 o 150-
o‘ T T < 0' T T
Male Female Male Female
Memory of Cue Contextual Memory
60+ 50
2 4 2% g1
N N 30 T
e T T T 8
T —
[ L 20 T
° 20+ °
o~ ™~ 5
0- T T 0- T T
Male Female Male Female

Il WT

mm 5xFAD
htau-Kl
5xFADxhtau-Kl

Figure 35. Behavioural data at 6 months of age. Results of all phenotyping experiments performed at the age of
6 months in WT, 5xFAD, htau-Kl, and 5xFADxhtau-KI males and females. Two-way ANOVA or ordered logistic

regression were used, with post hoc Tukey’s, mean + SEM is shown, *p<0.05, n=8-14.
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5xFADxhtau-Kl is only slightly above the significance level (p = 0.053). Both 5xFAD and
5xFADxhtau-KI mice had a larger area under the curve than htau-KI mice (and WT mice),
which means their cognitive performance was hampered.

Fear conditioning is another paradigm to measure cognitive performance. Increased freezing
behaviour suggests better memory, either cue- or context-related. In the fear conditioning at 6
months, no significant differences were found for the memory of cue. In the contextual memory,
a significant sex effect was found (F (1,82) = 4.66, p = 0.034), which was due to a difference
between male and female 5xFADxhtau-KI. Male mice were freezing more in response to the

environment, and thus showed better memory.
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Figure 36. Morris water maze learning curves. Learning curves over 16 trials (4 trials/day over 4 days) of Morris
water maze per genotype for 6-month-old males (top left), 6-month-old females (top right), 12-month-old males
(bottom left) and 12-month-old females (bottom right) are shown. Maximum swimming time was 60 seconds. n= 8-
14. Area under the curve was calculated for each genotype to compare results statistically.

12 months

The weight of mice at 12 months show significant genotype (F (3,82) = 40.2, p <0.001) and
sex (F (1,82) =142, p <0.001) effects, but no interaction (see figure 37). There was a significant
difference between all genotypes, except for 5xFAD and 5xFADxhtau-KI, with the WT mice
having a higher weight than 5xFAD and 5xFADxhtau-KI, and the htau-KI mice having an even
higher weight than WT mice. Furthermore, mice of all genotypes showed significant sex
differences, with male mice being heavier than female mice.

Interestingly, compared to 6 months of age, the results in rotarod seemed reversed. At 6

months of age, females performed significantly better than males. At 12 months, no significant
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differences were found, but a clear trend was visible that males were performing better (figure
37).

In the pole test, a significant genotype effect was found (F (3,80) = 7.80, p <0.001). WT mice
were significantly faster to turn around than mice of the other 3 genotypes. Similar results were
found for the time to reach the floor, with only a genotype effect (F (3,80) = 11.0, p <0.001),
also due to the WT mice being faster than the 3 other genotypes.

The open field results showed a significant effect of genotype on the percentage of time spent
in the centre (H = 8.442, df = 3, p <0.05). Post hoc testing, however, revealed no statistical
significance between any of the groups, although there was a P-value of 0.056 for the
comparison between WT and 5xFAD mice.

In the elevated plus maze, there was a significant effect of genotype on the % of time spent on
open arms (F (3,75) = 22.1, p <0.001). Both 5xFAD and 5xFADxhtau-KI mice spent more time
on open arms than WT and htau-KI mice (figure 37). There was no sex-dependent effect and
no interaction between sex and genotype.

In Y-maze, the % of perfect triads showed a sex-dependent effect (F (1,80) = 7.89, p = 0.006),
as well as an effect of genotype (F (3,80) = 3.48, p = 0.020), but no interaction. Although a
trend is visible of WT and htau-KI having higher percentages of perfect triads than 5xFAD and
5xFADxhtau-Kl, the only significant difference was found between 5xFAD and htau-KI mice.
In the Morris water maze, the area under the learning curve was significantly different
depending on genotype (F (3,79) = 17.5, p <0.001) and sex (F (1,79) = 7.39, p = 0.008)
separately, but there was no interaction effect (see also figure 36). Post hoc testing revealed
a higher area under the curve (meaning impaired learning) for 5xFAD and 5xFADxhtau-KI mice
compared to WT and htau-KI. Furthermore, there was a significant difference between males
and females for both the htau-KI and the 5xFADxhtau-KI, with females showing a higher area
under the curve than males.

In the fear conditioning paradigm, the percentage of freezing in response to the environment,
as well as in response to the cue, was analysed. For the memory of cue, a significant sex effect
was found (F (1,80) = 4.03, p <0.048). Post hoc testing showed that this was due to both WT
and 5xFAD males freezing more than females of the same genotype. For the contextual
memory, also a significant sex effect was found (F (1,80) = 8.27, p = 0.005). This was due to

a significant higher % of freezing by WT males than by WT females.
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Figure 37. Behavioural data at 12 months of age. Results of all phenotyping experiments performed at the
age of 12 months in WT, 5xFAD, htau-KI, and 5xFADxhtau-KI males and females. Two-way ANOVA or ordered
logistic regression were used, with post hoc Tukey’s, mean + SEM is shown, *p<0.05, n=8-12.
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Phenotype at a cellular level

In collaboration with the KU Leuven (see also Barendrecht et al., in preparation; Schreurs,
2020), the effect of human tau expression at a cellular level was investigated by performing
electrophysiology on 8-month-old mice. No differences were found in the input-output curve
between genotypes (figure 38a), confirming that all mice showed normal basal synaptic
transmission. The paired-pulse ratio (figure 38b) is significantly different in htau-KI (at 10ms)
and in 5xFADxhtau-KI (at 10 and 20ms). This suggest that plasticity mediated by short-term
presynaptic effects is impaired in these mice.
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Figure 38. Basal synaptic transmission, paired-pulse response, and LTP in the CA1 region of the
hippocampus at 8 months of age. Mice of all genotypes and both sexes were tested at the age of 8 months to
determine the effect of human tau on the cellular phenotype in the CA1 region of the hippocampus. (a) input/output
curve shows no significant differences. (b) paired-pulse ratio reveals a decrease in htau-Kl and 5xFADxhtau-KI for
the shortest interpulse intervals. (c) LTP is impaired in 5xFAD and htau-KI mice. (d) LTP is impaired both in the
induction phase (30 min) and the maintenance phase (180 min). Insets in the middle show representative signals
for each genotype during baseline (solid line) and at 180 min (dotted line). n=9-13. Mean + SEM are shown. *p<0.05,
**p<0.01, using RM-ANOVA and Dunnett’'s multiple comparison tests. TBS = theta-burst stimulation.
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Long term potentiation (LTP) in the hippocampus is an important outcome measurement for
impairments in learning and memory. As visible in figure 38c, there was a significant overall
genotype effect (Fs39=5.264, p = 0.0038) on LTP. Post hoc analysis revealed that 5xFAD and
htau-KI mice show impaired LTP compared to WT, whereas 5xFADxhtau-KI mice show
intermediate levels of LTP. As shown in figure 38d, both at induction (30 minutes) and
maintenance (180 minutes), LTP was significantly reduced in htau-KI and 5xFAD mice
compared to WT mice. Similar to the immunohistochemistry and gene expression data from
the NanoString mouse AD panel, these results again point to a protective effect of human tau

specifically in an AB-overexpression background.

Furthermore, miniature inhibitory and excitatory postsynaptic potentials (mIPSP and mEPSP)
were measured. These results provide information about elementary synaptic function of
hippocampal neurons. As visible in figure 39a and d, there were no differences in amplitude
between the different genotypes. For the inter-event-interval (IEl, the frequency, shown in
figure 39b and e), a significant increase was found in htau-Kl for the mEPSP (p=0.0231,
Dunnett-T3 post hoc test) and in 5xFAD and 5xFADxhtau-KI for the mIPSP (5xFAD: p= 0.0337;
5xFADxhtau-KI p=0.0066, Dunnett-T3 post hoc tests). For the half-width (figure 39c and f), no
differences were found between genotypes. Further analysis of the mEPSP and mIPSP by
comparing the probability distributions of the data with the Kolmogorov-Smirnov test confirmed
the genotype differences described above. For example, the cumulative probability plots of the
IEI of mIPSP of transgenic mice (figure 39e) showed a significant shift towards shorter IEls
(higher frequencies) compared to WT. The analysis also detected significant genotype
differences in the cumulative probability distribution of several other parameters (mIPSP
amplitude, mIPSP inter-event interval, mIPSP half-width: all p<0.0001, mEPSP amplitude: WT
vs htau-Kl p<0.0001, WT vs 5xFADxhtau-KI p=0.0061, mEPSP inter-event interval: WT vs
5xFAD p=0.0005, WT vs htau-KI p<0.0001; mEPSP half-width: WT vs htau-KI p<0.0001, WT
vs 5xFADxhtau-KI p<0.0001).
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Figure 39. Action potential-independent activity in hippocampal neurons at 8 months of age. (a,d)
Amplitude of mini excitatory and inhibitory postsynaptic potentials (MEPSP and mIPSP) in the hippocampal region
of mice at 8 months of age show no significant differences. (b, €) Inter-event interval (IEl) of mMEPSP and mIPSP
show increased frequency of mMEPSP for htau-KI and increased frequency of mIPSP for 5xFAD and 5xFADxhtau-
KI. (c, f) Half-width of mEPSP and mIPSP revealed no significant differences. Each figure also shows the
cumulative probability of the respective outcome parameter. n=9-13. Mean + SEM are shown. *p<0.05, **p<0.01
using Kolmogorov-Smirnov tests.
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Further experiments

Besides the htau-KI model, we have also generated a hAPP-KI model. This was done together
with Stem Cell Technologies, and used a similar approach by using the human WT APP
sequence, and simultaneously knocking out the mouse APP. The final goal is to generate a
completely humanized AD mouse model, replacing all genes relevant to AD by the human WT
sequences. Tau, APP, and ApoE knock-in mice have all been generated as a part of this
project. Hopefully, these models will lead to the discovery of new targets for AD therapy, which
translate better to human AD pathology. This could improve the success rate of clinical studies
with AD medication, due to the higher accuracy of the used targets. During my PhD thesis, |
have bred the hAPP-KI model and confirmed the protein expression of human APP in these
mice, as well as compared the expression between offspring of different original breeding pairs
(see figure 40). Additionally, I've cross-bred the hAPP-KI mice with htau-KI mice (both
homozygous) to generate aging groups for phenotyping and subsequent analyses of

neuropathology. These analyses have started in 2020 and are therefore outside the scope of

my thesis.

» LS " W Figure 40. Western blot of human APP
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To elicit the role of different types of immune cells in AD pathology, | have bred
5XxFADXCCR2RFPRFP mice for further research. Similar analyses as described above for
5xFADXxCCR2RFP- have been planned for these mice in 2020, to unravel the effect of a full
knock-out of CCR2 (and a resulting complete lack of infiltrating peripheral monocytes) on AD
pathology. In addition, | have also crossbred another reporter line expressing green fluorescent
protein (GFP) instead of the fractalkine receptor CX3CR1 (Jung et al., 2000) with 5xFAD mice.
CX3CR1 is expressed on microglia and its ligand fractalkine (CX3CL1) on neurons, showing
that this interaction is important in neuron-microglia communication in the brain (Harrison et
al., 1998). As shown in figure 41, all microglia in the brain are GFP* in a CX3CR1¢FP/6FP mouse,
confirmed by the overlap with both Iba1 and CD11b, as shown previously by Cardona et al.,
(2006). In the periphery, CX3CR1 is expressed by natural killer cells and monocytes (Campbell
et al., 2001; Geissmann et al., 2003) and plays a role in recruitment of monocytes from the

blood (Niess et al., 2005). As part of the project described, aimed at unravelling the function of
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different immune cells in AD, | have bred groups of 5xFADxCX3CR1¢FPCFP mice, which will be

investigated mid of 2020 and are therefore outside the scope of my thesis.

Figure 41. GFP expression in CX3CR1%P/6FP mouse brain. Immunohistochemistry was used to confirm the
production of GFP in microglia in the brain. Iba1 (left) and CD11b (right) both showed complete overlap with the
GFP staining, confirming that only microglia in the brain express CX3CR1. Red staining is Iba1 (left) or CD11b
(right), blue staining shows nuclei (DAPI).
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5. Discussion

Besides 5 drugs providing short-term symptom relief, there are currently no treatment options
for AD. An important reason for this is the failure of clinical studies, after preclinical studies in
mice show promising results. This is partly due to the mouse models, which do not fully
recapitulate human AD pathology. While plaques can be successfully modelled by
overexpressing mutated AB-related genes in mice, tangle pathology can only be induced by
mutations unrelated to AD. This unphysiological modelling of AD pathology might lead to the
discovery of targets for therapy development that are less relevant in human patients. The
generation of humanized mouse models is therefore an important step in the development of
therapeutic strategies for AD (Saito et al., 2014; 2019; Sasaguri et al., 2017). We developed a
human tau knock-in mouse model using whole gene replacement. First of all, the
characterization of the newly generated htau-KI model showed that the mice are viable and
healthy and able to reproduce. The htau-KI mice express human tau at endogenous levels,
with a simultaneous loss of mouse tau. Notably, all 6 isoforms of tau are expressed in brains
of htau-KI mice throughout their life, whereas adult WT mice only express 4R tau (McMillan et
al., 2008). The molar ratio between 3R- and 4R tau is equal to 1 in healthy human brain, as
well as in AD patients (Goedert et al. 1989; Ingelsson et al., 2006). In the htau-KI mice, an
almost complete shift to 3R tau mRNA production was found, resulting in a 20-fold
overexpression of 3R tau isoforms compared to 4R tau isoforms. Considering that adult mice
normally do not produce the 3R tau splicing isoforms, this is an interesting finding. As far as |
know, | am the first to use the qRT-PCR method by Ingelsson et al. (2006) for exact
quantification of mMRNA of tau isoforms in mice. Andorfer et al. (2003) showed a RT-PCR which
also suggested an overexpression of 3R tau compared to 4R tau in their hTau mice. Saito et
al. (2019) showed equal expression of 3R- and 4R tau isoforms with RT-PCR quantification in
their human tau knock-in model. Interestingly, a Western blot by Saito et al. (2019) showed
increased band intensity for ON3R tau compared to ON4R tau, suggesting that a similar
overexpression takes place in their human tau knock-in model, which cannot be accurately
quantified with RT-PCR. Unfortunately, the protein levels of 3R and 4R tau could not be
quantified yet in our htau-KI mice to confirm the overexpression of 3R tau. This is an important

requirement for better understanding of the splicing mechanisms.

Additionally, it is important for the development of AD therapy to model and understand the
interactions between AR and tau (Pickett et al., 2019). These studies are also hampered by
the differences between human and mouse tau and the use of tau mutations unrelated to AD.
We have therefore crossed the htau-KI model with the well-known 5xFAD mouse model, which
overexpresses human AR with 5 familial AD mutations. Although we are aware that the 5xFAD

model introduces unphysiological artefacts and the ultimate goal is to generate a completely
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humanized AD mouse model, the crossbreeding of 5xFAD with htau-KI provides a good
opportunity to investigate the interaction between human AB and human tau because of the
fast disease development. Additionally, we believe some mutations in APP might be necessary
to start the development of AD pathology in the limited life span of mice. Therefore, the
crossbreeding of 5xFAD with htau-Kl is a helpful approach to investigate the interaction
between AB and tau. So far, there has been no proof in mice that plaque pathology can induce
tangle formation, even in a human tau background (Yetman et al., 2016; Pickett et al., 2019).
This suggests that there is no link between both neuropathological hallmarks of AD. Ke et al.,
(2012) hypothesized that the presence of mouse tau is the reason for a lack of tangle formation,
because mouse tau seems to have a rescuing effect on AD pathology in transgenic models
expressing mutant human tau. In the newly generated htau-KI mice which express only human
tau and no mouse tau, we found that a high amyloid background is also not sufficient to induce
tangle formation. Even though all 3 isoforms of 3R tau are expressed, we only found plaque-
associated dystrophic neurites in the brains of these mice, and no tangle pathology. The same
was shown by Saito et al. (2019), who combined another APP model with a human tau knock-
in mouse. They found no tangles, but intensified phospho-tau staining (AT8, PHF-1 and
pS422) in mice combining APP with human tau compared to human tau expressing mice alone.
They found the same upregulations in phospho-tau, however, in APP mice compared to WT
mice and failed to make a direct comparison between APP mice and APP mice with human
tau expression. There are several possible explanations for the fact that the presence of
human AB and human tau results in tangle formation in a human brain, but not in a mouse
brain. First, the lifespan of a mouse might be too short. Alzheimer’'s disease pathology
develops over a long period of time in the human brain, with amyloid pathology preceding tau
pathology by decades. The formation of dystrophic neurites and MC1-specific conformation of
tau are described as early stages of tangle formation, and longer aging might thus be required.
Saito et al. (2019) found no tangles after 24 months of aging their combined mouse model,
suggesting that a mouse life is not long enough for tangle formation. Another possibility for the
lack of tangle formation might be a lack of hyperphosphorylation. It is known that aggregation
of tau is dependent on hyperphosphorylation (Chohan et al., 2005). Furthermore, there are
differences between AD patients and healthy controls in the expression levels and activity of
several phosphatases and kinases (Gong et al., 1995; Lee et al., 1999; Sontag et al., 2004;
Swatton et al., 2004). Together, these changes could cause the hyperphosphorylation of tau,
and the resulting tangle formation. The lack of strong hyperphosphorylation in mouse brain
could be a reason for the absence of tangles. Finally, in the hTau mouse model by Andorfer et
al. (2003), a shift to 4R tau caused stronger pathology (Schoch et al., 2016). The Andorfer
model, similar to the htau-KI mouse, normally shows strong overexpression of 3R tau

compared to 4R tau. Considering the 20-fold overexpression of 3R tau in htau-KI mice
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described here, a similar shift to 4R tau might therefore also cause hyperphosphorylation and
tangle pathology. Finally, it might be interesting to expose the htau-KI mouse line to an immune
challenge or different diet. Since these environmental factors are known to play a role in the
development of AD, it would be interesting to mimic these environmental stimuli in mice and

follow the pathological development.

Dystrophic neurites are formed in response to AR pathology and show an accumulation of AR
and BACE 1 (beta-site amyloid precursor protein cleaving enzyme 1, the most important 3-
secretase), together with an extensive disruption of microtubule (Sadleir et al., 2016). In this
thesis, plaque-related PHF1* and CP13* dystrophic neurites were found in both 5xFAD and
5xFADxhtau-KI mice. This confirms that dystrophic neurites are formed in response to A
pathology, independent of which species of tau is expressed. The dystrophic neurites were
found in striatum, superior colliculus, hypothalamus, cingulate gyrus, and brain stem, whereas
the hippocampus and cortex were relatively less affected. The plaque pathology, however,
was strongest in hippocampus and cortex, consistently with other papers describing 5xFAD
mice as well as AD patients (Thal et al., 2002; Oakley et al., 2006; Bhattacharya et al., 2014).
It would be interesting to further explore this finding and investigate the development of
dystrophic neurites in different brain regions over time and in relation to plaque pathology.
Additionally, a complete characterization of dystrophic neurites is required to understand which
protein (AB, tau, BACE 1 or other) is accumulating first and how this accumulation damages
the cell and results in a loss of neuronal function. Understanding and possibly preventing the

destruction of neurites could be an important step in the treatment of AD.

Interestingly, we found that MC1 staining was absent in 5xFAD mice and gave a clear signal
in htau-KI and 5xFADxhtau-KI mice at the age of 13 months. The MC1 antibody does not bind
to phospho-tau epitopes, but to a specific pathological conformation of tau, which is detected
early in human AD pathology (Ikonomovic et al., 1997). The epitope is a combination of amino
acids 7-9 in the N-terminus and amino acids 313-322 of tau and is only accessible after folding
of the tau protein. In this epitope, only amino acid 9 of tau differs between mouse and human
tau, leading to two possible explanations for the specific staining: (1) MC1 does not detect
mouse tau or (2) mouse tau does not fold into the MC1-specific confirmation. Since mouse tau
can stain positive for MC1 in a pro-aggregation model (Mocanu et al., 2008) and a model using
pathological human tau injection (Winston et al., 2019), it seems likely that the second
hypothesis applies. Interestingly, MC1 staining was also visible in htau-KI mice alone. This
could suggest that human tau is more likely to fold into pathological confirmation, independent
of amyloid deposition. This hypothesis matches the findings by Ke et al. (2012), showing that

mouse tau has a protective function in tau pathology. Further testing is required to confirm this
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hypothesis. Additionally, MC1 provides more specific information than phospho-tau antibodies,
especially since phosphorylation of tau at many epitopes is not pathological per se (Matsuo et
al., 1994). The MC1 antibody is therefore important to use in the characterization of AD models,
as well as in different stages of human AD pathology. If there is indeed a clear difference
between human and mouse tau in the ability to form the pathological conformation of tau, this
will be of importance in preclinical testing of tau-based therapies. The htau-KI model could be

a major improvement compared to other AD models in this regard.

Besides the effect of AB on tangle pathology, the reverse influence of human tau expression
on plaque pathology was also investigated. Yetman et al. (2016) showed no interaction
between AR and human tau in a model expressing human AB with the Swedish and Indiana
mutation. Pickett et al. (2019) found a decrease in plaque pathology in APP/PS1 mice when
human tau overexpression was induced. In this thesis, no significant differences were found in
the area of plaques between 5xFAD and 5xFADxhtau-KI mice, neither in whole brain, nor in
cortex or hippocampus. Interestingly, a trend was found for a lower area of plaque pathology
in 5xFADxhtau-KI mice compared to 5xFAD mice at the age of 13 months. An increased
sample size is required to confirm this trend, which might suggest a protective effect of human
tau on plaque formation, such as shown by Pickett et al. (2019). In this regard, a comparison
of gene expression data from the NanoString mouse AD model to human post-mortem gene
expression levels also revealed a protective effect of human tau, but only in the presence of
AB. Specifically for oxidative phosphorylation at 7 months and the ECM-receptor interaction
pathway at 13 months, the gene expression was reversed in 5xFADxhtau-KI mice compared
to human data. Oxidative phosphorylation is the process by which cells produce energy to live,
taking place in the mitochondria. The ECM receptors are involved in intercellular
communication and play an important role in tissue and organ maintenance. Both mechanisms
apparently play an important role in the interaction between AB and tau in the 5xFADxhtau-KI
mouse model. Mitochondrial dysfunction plays an early role in human AD patients (Liang et
al., 2008; Wang et al., 2008). Additionally, a relation between mitochondrial dysfunction and
human tau expression was shown in several papers (Kopeikina et al., 2011; Shahpasand et
al., 2012; Li et al., 2016). The expression of human tau is protective against early apoptosis
but results in long-term energy deficits by changing mitochondrial functioning. Eventually,
neuronal death occurs due to the lack of cellular energy (Li et al., 2016). Although there is an
ongoing discussion whether pathological tau triggers mitochondrial dysfunction or the other
way around, it is clear these two pathological mechanisms are related in AD patients and play
an important role in synaptic loss and cognitive impairments (reviewed in Cheng & Bai, 2018).
The increased expression of mitochondria-related genes found in our study should first be

confirmed with qRT-PCR. Subsequently, the consequences of this expression for
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mitochondrial functioning should be investigated, possibly by culturing htau-KI neurons and
measuring mitochondrial functioning, or by using electron microscopy. If there is indeed an
early protective effect of human tau expression in AD, possible therapies could use a similar
strategy to prevent neurodegeneration at later time points. The role of ECM proteins is also
described in human AD. Lepelletier et al. (2015) described early changes in the ECM, such as
increased expression of Collagen IV, perlecan and fibronectin in AD patients, which correlated
with amyloid pathology. A review by Sethi and Zaia (2017) described many other ECM proteins
that are known to play a role in AD pathology. The specific relationship between tau and the
ECM is also described in two papers: Morawski et al. (2010) and Suttkus et al. (2016)
described a protective effect of specific ECM proteins, called aggrecan-based perineuronal
nets, against neurofibrillary tangle formation. Based on in vitro experiments and staining in
post-mortem tissue from human AD patients they hypothesize that the extracellular
environment somehow prevents tau from forming tangles. Obviously, it is important to
understand the underlying molecular mechanisms by which ECM proteins can interact with tau
and prevent its pathological accumulation. Our finding that human tau has a protective effect
on ECM interactions specifically in a 5xFAD background needs to be validated first in qRT-
PCR. Afterwards, more experiments are required to understand the interaction of tau with ECM
proteins, especially the specific protective effect of human tau. The idea that tau might have a
protective function in the development of AD is not new. It has been described that
hyperphosphorylation and subsequent aggregation of tau might be a protective mechanism
(Castellani et al., 2008; Cowan & Mudher, 2013, Cowan et al., 2015). In this regard, the finding
that human tau is more likely to form MC1* tau conformations might also be supportive of the
hypothesis that human tau has a protective function. Obviously, more research is required to
confirm these findings and subsequently understand the underlying mechanisms. The use of

this new htau-KI model is of great importance in this regard.

On top of histopathological and molecular mechanisms, it is important to understand the effects
of human tau on functional outcomes at the cellular and behavioural level. The
electrophysiology performed by our collaboration partners from Leuven, Belgium shows
normal basic synaptic transmission for all genotypes. LTP, however, was significantly impaired
in 5xFAD and htau-KI mice compared to WT, whereas 5xFADxhtau-KI showed an intermediate
phenotype. Again, this partial rescue in 5xFADxhtau-KI mice points to a protective effect of
human tau in interaction with AR overexpression. Impaired LTP has been shown before in
5xFAD mice (Seo et al., 2014; Colié et al., 2017). The finding that replacement of mouse tau
by human tau causes LTP deficits was, however, surprising. Saito et al. (2019) unfortunately
did not investigate cellular functioning in their human tau model. The only comparison is

therefore with the Andorfer hTau model, which showed reduced basal synaptic transmission
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at the age of 12 months and increased paired pulse ratio at 4 months of age (Polydoro et al.,
2009). Furthermore, a lack of LTP after high frequency stimulation was found, but normal LTP
after theta burst stimulation. In our protocol, using theta burst stimulation, we found
impairments in LTP. Clearly, there are large differences between the hTau model by Andorfer
and our htau-KI mice, both in basal synaptic transmission and LTP. The finding that hTau mice
show memory deficits at the age of 12 months in the Morris water maze underlines this, since
our htau-KI mice performed normally in this test. Additionally, the hTau model shows
aggregations of PHF tau, which were absent in our htau-KI mice (Andorfer et al., 2003). A
possible reason for these differences is the method of generation of both models. While the
htau-KI model was generated by whole gene replacement, the hTau model used random
integration of a complete human transgene version of tau, including promoter. Our analysis of
spontaneous excitatory and inhibitory neuronal activity also revealed some effects of human
tau expression. The increased frequency of mEPSPs in htau-KI mice, combined with the
unchanged amplitude and half-width, suggest an increase in presynaptic activity of
glutamatergic synapses. A paper using P301L mice showed contradictory effects: a decrease
in both amplitude and frequency of mMEPSPs (Hoover et al., 2010). As a control, they used
mice overexpressing human WT tau. These mice also showed a decrease in mEPSP
frequency compared to WT. The authors hypothesized that the strong hyperphosphorylation
of tau results in mislocalization of tau in the dendrites, where glutamate signalling is
subsequently impaired. Compared to our data, these completely opposing effects confirm that
the physiological expression of human WT tau is an important step to improve our
understanding of tau pathology and its effect on cellular functioning. Interestingly, both 5xFAD
and 5xFADxhtau-KI revealed no changes in mEPSP frequency, but increased frequency of
GABAa-mediated mIPSPs. As far as we know, there are no other publications with
measurements of mIPSPs in 5XxFAD mice. Papers using other AD mouse models show
conflicting results regarding mIPSP and mEPSP frequency and amplitude, and some
interesting sex-specific effects (Palop et al., 2007; Bories et al., 2012; Liang et al., 2014).
Roberson et al. (2011) found a reduced frequency of mMEPSPs and an increased frequency of
mIPSPs in hAPPJ20 mice, which was rescued by knocking out mouse tau. Clearly, there are
many different mechanisms at play at the synaptic level in AD mouse models, strongly
depending on the used model, as well as the age and sex of the mice. We believe the htau-KI
mouse line provides an important step towards better understanding of the interactions in AD,
because there is no confounding effect of overexpression, mutations, or the presence of
mouse tau. First, to better understand the effect of human tau on synaptic functioning, it would
be useful to replicate the data from this study, and support the findings with presynaptic and

postsynaptic staining to link the functional outcome parameters to specific synaptic changes.
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Since tau aggregation in AD is strongly linked to cognitive deficits, which are likely caused by

synaptic changes, it is important to understand these mechanisms in detail.

Finally, | also performed full behavioural characterization of the htau-KI mouse model, as well
as the cross-bred 5xFADxhtau-KI mice. The first aim was to investigate general health of the
htau-KI mice. Since the most used mouse model for tau pathology (carrying the P301L
mutation) develops motor deficits and even paralysis (Lewis et al., 2000), it was important to
investigate motor function in the newly generated htau-KI mice. Additionally, cognitive
performance is an important outcome for AD mouse models. Therefore, several tasks related
to different cognitive parameters were performed to characterize the mice and investigate the
impact of neuropathological changes on behaviour.

It is known that, on average, male mice have a higher weight than female mice, which was
clearly reflected in my data. Also, adult 5xFAD mice have a reduced weight compared to WT
(Jawhar et al., 2010; Bhattacharya et al., 2014). As expected, both 5xFAD and 5xFADxhtau-
KI mice (of both sexes) showed lower weight than WT mice. Interestingly, both male and
female htau-KI mice showed increased weight compared to WT mice. Currently, there is no
explanation for this finding. As far as | know, there is no known relation between the functions
of tau and any factor related to weight such as food intake or fat production. This finding
therefore needs to be validated first in other studies.

It is known that 5xFAD mice need longer to turn around and climb down in the pole test
(unpublished data from the Fraunhofer IZl — Department of drug design and target validation),
which would also explain the reduced performance levels in 5xFADxhtau-KI mice. It is
interesting that htau-KI mice also need longer to climb down the pole. Together with the rotarod
test however, which showed no differences between genotypes, it is difficult to draw a
conclusion about the impairment of motor skills in htau-KI mice (as well as in 5xFADxhtau-KI
mice). For further research, it is important to realize that the pole test might not only be a test
for motor skills. Other factors such as fear and anxiety may play an important role. In addition,
further development of the rotarod protocol might be useful, to improve the distinctive character
of the test. Especially since some papers showed a significantly worse performance by 5xFAD
mice compared to WT on the rotarod (Peters et al., 2013; O’Leary et al., 2018), whereas other
AD mouse models (both APP based models, as well as the P301L model) perform significantly
better than controls on the rotarod (Morgan et al., 2008; Filali et al., 2012; Oore et al., 2013).
It is thus clear that a standardized protocol is required, as well as an explanation of the
underlying factors influencing the behaviour in these tests. Based on the primary screening
and available data, | conclude that the htau-KI model does not have severe motor deficits,

such as found in other tau mouse models (Lewis et al., 2000).
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In the elevated plus maze, 5xFAD mice show reduced anxiety compared to WT mice (Wirths
et al., 2010). This finding was confirmed in the current study, where 5xFAD and 5xFADxhtau-
Kl mice spent more time on the open arms than WT. htau-KI mice showed similar performance
to WT mice. Interestingly, a difference in results was found between the elevated plus maze
and open field. Although both tests are generally used to draw conclusions about anxiety-like
behaviour by avoidance of open spaces, 5xFAD and 5xFADxhtau-KI mice spent more time on
the open arms of the elevated plus maze but showed no difference to controls in the open field
set up. Although this could be a result of an unoptimized protocol, another publication even
showed contradicting results between these two tests in 5xFAD. Grifian-Ferré et al. (2016)
found that 5xFAD mice spent more time in open arms on the elevated plus maze, but less time
in the centre of the open field compared to WT. This suggests a discrepancy between elevated
plus maze and open field in the underlying behaviour measured. This is an interesting
hypothesis and requires further investigation, independently of AD mouse models. For the
htau-KI model, it can be concluded that there is no effect of human tau expression on anxiety-
related behaviour. The overexpression of mutated human AR clearly results in decreased
anxiety, independent of the species of tau expressed.

In several publications investigating 5xFAD mice in the Y-maze (Oakley et al., 2006; Devi et
al., 2015; Kang et al., 2018), a significant difference in performance compared to WT mice was
found at 4-5 months of age, with increasing cognitive deficits over time. Other papers, however,
show no difference (Devi & Ohno, 2015). Our data shows a trend of lower spontaneous
alternation in 5xFAD and 5xFADxhtau-KI mice compared to WT and htau-KI mice at the age
of 12 months, but only a significant difference between htau-Kl and 5xFAD. The methods in
our paper were comparable to published data, and the results are in a similar range. Quite
possibly, an increase of the number of mice would show a significant effect of genotype, for
both 5xFAD and 5xFADxhtau-Kl, compared to the other 2 groups.

Another test for cognition and memory, the Morris water maze, showed clear significant
differences between 5xFAD and 5xFADxhtau-KI compared to WT and htau-KI mice, matching
findings by other groups using 5xFAD and WT mice (Bouter et al., 2014; Tang et al., 2016).
Both the set up and the protocol of this test have been extensively optimized prior to these
experiments, showing consistent deficits in 5xFAD mice in our lab (unpublished data). It can
therefore be concluded that the htau-KI mice show normal learning behaviour, whereas
5xFADxhtau-KI mice show impaired behaviour, equal to 5xFAD mice.

Fear conditioning is generally used as another behavioural measurement of memory and
learning, and 5xFAD mice are therefore expected to show deficits in this test (Kimura & Ohno,
2009; Devi & Ohno, 2010; Seo et al., 2014). Several papers revealed however, that the used
protocol can directly affect the results of the fear conditioning paradigm. It has been described

that the salience of the environment plays an important role. If the environment is very salient,
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the conditioning is stronger and the pathology is less likely to have an effect (Corcoran et al.,
2002). The same is shown for multiple foot shocks: with more shocks there is no difference
between 5xFAD and WT mice, whereas 1 shock leads to a significant memory deficit in 5xFAD
mice (Kimura & Ohno, 2009). Thus, when the conditioning is extraordinarily strong (due to a
highly salient environment or multiple foot shocks), the 5xFAD pathology does not have an
effect. In this thesis, no significant differences were found between the genotypes in the
contextual fear conditioning, as well as the memory of cue. A possible explanation is that the
conditioning is too strong in our protocol, causing all genotypes to show the same behaviour.
Another possible explanation is that fear-related memory is less affected in 5xFAD mice.
Spatial learning such as measured in the Morris water maze is hippocampus-dependent. This
region is severely affected in AD. Fear-related memory is amygdala-dependent. Since this
region is affected later and less strongly in AD, it is possible that the fear conditioning paradigm

only shows impairments at a later age and disease stage.

Sex differences

Due to the importance of sex for the development of AD (Fisher et al., 2018), mice of both
sexes were investigated in this study. In addition to an obvious increase in weight in male mice
compared to female mice, some other behavioural differences were also found. Most
differences (at 6 months in Y-maze and contextual fear conditioning and at 12 months in Morris
water maze and both contextual and cued fear conditioning) showed better performance in
5xFAD(xhtau-KIl) males than in females and there was a trend visible for a higher plaque load
in female mice, especially in the total brain and cortex. The same trend was visible when
5xFAD mice were compared to 5XxFADXCCR2"R*P mice, both in immunohistochemistry of
plagues and immune cells, as well as gene expression analysis of immune-related genes. In
the gene expression data of the NanoString panel, no differences were found between males
and females and the electrophysiology unfortunately did not have a large enough sample size
to investigate both sexes separately. Most sex differences that we found point to aggravated
pathology in female mice compared to male mice, as expected based on the literature
(reviewed in Fisher et al., 2018). This sex difference was not shown consistently in all
experiments, however. Possible explanations are the small sample size and the non-optimal
protocols for some of the behavioural tests. Another hypothesis is that discrepancies between
males and females in the development of AD pathology only apply to certain parts of the
disease, whereas other symptoms/deficits develop equally. For example, no sex differences
were found in the pole test, open field, and elevated plus maze. This suggests that anxiety-
related behaviour is affected similarly in males and females in AD. In the Y-maze, Morris water
maze and fear conditioning, however, several differences were found. This suggests that the

cognitive deficits develop differently in males compared to females. Importantly, these
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differences were independent of tau species and not consistent in all tests. The rotarod test
revealed a general sex effect, which was age-dependent. At the age of 6 months, females
performed significantly better than males. Interestingly, this was reversed at the age of 12
months, with males performing better (although not significantly).

Finally, a reduced performance in the Morris water maze was found in female htau-KlI
compared to male htau-KI mice. In general, htau-KI mice showed similar performance to WT
mice in the Morris water maze. Male htau-KI mice showed a lower area under the curve,
suggesting strong cognitive performance. Another trial of the Morris water maze (possibly with
higher n) is required to confirm this result, because it would suggest a sex-specific effect of
htau on cognition, in the absence of amyloid pathology. For the htau-KI model, we observed
no differences between males and females in the mRNA expression of 3R and 4R tau, but
increased MC1 staining in females. Together, these results clearly show that sex is always an
important factor to consider and more research is required to understand sex differences in
mice in general, as well as in relation to AD pathology. A characterization of both sexes is
always important in (AD) mouse models. Very often, only female mice are used in behavioural
experiments because they are group-housed more easily, or only male mice are used to
exclude the effects of sex hormones during the female hormonal cycle. Also, in many papers
the sex of the mice used for experiments is not mentioned at all. Firstly, the underlying
mechanisms responsible for the sex differences can be better understood by investigating both
sexes. In addition, it is important from an ethical point of view to use both male and female
mice in behavioural experiments whenever possible, since this leads to a 50% reduction of

animals needed for breeding and experiments.

As described previously by other groups (Oakley et al., 2006; El Khoury et al., 2007), the
immune system is activated in 5xFAD mice in response to amyloid pathology. This was
confirmed in this thesis by immunohistochemical staining showing activated microglia and
astrocytes in both 5xFAD and 5xFADxhtau-KI. Furthermore, the NanoString mouse AD panel
showed upregulation of immune-related genes in 5XxFAD and 5xFADxhtau-KI mice, mostly in
the same genes. Both WT mice and htau-KI mice showed no immune activation, either in
immunohistochemistry or gene expression analysis. This suggests that activation of the
immune system is a response to AB overexpression, independent of tau species. Several
findings in the gene expression analysis matched earlier findings by other groups in AD mouse
models or human patients. Tyrobp, also known as DAP12, is expressed by microglia and is
upregulated in AD patients (Ma et al., 2015). Furthermore, several genetic variants of Tyrobp
have recently been found to be a risk factor for the development of early onset AD (Pottier et
al., 2016). In addition, both Tyrobp and Fcer1g have been described as important causal

regulators of the immune- and microglia module in late-onset AD patients (Zhang et al., 2013).
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Other studies showed that B2M, Tgfbr1, Tgfbr2, Csf1, Ctss, Fcer1g, Tyrobp, C1gb, C1qga and
C1qc are upregulated in human AD cortex, as well as different mouse models for AD (Castillo
et al., 2017; Landel et al., 2014; McGeer et al., 1989; Bouter et al., 2014). The complement
system is known to play a role in synaptic degradation, both in mouse models and AD patients
(Dejanovic et al., 2018; Litvinchuk et al., 2018; Wu et al., 2019). These papers showed that
antibody-mediated inhibition of the complement system, as well as deletion of a subunit of the
complement receptor, resulted in a rescue of neurodegeneration and amelioration of
behavioural deficits in AD mouse models, confirming the importance of this system in AD
pathology. The results shown in this thesis are in line with these findings. Although Dejanovic
et al. and Litvinchuk et al. (both 2018) describe that the blockage of complement results in a
rescue by affecting tau-mediated neurodegeneration, we found no differences between 5xFAD
and 5xFADxhtau-KI in any genes related to the complement system. This suggests that the
tau-mediated activation of the complement system and subsequent loss of synapses is
independent of the species of tau. Further investigations at the synaptic level by staining for
synaptic markers and different parts of the complement system are required to better
understand the underlying mechanisms and the possible differences between mouse and
human tau at this level. Subsequently, a pathway analysis revealed an upregulation of the
lysosomal pathway in 5xFAD and 5xFADxhtau-KI mice. These results match findings by other
groups, both in 5xFAD mice as well as human AD patients (Nixon et al., 2000; Landel et al.,
2014). Furthermore, Cathepsin S is hypothesized to play a role in APP processing, because
overexpression results in higher production of amyloid 3, as well as an activation of pro-
inflammatory NF-kB (Castillo et al., 2017). As described by Deczkowska et al. (2018), disease-
associated microglia (DAM) in AD brain show a TREM2-dependent upregulation of (amongst
others) ApoE, Tyrobp, B2m and Csf1 as well as lysosomal/phagocytic pathways. My data from
prefrontal cortex of 5XxFAD mice match these findings. Because | used prefrontal cortex tissue
for the analysis, rather than single cell sequencing, other factors were also found, possibly
resulting from changes in other brain cells. Further research is required to confirm the
upregulation of these different factors with qRT-PCR, as well as find out which cell types are
responsible for the increased expression rates, and what the functional consequences are.
Two genes, Zbtb33 and Bex1, were downregulated in 5xFADxhtau-KI mice compared to WT.
There is limited information available about these genes. Zbtb33 codes for a transcription
factor, and an upregulation has been associated with cancer (Prokhortchouk et al., 2006;
Pozner et al., 2016). Bex1 is a modulator of intracellular signalling and is described to have
many different functions (Lindblad et al., 2015; Jiang et al., 2016; Accornero et al., 2017; Gu
et al., 2018). Furthermore, the gene Samd12 was upregulated in 7-month-old mice compared
to 13-month-old mice. The function of this gene is currently unknown, but an additional

insertion in the gene has been associated with epilepsy (Cen et al., 2018). The downregulation
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of this gene with aging should first be confirmed with qRT-PCR. Finally, the comparison of
gene expression data in our model to human post-mortem brain tissue showed a strong
correlation between 5xFAD and human AD for cluster B, which is related to the immune
response. Together, the results in this thesis thus confirm the importance of the immune
system in AD pathology. To fully elicit the role of the immune response to AD pathology, it is
important to understand which role the different types of immune cells play in the development
of AD.

Role of different immune cells in AD

The immune system in AD brain consists of two types of cells: brain-resident microglia and
infiltrating peripheral immune cells. The infiltration of peripheral immune cells in 5xFAD brain
was confirmed in this thesis. It seems likely that CCL2-CCR2 signalling plays a role in this
infiltration process, because CCL2 is upregulated by microglia in vitro in response to AB
exposure. This matches findings by El Khoury et al. (2003). gqRT-PCR data subsequently
confirmed that peripheral immune cells, but not microglia, express CCR2, as shown before by
Saederup et al. (2010). Importantly, this field of research could really benefit from the
development of CCR2 antibodies to address specific questions which cannot be answered
otherwise. In this thesis, it was decided to use MHCII as a marker for infiltrating peripheral
cells, which showed that MHCII* cells are not present in healthy brain but appear in the CNS
in response to AD pathology. Since there are only very few MHCII* cells and all other Iba1*
cells are MHCII, it is suggested that the MHCII* cells are infiltrating monocytes rather than
microglia which upregulate MHCII expression. Further characterization of these cells is
however required, possibly using flow cytometry or FACS isolation, to distinguish which cell
types they represent and what their origin and function is. Several papers suggest that
microglia express MHCII and that this expression is upregulated under inflammatory conditions
such as AD (Butovsky et al., 2005; Nikodemova et al., 2007) but these papers relied on the
idea that the BBB prevents peripheral cells from entering and it has been shown since then
that the BBB can be crossed by CCR2" peripheral immune cells during disease (Saederup et
al., 2010).

The fact that MHCII* cells, but no CCR2*/RFP~* cells were found in the brain of 5xFAD mice,
could be explained by the fading of RFP over time. The samples were stored in -80°C after
collection, which could lead to degradation/fading of RFP in the tissue. Experiments with fresh
tissue could solve this possible issue. Another possibility could be a downregulation of CCR2
expression by peripheral monocytes upon entering of the CNS. It was shown by Sica et al.
(1997) that mononuclear phagocytes rapidly downregulate their CCR2 expression after

exposure to lipopolysaccharides (LPS). Saederup et al. (2010) however did show clear RFP
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staining (based on CCR2 expression) in infiltrated cells in the brain of an EAE mouse model.
It is thus necessary to perform further experiments to investigate these hypotheses, ideally
with a good CCR2 antibody.

Another aim of the thesis was to investigate the immune status and plaque pathology in the
brains of WT, CCR2"RFP 5xFAD, and 5xFADxCCR2"RFP mice to investigate the effect of a
heterozygous knock-out of CCR2 on AD pathology. The gene expression analysis of prefrontal
cortex tissue showed no significant differences between WT and 5xFAD mice, except for an
upregulation of IL1b in 6-month-old female 5xFAD mice compared to WT mice.
5xFADxCCR2*RFP mice showed more significant increases in expression of inflammatory
genes compared to WT, but not to 5xFAD. Simard et al. (2006) investigated MRNA expression
in another AD mouse model and showed increased CCL2 expression in older mice only, no
changes in TNFa expression and continuously increasing IL1b expression with aging. Naert &
Rivest (2011) showed continuously increasing expression of CCL2 with aging in another AD
mouse model. Different methods were used to quantify the expression (QRT-PCR of prefrontal
cortex tissue in this thesis compared to qualitative analysis of in situ hybridization in both
papers), which could explain the differential results. gqRT-PCR is a more sensitive method to
measure differences in MRNA expression. Because the analysis was performed on prefrontal
cortex tissue, consisting of different cell types, there is however no differentiation based on cell
type possible. Therefore, isolation of cells by fluorescence-activated cell sorting (FACS) or
microdissection of specific cell types should be followed by qRT-PCR to draw any final
conclusions about the expression of specific genes. El Khoury et al. (2007) used this approach
and showed increased expression of CCL2 in microglia from APP mice, but only compared to
astrocytes from the same brains, not to WT mice. Janelsins et al. (2005) showed upregulation
of CCL2 and TNFa in AD mice compared to controls, but only in the entorhinal cortex and not
in hippocampus. It is thus clear that there is no consensus about expression levels of
inflammatory cytokines in AD mouse brains. Therefore, it is important to use the method
described above to analyse the gene expression of these (and more) genes, as well as the
resulting protein expression in specific brain areas to better understand the role of immune
cells in AD.

Finally, preliminary immunohistochemical analyses of 5xXFADxCCR2"R*P and 5xFAD brains
also revealed no significant genotype effects on area of plaques and number of MHCII* cells.
Also for these experiments however, an increased sample size is required to draw any
conclusions. In addition, immunohistochemistry revealed a trend for an age-dependent
increase of plaque pathology and peripheral immune cell infiltration, as well as higher plaque
load and more infiltrating cells in females compared to males. Both findings match expectations
based on other publications (Oakley et al., 2006; Fisher et al., 2018).
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Future perspectives

New and improved preclinical models are required to increase the success rate of clinical
studies with AD therapies. The generation and characterization of the htau-KI model in this
thesis is a first step in this process. As described in the final part of the results section, a hAPP-
Kl mouse model has also been generated and cross-bred with the htau-KI mice. Thereby, the
artificial overexpression of AR is removed. By subsequently crossing in the different isoforms
of human ApoE, the most important proteins playing a role in AD pathology will be humanized.
These models will significantly impact AD research by eliciting molecular pathways and
interactions that play a role in human AD pathology, without confounding effects of
unphysiological expression levels or mutations.

It is important to age these mice, and introduce other factors such as immune challenges or a
high fat diet, to mimic the main environmental risk factors for human AD. Additionally, since
the immune system plays such an important role in AD, the humanized mouse model can be
crossed with CX3CR1CFP6FP and CCR2RFPRFP mice to understand the role of brain-resident
microglia and infiltrating peripheral immune cells. These experiments are of high importance
for the development of immunotherapy for AD, which is currently an important avenue of drug
discovery. To understand the effects of immunotherapy and improve its effect, the exact
contribution of different types of immune cells needs to be well understood.

Taken together, these approaches will improve current attempts at AD therapy development

and open new possibilities for future drug discovery.
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6. Summary

Alzheimer’s disease is a neurodegenerative disease currently affecting over 40 million people
worldwide. No cure is available, partly due to the lack of translation of preclinical results to
patients. Additionally, inflammation plays an important role in AD, but the role of different types
of immune cells in pathology is not well understood. This thesis describes the characterization
of a new htau-KI mouse model, generated to improve preclinical research into AD and target
identification for therapy development. The htau-KI mice are viable and healthy and express
all 6 isoforms of human tau, with a full knock-out of mouse tau. After crossing the htau-KI mice
with 5xFAD mice, no tangle pathology was found, only PHF1* and CP13* plaque-associated
dystrophic neurites. Interestingly, using the MC1 antibody, a pathological conformation of tau
was found specifically in htau-KI and 5xFADxhtau-KI mice, suggesting an important difference
between human tau and mouse tau. Behavioural deficits in anxiety-related behaviour and
learning and memory were found in 5xFAD and 5xFADxhtau-KI, but not in htau-KI mice.
Additionally, there was clear activation of the immune system in the ApB-overexpressing mice,
as shown by immunohistochemistry and NanoString gene expression analysis. No differences
were found between 5xFAD and 5xFADxhtau-KI mice in any of these aspects, suggesting that
overexpression of AB is the driver of pathology. Comparison of the gene expression data to
human post-mortem AD tissue however, showed a possible protective effect of human tau
expression, specifically in a 5xFAD background. LTP measurements showed a similar effect,
but other electrophysiological outcome parameters did not. In vitro investigations to understand
the role of different types of immune cells in AD showed that CCL2 is upregulated in response
to AB and that MHCII* cells enter the brain in response to AR pathology. These cells are
suggested to be infiltrating peripheral monocytes and more research is required to elicit their
role in AD pathology, whether harmful or beneficial. Furthermore, a comparison of
5xFADXCCR2*RFP to 5xFAD mice so far showed no differences in expression of immune-
related genes or plaque pathology, but more extensive research with an increased sample size
is required to confirm this. This thesis provides new insights into AD pathology as well as tools
for further research. The role of human tau in AD pathology needs to be further examined by
eliciting specific molecular mechanisms (e.g. for MC1 staining) in the htau-KI line. Additionally,
the possible protective effect of human tau in AD needs to be investigated in other AB-
overexpressing mouse models. Finally, further aging of the mice and possible introduction of
other factors (immune challenge, diet) could be interesting to investigate the development of
tangle pathology. The role of different immune cells in AD pathology will be further investigated
in 5XFADXxCCR2RFPRFP and 5xFADXCX3CR1CFPICFP mice.
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8. Supplementary data

Supplementary Table I - Differentially expressed genes in 5xFADxhtau-KI mice compared to WT mice in the
NanoString mouse AD panel. List of significantly upregulated (orange) and downregulated (blue) genes in
5xFADxhtau-KI compared to WT mice. n=12.

Lower Upper
mRNA L:ﬁ::;d St(tlioegrzr; ‘ confidence confidence P-value Probe.ID
limit (log2) limit (log2)
Mapt -2 0.0667 -2.13 -1.87 3.13e-26 NM_001038609.2:1202
Tyrobp 2.05 0.216 '1.63 r2.48 1.4e-08 NM_011662.2:130
Ctss '1.45 0.19 1.08 r1.83 2.53e-06 NM_021281.2:740
Fcerlg '1.28 0.168 0.95 r1.61 2.53e-06 NM_010185.4:264
Laptm5 1.16 0.155 0.854 1.46 3.37e-06 NM_010686.3:36
Clqgc 1.2 0.169 0.873 '1.54 8.71e-06 NM_007574.2:708
Lcpl 0.864 0.123 0.622 1.11 1.1e-05 NM_001247984.1:3344
B2m 0.868 0.126 0.622 1.11 1.3e-05 NM_009735.3:340
Clga '1.24 0.183 0.88 1.6 1.9e-05 NM_007572.2:566
Cyba 1.08 0.161 0.763 1.39 2.02e-05 NM_007806.3:135
Clgb 1.2 0.186 0.839 1.57 4.22e-05 NM_009777.2:865
Bex1 -0.337 0.0538 -0.443 -0.232 7.51e-05 NM_009052.2:620
Tgfbrl 0.505 0.0816 0.345 0.665 8.72e-05 NM_009370.2:4425
Csfl 0.568 0.098 0.376 0.76 0.000306 NM_001113530.1:833
Tgfbr2 0.687 0.131 0.43 0.943 0.00175 NM_009371.2:475
Grn 0.651 0.129 0.398 0.904 0.00316 NM_008175.4:1292
Tmem176a 0.552 0.114 0.33 0.775 0.00536 NM_001098271.1:720
Prosl 0.643 0.133 0.382 0.904 0.00563 NM_011173.2:2720
Itgb5 0.602 0.129 0.349 0.856 0.00897 NM_001145884.1:1270
Slco2b1 0.629 0.137 0.361 0.897 0.0104 NM_175316.3:2720
Eno2 0.193 0.0434 0.108 0.278 0.0156 NM_013509.2:1675
Zbtb33 -0.244 0.0557 -0.353 -0.134 0.0195 NM_020256.2:1156
Rasgrp3 0.58 0.136 0.313 0.848 0.027 NM_001166493.1:940
Lmo2 0.323 0.0767 0.172 0.473 0.03 NM_001142335.1:824
Srgn 0.555 0.134 0.294 0.817 0.0333 NM_011157.2:168
Arpclb 0.539 0.134 0.276 0.802 0.0499 NM_023142.2:1291
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Supplementary Table Il - Differentially expressed genes in 5xFAD mice compared to WT mice in the
NanoString mouse AD panel. List of significantly upregulated (orange) genes in 5xFAD compared to WT mice.
n=12.

Lower Upper
confidence confidence P-value Probe.ID
limit (log2) limit (log2)

Log2fold Stderror

change (log2)

Tyrobp 1.69 0.216 1.26 2.11 5.83e-06  NM_011662.2:130
Fcerlg 1.11 0.168 0.781 .44 7.77e-05  NM_010185.4:264
Clqc 1.11 0.169 0.779 .44 7.77e-05  NM_007574.2:708
B2m 0.818 0.126 0.572 1.06 7.77e-05  NM 009735.3:340
Ctss 1.23 0.19 0.863 1.61 7.77e-05  NM_021281.2:740
Laptm5 0.994 0.155 0.69 1.3 9.21e-05  NM 010686.3:36
Clga .16 0.183 0.801 .52 0.000102  NM 007572.2:566
Tmem176a 0.703 0.113 0.481 0.926 0.000139  NM_001098271.1:720
Cyba 0.99 0.161 0.675 .31 0.000139  NM_007806.3:135
Lepl 0.75 0.124 0.508 0.993 0.000172  NM_001247984.1:3344
Clgb 1.11 0.186 0.747 "1.48 0.000214  NM_009777.2:865
Tgfbr2 0.682 0.131 0.425 0.939 0.00241 NM_009371.2:475
Grn 0.67 0.129 0.417 0.923 0.00241 NM_008175.4:1292
Rasgrp3 0.7 0.136 0.433 0.966 0.00254 NM_001166493.1:940
Tgfbrl 0.409 0.0817 0.249 0.569 0.00382 NM_009370.2:4425
Slco2bl 0.681 0.137 0.413 0.949 0.00383 NM_175316.3:2720
Csfl 0.48 0.0982 0.288 0.673 0.00479 NM_001113530.1:833
Itgb5 0.602 0.129 0.349 0.855 0.00959 NM_001145884.1:1270
Tmem176b  0.464 0.101 0.267 0.661 0.0104 NM_001164207.1:606
Msn 0.785 0.179 0.434 .14 0.0199 NM_010833.2:515
Axl 0.352 0.0803 0.194 0.509 0.0199 NM_009465.3:3820
Arhgdib 0.528 0.122 0.289 0.767 0.0223 NM_007486.4:280
Pros1 0.569 0.133 0.308 0.831 0.026 NM_011173.2:2720
Arpclb 0.552 0.134 0.289 0.815 0.0394 NM_023142.2:1291
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Supplementary Figure 1. Differentially expressed genes in male vs. female and old vs. young mice in
the NanoString mouse AD panel. (a) Volcano plot of differentially expressed genes in males compared to
female mice of all genotypes. (b) Volcano plot of differentially expressed genes in old (13 months) compared
to young (7 months) mice of all genotypes.
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